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RESUMEN 

El objetivo de esta tesis es el desarrollo y caracterización de biosensores ópticos sin marcado 

basados en celdas sensoras biofotónicas (BICELLs). Éstas son un nuevo concepto de biosensor 

desarrollado por el grupo de investigación y consiste en la combinación de técnicas de 

interrogación vertical, junto a estructuras fotónicas producidas usando métodos de micro- y 

nanofabricación. 

Varias conclusiones son extraídas de este trabajo. La primera, que se ha definido una BICELL 

estándar basada en interferómetros Fabry-Perot (FP). Se ha demostrado su capacidad para la 

comparación de rendimiento entre BICELLs estructuradas y para la realización de 

inmunoensayos de bajo coste. 

Se han estudiado diferentes técnicas de fabricación disponibles para la producción de BICELLs. 

Se determinó que la litografía de contacto a nivel de oblea produce estructuras de bajo coste, 

reproducibles y de alta calidad. La resolución alcanzada ha sido de 700 nm. 

El estudio de la respuesta a inmunoensayos de las BICELLs producidas se ha desarrollado en 

este trabajo. Se estudió la influencia de BICELLs basadas en diferentes geometrías y tamaños. 

De aquí resulta un nuevo enfoque para predecir el comportamiento de respuesta para la 

detección biológica de cualquier biosensor óptico estructurado, relacionando su superficie 

efectiva y su sensibilidad óptica. También se demostró una técnica novedosa y de bajo coste 

para la caracterización experimental de la sensibilidad óptica, basada en el depósito de películas 

ultradelgadas. Finalmente, se ha demostrado el uso de BICELLs desarrolladas en esta tesis, en 

la detección de aplicaciones reales, tales como hormonas, virus y proteínas.  
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ABSTRACT 

The objective of this thesis is the development and characterization of optical label-free 

biosensors based on Bio-Photonic sensing Cells (BICELLs). BICELL is a novel biosensor 

concept developed by the research group, and it consists of a combination of vertical 

interrogation optical techniques and photonic structures produced by using micro- and nano-

fabrication methods. 

Several main conclusions are extracted from this work. Firstly, a standard BICELL is defined 

based on FP interferometers, which demonstrated its capacity for accomplishing performance 

comparisons among different structured BICELLs, as well as to achieve low-cost 

immunoassays. 

Different available fabrication techniques were studied for BICELL manufacturing. It is found 

that contact lithography at wafer scale produce cost-effective, reproducible and high quality 

structures. The resolution achieved was 700 nm. 

Study on the response of developed BICELLs to immunoassays is performed within this work. 

It is therefore studied the influence of BICELLs based on different geometries and sizes in the 

immunoassay, which resulted in a new approach to predict the biosensing behaviour of any 

structured optical biosensor relating to its effective surface and optical sensitivity. Also, it is 

demonstrated a novel and low-cost characterization technique of the experimental optical 

sensitivity, based on ultrathin-film deposition. Finally, it is also demonstrated the capability of 

using the developed BICELLs in this thesis for real applications detection of hormones, virus 

and proteins. 

 

 

  



 

ix 

 

TABLE OF CONTENTS 

Agradecimientos .......................................................................................................................... v 

Resumen ..................................................................................................................................... vii 

Abstract ..................................................................................................................................... viii 

Table of contents ........................................................................................................................ ix 

List of figures ............................................................................................................................ xiv 

List of tables ............................................................................................................................ xxvi 

List of equations .................................................................................................................... xxvii 

List of acronyms/abbreviations ........................................................................................... xxviii 

1. Introduction ..................................................................................................................... - 1 - 

1.1. Objectives of the thesis ............................................................................................. - 3 - 

1.2. Structure of the thesis ................................................................................................ - 4 - 

2. Optical biosensing technology: state of the art ............................................................. - 5 - 

2.1. Biosensors ................................................................................................................. - 5 - 

2.1.1. Fundamentals .................................................................................................... - 5 - 

2.1.1.1. Principle of operation ................................................................................ - 5 - 

2.1.1.2. Fields of application and importance ........................................................ - 6 - 

2.1.1.3. Classification of biosensors ....................................................................... - 8 - 

2.1.1.3.1. Catalytic or affinity detection ................................................................. - 8 - 

2.1.1.3.2. Labelled or label-free ............................................................................. - 9 - 

2.1.1.3.3. Type of bioreceptor .............................................................................. - 10 - 

2.1.1.3.4. Transduction technique ........................................................................ - 11 - 

2.1.2. Label-free optical biosensors........................................................................... - 12 - 

2.1.2.1. Surface Plasmon Resonance sensors ....................................................... - 12 - 

2.1.2.2. Fibre-optic biosensors ............................................................................. - 15 - 

2.1.2.3. Interferometer biosensors: Mach-Zehnder, Young ................................. - 16 - 

2.1.2.4. Resonance cavity biosensors ................................................................... - 18 - 

2.1.2.4.1. Ring resonator ...................................................................................... - 18 - 

2.1.2.4.2. Photonic crystals .................................................................................. - 20 - 

2.1.2.4.3. Fabry-Perot resonators ......................................................................... - 20 - 

2.1.2.4.4. BioPhotonic Sensing Cells (BICELLs) ................................................ - 22 - 

2.1.3. Surface functionalization techniques ............................................................... - 23 - 



 

x 

2.1.3.1. Physical adsorption methods ................................................................... - 24 - 

2.1.3.2. Self-Assembly Monolayer (SAM) .......................................................... - 24 - 

2.1.3.3. Modification of surface functional groups .............................................. - 28 - 

2.1.3.4. Molecular Imprinted Polymer (MIP)....................................................... - 30 - 

2.1.4. Bioapplications: immunoassays ...................................................................... - 31 - 

2.1.4.1. Bioreceptors and biomolecules: antigen/antibody morphology .............. - 31 - 

2.1.4.2. Antigen/antibody interaction ................................................................... - 34 - 

2.1.4.3. Binding affinity calculation: .................................................................... - 34 - 

2.1.4.4. Types of immunoassays .......................................................................... - 36 - 

2.2. Biosensing response characterization ...................................................................... - 38 - 

2.2.1. Conventional methods for characterize the biosensing response .................... - 38 - 

2.2.1.1. Computer-aided simulation ..................................................................... - 38 - 

2.2.1.2. RIU change by liquid infiltration ............................................................ - 39 - 

2.2.1.3. Standard immunoassays .......................................................................... - 39 - 

2.2.2. Proposed characterization method ................................................................... - 40 - 

2.3. Metrics for comparison between biosensors ........................................................... - 41 - 

2.3.1. Sensitivity ........................................................................................................ - 42 - 

2.3.2. Limit of Detection (LOD) ............................................................................... - 43 - 

2.3.3. Specificity........................................................................................................ - 45 - 

2.3.4. Working time................................................................................................... - 45 - 

2.3.5. Linear range..................................................................................................... - 45 - 

2.4. Micro- and nanofabrication of optical biosensors ................................................... - 45 - 

2.4.1. Radiation pattern transfer ................................................................................ - 46 - 

2.4.1.1. Classification of radiation transfer techniques ........................................ - 47 - 

2.4.1.1.1. Optical lithography ............................................................................... - 48 - 

2.4.1.1.2. Laser micro- and nanopatterning .......................................................... - 51 - 

2.4.1.1.3. Charged-particle beam lithography ...................................................... - 54 - 

2.4.2. Mechanical pattern transfer ............................................................................. - 56 - 

2.4.2.1. Classification of mechanical pattern techniques ..................................... - 56 - 

2.4.2.1.1. Temperature-based processing ............................................................. - 57 - 

2.4.2.1.2. Light-initiated polymerization .............................................................. - 58 - 

2.4.2.1.3. Thermal activated polymerization (soft lithography) ........................... - 59 - 

2.4.3. Resist deposition ............................................................................................. - 60 - 

2.4.3.1. Spin-coating ............................................................................................ - 61 - 

2.4.3.2. Spray-coating .......................................................................................... - 64 - 

2.4.3.3. Meniscus coating ..................................................................................... - 64 - 



 

xi 

3. Design of BICELLs and proposed work ..................................................................... - 65 - 

3.1. Standard BICELL definition: FP interferometer ..................................................... - 65 - 

3.2. Key rules for BICELL based on periodic arrays of structures ................................ - 72 - 

3.3. Study of new BICELL geometries .......................................................................... - 76 - 

3.4. Work proposed in this thesis ................................................................................... - 78 - 

3.4.1. BICELL fabrication and packaging ................................................................ - 78 - 

3.4.2. BICELL characterization: optical measurement, comparison techniques and 

bioapplication testing ...................................................................................................... - 78 - 

4. Fabrication of BICELLs and packaging for PoC devices ......................................... - 81 - 

4.1. BICELLs fabrication ............................................................................................... - 81 - 

4.1.1. Spin-coating process and study of SU-8 material ........................................... - 82 - 

4.1.1.1. Thickness characterization ...................................................................... - 82 - 

4.1.1.2. Chemical characterization ....................................................................... - 84 - 

4.1.2. Laser technology ............................................................................................. - 89 - 

4.1.2.1. Projection lithography ............................................................................. - 91 - 

4.1.2.2. Direct writing lithography ....................................................................... - 96 - 

4.1.2.3. Contact lithography ................................................................................. - 99 - 

4.1.2.3.1. Polyimide masks ................................................................................ - 100 - 

4.1.2.3.2. Metal-on-glass masks ......................................................................... - 106 - 

4.1.2.4. Direct laser interference patterning ....................................................... - 116 - 

4.1.2.4.1. Proof of concept ................................................................................. - 119 - 

4.1.2.4.2. Process parametrization for one step irradiation ................................ - 121 - 

4.1.2.4.3. Sample patterning using two steps exposure ...................................... - 123 - 

4.1.2.4.4. Conclusions from DLIP technique ..................................................... - 130 - 

4.1.3. E-beam lithography ....................................................................................... - 131 - 

4.1.3.1. Problemsrelated to this fabrication technique ....................................... - 133 - 

4.1.3.2. Conclusions ........................................................................................... - 136 - 

4.1.4. Contact lithography at wafer level by lamp exposure ................................... - 136 - 

4.1.4.1. Masks designs and fabrication .............................................................. - 138 - 

4.1.4.1.1. Mask GEN0 ........................................................................................ - 139 - 

4.1.4.1.2. Mask GEN1 ........................................................................................ - 143 - 

4.1.4.2. Fabrication results: problems and discussion ........................................ - 146 - 

4.1.4.2.1. Pillars .................................................................................................. - 149 - 

4.1.4.2.2. Crosses and stars ................................................................................ - 151 - 

4.1.4.2.3. Hollow and concentric cylinders ........................................................ - 154 - 

4.1.4.2.4. Combination of fractal structures ....................................................... - 155 - 



 

xii 

4.2. Packaging development for PoC devices .............................................................. - 156 - 

4.2.1. Wafer dicing .................................................................................................. - 157 - 

4.2.2. Packaging fabrication .................................................................................... - 164 - 

4.3. Conclusions: fabrication development .................................................................. - 171 - 

5. Measured bioapplications ........................................................................................... - 173 - 

5.1. BICELLs produced by contact lithography at wafer level .................................... - 174 - 

5.1.1. Optical biosensing response characterization by ultrathin-films deposition . - 175 - 

5.1.1.1. Spin-coating: SU-8 deposition .............................................................. - 176 - 

5.1.1.2. SiO2 Chemical Vapour Deposition (CVD) ............................................ - 178 - 

5.1.2. BSA immunoassay ........................................................................................ - 180 - 

5.1.3. Results and discussion ................................................................................... - 182 - 

5.1.3.1. FP interferometers ................................................................................. - 184 - 

5.1.3.2. Pillars ..................................................................................................... - 184 - 

5.1.3.3. Crosses .................................................................................................. - 186 - 

5.1.3.4. Stars ....................................................................................................... - 187 - 

5.1.3.5. Hollow cylinders ................................................................................... - 188 - 

5.1.3.6. Concentric cylinders .............................................................................. - 189 - 

5.1.3.7. Fractal based structures ......................................................................... - 190 - 

5.1.3.8. Discussion and proposed model for qualitative biosensing response .... - 192 - 

5.1.4. Conclusions: BSA measurement and BICELLs comparison ........................ - 198 - 

5.1.5. Other immunoassays: PLAA protein and Dengue Virus .............................. - 199 - 

5.1.5.1. PLAA protein ........................................................................................ - 199 - 

5.1.5.1.1. Experimental ...................................................................................... - 199 - 

5.1.5.1.2. Results and discussion ........................................................................ - 201 - 

5.1.5.1.3. Conclusions: PLAA measurement ..................................................... - 202 - 

5.1.5.2. Dengue virus recognition using IODM technique ................................. - 202 - 

5.1.5.2.1. Experimental ...................................................................................... - 203 - 

5.1.5.2.2. Results and discussion ........................................................................ - 204 - 

5.1.5.2.3. Conclusion: Dengue measurement ..................................................... - 206 - 

5.2. BICELLs produced by projection lithography ...................................................... - 206 - 

5.2.1. Experimental ................................................................................................. - 206 - 

5.2.2. Results and discussion ................................................................................... - 207 - 

5.2.3. Conclusions ................................................................................................... - 208 - 

5.3. BICELLs produced by DLIP technique ................................................................ - 209 - 

5.3.1. Experimental ................................................................................................. - 209 - 

5.3.2. Results and discussion ................................................................................... - 210 - 



 

xiii 

5.3.3. Conclusions ................................................................................................... - 213 - 

5.4. BICELLs produced by e-beam lithography .......................................................... - 213 - 

5.4.1. BSA ............................................................................................................... - 213 - 

5.4.1.1. Experimental ......................................................................................... - 214 - 

5.4.1.2. Results and discussion ........................................................................... - 215 - 

5.4.2. antiGestrinone ............................................................................................... - 218 - 

5.4.2.1. Experimental ......................................................................................... - 218 - 

5.4.2.2. Results and discussion ........................................................................... - 221 - 

5.4.3. Conclusions: BSA and antiGestrinone detection .......................................... - 224 - 

5.5. Conclusions: measured bioapplications ................................................................ - 225 - 

6. Conclusions .................................................................................................................. - 227 - 

7. Lines of future development ....................................................................................... - 231 - 

8. Publications of the author related with this thesis ................................................... - 233 - 

8.1. Publications (sorted by year) ................................................................................. - 233 - 

8.2. Proceeding papers ................................................................................................. - 235 - 

8.3. Conferences and communications ......................................................................... - 236 - 

8.4. Patents ................................................................................................................... - 238 - 

8.5. Other merits ........................................................................................................... - 238 - 

9. Bibliography ................................................................................................................ - 239 - 

Annex 1. Effective Surface calculation .......................................................................... - 251 - 

Annex 2. Data processing ................................................................................................ - 253 - 

Annex 3. Designed patterns in mask GEN0 .................................................................. - 255 - 

Annex 4. Designed patterns in mask GEN1 .................................................................. - 257 - 

Annex 5. IODM – Interferometric optical detection method ...................................... - 261 - 

  



 

xiv 

 

LIST OF FIGURES 

Figure 1. Scheme of a generic biosensor. ................................................................................................ - 6 - 

Figure 2. Publications per year in which the following words are mentioned: (a) "biosensor" and "label-

free biosensor"; (b) "detection DNA", "immunosensor" and "pathogen detection" and (c) comparison 

between different biosensor technologies. Source: ISI Web of Knowledge 2011. .................................. - 7 - 

Figure 3. Cantilevers in set of four Wheatstone bridge with resistors printed metal surface (Johansson et 

al. 2005). .................................................................................................................................................. - 9 - 

Figure 4. Example Case for 96-well ELISA (Biofluidfocus 2015). ...................................................... - 10 - 

Figure 5. (a) Scheme of a coupling prism based SPR. (b) Displacement in wavelength or incident angle of 

SPR in the presence of biomolecules (Hoa et al. 2007). ........................................................................ - 13 - 

Figure 6. Spatial distribution of the magnetic intensity of a surface plasmon at the interface between a 

gold layer and a dielectric (nd = 1.328) in the direction perpendicular to the interface (Homola 2008)...- 14 

- 

Figure 7. SPR shift as a function of time for different atrazine concentrations in an indirect immunoassay 

(Homola 2003). ..................................................................................................................................... - 14 - 

Figure 8. Various approaches of the sensing layers (immobilization of the recognition element) in fibre-

optic biosensors (Prasad 2004). ............................................................................................................. - 15 - 

Figure 9. Different schema for evanescent field detection using fibre-optics: (a) de-cladded, (b) tapered, 

(c) U-shape probe, and (d) tapered tip (Leung et al. 2007).................................................................... - 16 - 

Figure 10. (a) Biosensor based on a Mach-Zehnder interferometer integrated on a SOI chip, with 

waveguides in Si (Prieto et al. 2003b). (b) Variation of the phase as a function of the change in refractive 

index sensor arm (Prieto et al. 2003a). .................................................................................................. - 17 - 

Figure 11. Measurement scheme of a DPI (Cross et al. 2003). ............................................................. - 18 - 

Figure 12. Disc resonators schematic designs for use in biosensing. It is possible to monitor the 

modification of the coupling of light due to the presence of biological material using different schemes, 

e.g. (a) one or (b) two output ports (Boyd, Heebner 2001). .................................................................. - 19 - 

Figure 13. (a) SEM image of a resonant microcavity based on a racetrack resonator, and (b) optical 

response of the resonator in a peak centred at 1545.65 nm (De Vos et al. 2007). ................................. - 19 - 

Figure 14. (a) SEM image of the microcavity based on 2D photonic crystal. (b) Calculated transmission 

spectrum for different refractive indices at the surface (Chow et al. 2004). .......................................... - 20 - 

Figure 15. (a) Proposed scheme of an optical resonator based on a Fabry-Perot. (b) Cross-section of the 

cavity for different thicknesses of the same, showing the modes of propagation of the electric field. (c) 

Simulation of the resonance peak shift according to different thicknesses of biological material. Adapted 

from (Márquez 2009). ........................................................................................................................... - 22 - 

Figure 16. Scheme of resonant nanopillars lattice. Cross section of the light intensity for: (a) lattice and 

(b) a single resonant nanopillar (Casquel et al. 2008). .......................................................................... - 23 - 

Figure 17. (a) Representation of a silane group. (b) (3-aminopropyl) trimethoxysilane (APTMS). (c) 

Outline of the binding to a surface of silane groups with -OH groups (Hermanson 2008). .................. - 25 - 



 

xv 

Figure 18. BSA immobilization through electrostatic non-covalent bonds between the SAM and the 

amine groups of the protein (Samanta, Sarkar 2011). ........................................................................... - 26 - 

Figure 19. Representation of avidin-biotin conjugate and their possible use in bioreceptor immobilization.

 ............................................................................................................................................................... - 26 - 

Figure 20. Chemical reaction products between the carboxyl group, the EDC and NHS to join an amine 

group content in bioreceptor (Hermanson 2008). .................................................................................. - 27 - 

Figure 21. Hydroxylation of SU-8 by sulphuric acid attack (Tao et al. 2008). ..................................... - 28 - 

Figure 22. Functionalization of the surface of PDMS with O2 plasma (Bodas, Khan-Malek 2007). .... - 29 - 

Figure 23. (a) Generation of COO and C = O groups in PU, using both plasma and UV treatment in an 

atmosphere of O2. (b) Increased hydrophilicity after these treatments, measured by the contact angle 

versus time of exposure (Weibel et al. 2009). ....................................................................................... - 29 - 

Figure 24. MIPs manufacturing scheme: (a) with functional groups and (b) without groups (Turner et al. 

2006)...................................................................................................................................................... - 30 - 

Figure 25. Diagram of the different levels of protein structures (AccessExcellence 2015b). ............... - 32 - 

Figure 26. Schematic diagrams of an Ig antibody and its specificity (AccessExcellence 2015a). ........ - 33 - 

Figure 27. Occupancy rate of the analyte at equilibrium, according to [A]/Kd. .................................... - 36 - 

Figure 28. Non-competitive sandwich immunoassay scheme. Adapted from (González de Buitrago 2005).

 ............................................................................................................................................................... - 37 - 

Figure 29. Biosensing characterization method by ultrathin-film deposition. To be published. ........... - 40 - 

Figure 30. Proposed scheme of the use of two-photon lithography to create selective ultrathin-films on the 

detection areas of: (a) fibre optic, (b) Mach-Zehnder and (c) cantilever biosensors. To be published. . - 41 - 

Figure 31. (a) Wavelength shift for a resonator. (b) Curve of spectral shift as a function of refractive 

index. (c) Standard curve of response for a biosensor. Adapted from (Casquel 2013). ........................ - 42 - 

Figure 32. Photolithography techniques: (a) contact, (b) proximity, (c) projection and (d) immersion 

lithography. ........................................................................................................................................... - 48 - 

Figure 33. Line width resolution for contact and proximity lithography as a function of resist thickness 

and air spacing for two wavelengths: (a) 365.4 nm and (b) 435.8 nm. It is considered k = 1.5. ........... - 49 - 

Figure 34. Laser micro and nanopatterning processes: (a) ablation, (b) selective polymerization, (c) two-

photon polymerization and (d) interference lithography. ...................................................................... - 51 - 

Figure 35. (a) Ink jet nozzle array fabricated by excimer laser ablation (Dyer 2003). (b) Excimer laser 

micromachining of a PET microwheel, diameter 400 µm and thickness 100 µm (Lazare et al. 1999). - 52 - 

Figure 36. Examples of two-photon lithography devices: (a) 3D photonic crystals fabricated on SU-8 rods 

of 180-250 nm in diameter and separation of 0.8 µm (Deubel et al. 2004). (b) Ormocer® microneedles 

(Gittard et al. 2011). (c) Spatially-variant photonic crystal to direct the flow of light through a 90º turn 

(Digaum et al. 2014). ............................................................................................................................. - 53 - 

Figure 37. Examples of laser interference patterning: SEM images of gratings produced by EUV LIL of 

half-pitch (a) 20 nm and (b) 11 nm (Päivänranta et al. 2011). (c) Canal-like structures showing canal 

width of 0.46 µm and height 0.66 µm, on a layer thickness 2.21 µm (Lasagni, Menéndez-Ormaza 2010). .- 

53 - 

Figure 38.  (a) Proximity effect showed on e-beam lithography (Henderson 2015). Examples of structures 

produced by this technique on (b) PMMA grating with pitch of 40 nm (Mohammad et al. 2012) and (c) 

SU-8 nanopillars for biosensing purpose (López-Romero et al. 2010). ................................................ - 54 - 



 

xvi 

Figure 39. (a) HAR test structures fabricated using p-beam writing in SU-8 resist, showing 60 nm wall 

structures and 10 µm in deep (Van Kan et al. 2003). (b) 8 nm lines written into a multilayer sample of 

AlF3/GaAs using FIB (Gierak et al. 1999). (c) Microsized copy of the Stonehenge monument in the UK, 

fabricated using p-beam writing in SU-8 resist (CIBA, Singapore). It was used the different depth 

exposure of two proton energies: 500 keV for fabricating the horizontal slabs and 2 MeV for exposing the 

vertical supports, using one resist layer. Scale bar is 10 µm (Watt et al. 2005). ................................... - 55 - 

Figure 40. Comparison of different moulding processes. (a) Injection moulding (NIL), (b) hot embossing 

or nanoimprint lithography, (c) UV NIL, (d) soft lithography, and (e) solvent-assisted moulding. Adapted 

from (del Campo, Arzt 2008). ............................................................................................................... - 57 - 

Figure 41. Fabrication schemes for: (a) microcontact printing (µ-CP), (b) microtransfer moulding (µ-TM) 

and (c) micromoulding in capillaries (MIMIC). Adapted from (Xia, Whitesides 1998). ...................... - 60 - 

Figure 42. Main scheme for resist deposition: (a) spin-coating (Hellstrom 2007), (b) spray-coating 

(Desmaële 2015) and (c) meniscus coating (Schmidt, Mennig 2000). .................................................. - 61 - 

Figure 43. SU-8 2000.5 thin-film on Si, (a) without defects, (b) comets due to particles and (c) areas with 

adhesion problems. (c) Effect of the rotation speed over the homogeneity of the film. (e) Edge bead effect 

observed in a thin-film deposition by spin-coating. .............................................................................. - 62 - 

Figure 44. Thin film resist deposited on a 6‖ wafer Si: (a) after the spin-coating, (b) edge bead removal by 

solvent application. ................................................................................................................................ - 63 - 

Figure 45. Planar microcavities schemes and example calculated spectra: (a) metal mirrors, (b) DBR 

mirrors and (c) interphase (single) mirrors. ........................................................................................... - 66 - 

Figure 46. Wavelength influence on peak displacement over FP interferometer. Normal incidence, no 

polarization. ........................................................................................................................................... - 68 - 

Figure 47. (a) Peak displacement due to an increase on the SiO2 thickness on top of the FP interferometer. 

(b) Influence of different cavity thickness on the wavelength shift for different SiO2 thicknesses. Normal 

incidence, no polarization. ..................................................................................................................... - 68 - 

Figure 48. Calculated SQF for different cavity thicknesses and for the initial resonance peak position in 

wavelength. Normal incidence, no polarization. ................................................................................... - 70 - 

Figure 49. Resonance peak position as a function of the light’s angle of incidence. ............................ - 70 - 

Figure 50. Measured peak position for FP interferometers of different Q factor and different number of 

measurements. To be published. ........................................................................................................... - 71 - 

Figure 51. Electric field distributions (TE) for a triangular network of pillars with different lattice 

parameters: (a) 600 nm and (b) 700 nm. Adapted from (Casquel 2013). .............................................. - 73 - 

Figure 52. SU-8 structures on Si substrate covered with proteins and its equivalent photonic model based 

on thin-films (Casquel 2013). ................................................................................................................ - 73 - 

Figure 53. Theoretical SQF, Q and A factor maps for SU-8 pillars over Si and glass substrates. Adapted 

from (Lavín et al. 2013)......................................................................................................................... - 75 - 

Figure 54. Proposed BICELL geometries for biosensing performance study. ...................................... - 76 - 

Figure 55. Effective surface calculated for structures of 1 µm in height: (a) pillars, (b) fractal pillars order 

m = 2, (c) crosses L = 0.5 µm, (d) stars L = 0.5 µm, (e) hollow cylinders spacing sp = 0.5 µm, and (e) 

concentric cylinders. .............................................................................................................................. - 77 - 

Figure 56. SU-8 thickness measured after SB 60 ºC for different spin-coating speeds and resist dilutions: 

(a) SU-8 2010, and diluted with CP to 1:1, (b) SU-8 2010 : CP diluted 1:2 and SU-8 2000.5. Size of the 

substrates used was 10 x 10 mm. ........................................................................................................... - 83 - 



 

xvii 

Figure 57. SU-8 thickness for different rotation speeds using a resist dilution of SU-8 2000.5 with CP on 

a SiO2/Si substrate (SiO2 thickness = 250 nm). Size of the substrates used was 10 x 10 mm. .............. - 83 - 

Figure 58. Structures fabricated using a 355 nm laser direct writing process by evaporating the CP 

contained in the SU-8 2010 for 3 min at 100 ºC. Different speed rotation: (a) 3000 RPM and (b) 1600 

RPM. Images obtained by confocal microscopy. .................................................................................. - 84 - 

Figure 59. MIR absorption spectra for SU-8 films deposited onto Si substrates (before Soft-Bake). ... - 85 - 

Figure 60. MIR absorption spectra for a 13 µm thickness film of SU-8 on Si. It is shown the position in 

wavenumber of the most important peaks. ............................................................................................ - 85 - 

Figure 61. MIR spectra for a 13 µm film of SU-8 on Si for different thermal treatments and UV exposure.

 ............................................................................................................................................................... - 87 - 

Figure 62. Evolution of the 1729 cm
-1

 peak, that it is involved in the evaporation of solvent during the 

time at room temperature. ...................................................................................................................... - 88 - 

Figure 63. (a) Detail of the temporal evolution of the 1729 cm
-1

(solvent related) peak at RT. It was fitted 

to an exponential decay curve and normalizing with the fitting. It is shown the behaviour of the peak for 

the diverse thermal treatments. (b) Detail of the temporal evolution of the 915 cm
-1

 peak, corresponding 

to the epoxy groups. .............................................................................................................................. - 89 - 

Figure 64. Workstation ML-100 from Optec containing two lasers: an excimer laser KrF at 248 nm, and a 

DPSS laser at 355 nm. ........................................................................................................................... - 90 - 

Figure 65. (a) Rear-front ratio comparison for cutting speed 100 µm/s, 1-2 passes and energy density per 

pulse (1.3, 2 y 2.9 J/cm
2
). (b) Rear-front ratio comparison for cutting speed 100 µm/s, energy density of 2 

J/cm
2
 and different passes. Adapted from (Sanza et al. 2011b). ............................................................ - 92 - 

Figure 66. (a) SEM image and (b) profile of a micromachined groove in polyimide for cutting speed of 

100 µm/s, one pass and energy density per pulse of 2 J/cm
2
. (c) SEM images of a photomask fabricated 

with a square array of 10x10 holes of 100 µm diameter and (d) its transversal cut. (Sanza et al. 2011b). ....- 

92 - 

Figure 67. Optical images which have been taken with a stereoscope microscope (from Olympus) of 

different masks. They were produced by laser cutting of polyimide 50 µm in thickness, with 355 nm 

DPSS laser. ............................................................................................................................................ - 93 - 

Figure 68. FWHM diameter of the microstructures obtained (Y axis measurements) (Sanza et al. 2011b). - 

93 - 

Figure 69. (a) Height of the microstructures as a function of dose exposure for both post-bake 

temperatures 60 and 70 ºC for 10 s. (b) Profile of the microstructures achieved by 8.3 mJ/cm
2
 and both 

post-bake. (c)SEM and (d) confocal microscope images of a square array of microstructures fabricated 

with 8.3 mJ/cm
2
. This structure was used as a biosensor later (Sanza et al. 2011b).............................. - 94 - 

Figure 70. Developed microstructures by projection lithography of a 10 x 10 holes mask using (a) one 

pulse and (b) four pulses spaced 7 µm between them. .......................................................................... - 95 - 

Figure 71. SEM images of obtained micropillars by single exposure of UV laser, where influence of (a) 

exposure dose and (b) problems related to overexposure. (c) Topographical image obtained by confocal 

microscopy and (d) X axis profile, for an array of SU-8 micropillars 9 µm height, 15.4 µm diameter and 

25 µm lattice parameter. ........................................................................................................................ - 97 - 

Figure 72. Profiles and topographical images obtained by confocal microscopy of direct writing SU-8 

lines. It was used 250 µm/s writing speed for different focus distances. ............................................... - 98 - 

Figure 73. Optical and confocal images for a simple microfluidic device developed with this technique, 

using SU-8 of 15 µm in thickness. ........................................................................................................ - 98 - 



 

xviii 

Figure 74. (a) SEM image of a microfluidic structure based on a central circular repository and four 

microchannels connected to it. Spacing of the walls is 40, 60, 80 and 100 µm, respectively. (b) SEM 

image of the detail in perspective of the entrance of the 40 µm channel. (c) Topographical images taken 

from an interferometric microscope of the 40 µm channel empty and (d) filled with water from the central 

repository. .............................................................................................................................................. - 99 - 

Figure 75. Schematic process of contact lithography using mask produced by: (a) laser cutting on a 

polyimide sheet, (b) laser ablation of a thin film metal on a glass substrate. ...................................... - 100 - 

Figure 76. Expose strategy used in this work. UV laser highly defocused illuminates a large area by 

writing overlapped lines. Light passing through the patterns contained on the mask, initiates the 

crosslinking process in the resist. ........................................................................................................ - 101 - 

Figure 77. (a) Optical image of a polyimide mask 9 x 9 mm with square patterns of 300 x 300 µm. (b-c) 

details of the cut squares.(d - e) Structures ~ 10 µm height reproduced on Si and (f) on SiO2. Last image 

shows several adhesion problems of the resist to the substrates. ......................................................... - 102 - 

Figure 78. (a) Optical image of a polyimide mask 9 x 9 mm showing several kinds of patterns contained 

in cells ~ 300 x 300 µm with a total number of 144 cells. ................................................................... - 103 - 

Figure 79. (a) Optical image of patterned SU-8 structures ~3.8 µm height on a Si substrate. (b) SEM 

image showing a general view of these structures. .............................................................................. - 103 - 

Figure 80. Optical images taken with a confocal microscope, where it is shown (a) the front side of a 

polyimide mask, where laser is focused, and (b) the rear side of the mask. (c) SEM images of structures of 

3.8 µm in height, fabricated using this mask. (d) Profile of a SU-8 triangle obtained using this lithography 

technique, 8.5 µm in height. ................................................................................................................ - 104 - 

Figure 81. SEM images of the details of some micropillars arrays fabricated using polyimide masks. 

Pillars have a diameter ~ 12 – 15 µm and a height of 0.5, 1.1, 1.8 and 3.8 µm................................... - 105 - 

Figure 82. Transmission spectra of the microscope slide Microcrown soda-lime glass of Schott. It was 

used as a substrate for a metal-on-glass photomask (Schott 2015). .................................................... - 106 - 

Figure 83. Optical images from UV laser marking of a glass slide. If the grooves are deep enough, then 

the glass slide can be broken into chips by applying a manual force. A thin metal film of AuPd will be 

deposited on top of the glass chips to manufacture a photomask. ....................................................... - 107 - 

Figure 84. (a) Optical and (b) topographical images from a confocal microscope of a metal on glass mask. 

It was fabricated by laser ablation at 355 nm. AuPd thickness deposited is ~ 125 nm. (c) Ablation profile 

of the holes in the metal, where can be seen the thermal damage on the substrate. ............................ - 108 - 

Figure 85. Setup used to guarantee a good contact between the mask and the resist. ......................... - 109 - 

Figure 86. (a) Topographical image taken by a confocal microscope where it is shown an array of 

micropillars. It was fabricated using the previous metal-on-glass mask. (b) Profile of the developed 

micropillars on SU-8. .......................................................................................................................... - 109 - 

Figure 87. Optical image of a metal-on-glass mask (left) and pattern developed on SU-8 (right). Scale bar 

represents 10 µm. ................................................................................................................................ - 110 - 

Figure 88. (a) Mean diameter (10 holes measured) and standard deviation as a function of energy density 

per pulse for holes machined with excimer laser at 248 nm on 133.47 ± 5.4 nm AuPd in thickness on 

glass substrate. Energy/pulse = 6.5 mJ, fR = 200 Hz and 100 pulses were irradiated per hole. Polyimide 

mask consisted of a hole of 75 µm in diameter. Confocal images for 10 x 10 holes array used in this 

study, for energy density (b) 24.76 mJ/cm
2
, (c) 30.95 mJ/cm

2
 and (d) 77.38 mJ/cm

2
. ........................ - 111 - 

Figure 89. (a) Patterns machined by excimer laser ablation on a metal layer of thickness ~ 140 nm. From 

left to right, a show of the different geometries written: square 300 x 300 µm; vertical lines 300 µm 

length, 9.163 ± 0.703 µm width and spaced 30 µm (horizontal lines are present also in the mask, with the 

same parameters); array of holes of diameter 11.95 ± 1.326 µm and lattice parameter 30 µm; and finally 



 

xix 

an array of holes of diameter 3.223 ± 0.673 µm and lattice parameter 10 µm. (b) Profile of a hole of ~ 12 

µm width from the third mask geometry, obtained by confocal microscopy. ..................................... - 112 - 

Figure 90. SEM images from a SU-8 micropillar array of lattice parameter ~ 10 µm, height 5.27 ± 0.04 

µm and diameter 4.67 ± 0.63 µm, showing (a) a general view, (b) one single micropillar, in which can be 

seen the loss of material at the bottom and (c) one of the smaller pillar achieved, 2.73 µm width at the top 

of the pattern. (d) Confocal image of the array, used to measure the diameter and height of the structures. 

(PCAT35). ........................................................................................................................................... - 113 - 

Figure 91. SEM images from a SU-8 line array of lattice parameter ~ 30 µm, height 5.27 ± 0.04 µm and 

width ~ 11.6 µm, showing (a) a general view, (b) a tilted view of several lines and (c) detail of the lines, 

in which can be seen the defects of the mask transferred to the polymer. These defects are in the order of 

1-1.5 µm, as shown in (d). An optimization of the laser ablation parameters could improve the quality of 

the patterns produced. .......................................................................................................................... - 114 - 

Figure 92. Application to microfluidics: mask development to produce (a-b) a master of SU-8 on Si 

(optical and confocal images). (c-d) PDMS mold of the inverse SU-8 pattern. Channels produced had 200 

µm width and 60 µm depth.................................................................................................................. - 115 - 

Figure 93. Reflectance optical response of some produced samples at CLUPM: (a) thin-film of 850, 200 

and 150 nm thicknesses of SU-8 on Si; (b) optical resonators of Au/SU-8/Au on Si, thickness of Au ~ 40 

nm and SU-8 150 and 200 nm, respectively. ....................................................................................... - 117 - 

Figure 94. Diagram of the typical setup used in DLIP during the work performed in Fraunhofer IWS 

internship (Lasagni, Menéndez-Ormaza 2010). .................................................................................. - 118 - 

Figure 95. Optical schemes proposed to define square cells by: (a) polyimide machined mask in contact 

with the sample and (b) beam projection through an adjustable square mask. .................................... - 118 - 

Figure 96. (a) General image of the patterned sample of crosslinked SU-8 850 nm in thickness. It can be 

seen the outer areas of the spot where patterning has been achieved. (b) Detail of the bottom right area in 

which has been marked two zones: first zone shows a homogeneous high energy density, instead the 

second one can be considered a heterogeneous energy density area. .................................................. - 119 - 

Figure 97. Topographical images and profiles of (a) zone 1, homogeneous energy density and (b) zone 2, 

heterogeneous energy density. Line separation is 2 µm and height of the lines in zone 1 is ~ 565 nm and 

width of ~ 890 nm. .............................................................................................................................. - 120 - 

Figure 98. SEM images of the patterned structures by DLIP on crosslinked SU-8 of 850 nm thickness: (a) 

general view and (b) detail. ................................................................................................................. - 120 - 

Figure 99. Effect of one, three and five pulses on a crosslinked SU-8 film on Si, using 222.7 mJ/cm
2
 per 

pulse. Quality of patterns was drastically reduced for three and five pulses, due to the high amount of 

removed material for high energy densities. ........................................................................................ - 121 - 

Figure 100. Optical images of the processed areas as a function of energy density per pulse. It can be 

identified different areas inside each pulse, which suggests a heterogeneous intensity distribution. It was 

chosen energy density 188.5 mJ/cm
2
 due to its balance between homogeneity of the processed area.- 122 - 

Figure 101. Detail of a crosslinked SU-8 on Si sample patterned with 188.5 mJ/cm
2
.Optical image at the 

left shows two different zones analysed later by SEM: (a) no defect zone and, (b) bent lines zone due to 

thermal effects. .................................................................................................................................... - 122 - 

Figure 102. Topographical images and profiles for different energy densities per pulse: (a) 164.5 mJ/cm
2
, 

(b) 188.5 mJ/cm
2
and (c) 205.6 mJ/cm

2
, with heights of approximately 278.5, 813.8 and 873.3 nm, 

respectively. It was observed smaller heights of the lines for energy densities below188.5 mJ/cm
2
. . - 123 - 

Figure 103. (a) Polyimide mask thickness of 125 µm machined by laser cutting at CLUPM. Mask was 

used to define square cells in the patterned samples. (b) Processed sample using this mask (crosslinked 

SU-8 of ~ 850 nm thickness). (c-d) Examples of two different cells where can be seen the related 



 

xx 

alignment problems of the laser spot and the mask, which results in cells that are not fully exposed and 

are different from each other. .............................................................................................................. - 124 - 

Figure 104. Samples of crosslinked SU-8 (thickness 850 nm) patterned by two steps exposure on 

substrates of (a-c) Si and (d-f) glass. ................................................................................................... - 125 - 

Figure 105. SEM images of different patterned zones of crosslinked SU-8 (850 nm) on Si. All the images 

belong to the same cell. Lattice parameter of the periodic pillar array is 1 µm showing pillar dimensions: 

(a) 530 x 522.5 nm, (c) 570 x 802.5 nm, (e) 455 x 535 nm and (g) 475 x 685 nm. ............................. - 126 - 

Figure 106. SEM images of transversal cuts done in the thin film SU-8 patterned with two exposure steps: 

(a) border area with transition between low and high material removal; (b) central area of the BICELL 

and (c) detail of the penetration depth (~ 186 nm) and SU-8 thickness (~ 805 nm) (Sanza et al. 2015). ......- 

127 - 

Figure 107. Images of the thin film SU-8 patterned with two exposure steps. (a-b) Sample of 150 nm 

thickness, patterned using ~ 202.3 mJ/cm
2
 per pulse and (c-d) sample of 200 nm thickness, using ~ 156 

mJ/cm
2
. Both samples were crosslinked SU-8 on Si substrates. ......................................................... - 127 - 

Figure 108. Details of the samples of the patterned SU-8 pillars, for the thicknesses of (a-c) 150 nm, with 

a pulse energy density of ~ 202.3 mJ/cm
2
 and (d-f) 200 nm, with an energy density of ~ 156mJ/cm

2
, 

where it is shown three zones of different energy densities per sample. ............................................. - 128 - 

Figure 109. DLIP patterning results on an optical resonator of Au/SU-8/Au on Si substrate (Au ~ 40 nm, 

SU-8 ~ 200 nm), using two steps exposure, wavelength 266 nm and energy density per pulse ~ 107.9 

mJ/cm
2
. ................................................................................................................................................ - 129 - 

Figure 110. DLIP results on PET film using 266 nm and different pulse energy densities: (a) ~34.7 

mJ/cm
2
, (b) ~57.8 mJ/cm

2
, (c) ~ 104 mJ/cm

2
. It is shown a detail of the patterned surface, below each 

image. .................................................................................................................................................. - 129 - 

Figure 111. SEM image of patterned PET films by two exposure steps using DLIP technique, wavelength 

266 nm and energy density per pulse ~ 57.8 mJ/cm
2
: (a) general view; (b) tilted view where it is shown 

different laser interference pattern interaction with the material and (c) other area in the same cell. . - 130 - 

Figure 112. (a) High resolution SEM image of a periodic lattice of SU-8 pillars and (b) a detail of one 

pillar with a scheme of a BSA/aBSA immunoassay.(c) Optical images (obliquely illuminated) of different 

cells with several lattice parameters. (d) Topographical image taken with a confocal microscope and a 

150X objective of the previous cell characterized by SEM, with a lattice parameter of 800 nm (Holgado et 

al. 2010). .............................................................................................................................................. - 132 - 

Figure 113. Confocal images, using a 100X objective (left side), and SEM images (centre and right side) 

of two cells with lattice parameters of 400 and 500 nm, respectively. It can be seen that the pillars are 

melted and thus, not defined. ............................................................................................................... - 133 - 

Figure 114. (a) SEM image of a detail of a periodic lattice of pillars melted after the hard-bake treatment 

at 120 ºC. (b) Evolution of the Tg as a function of post-bake temperature and the e-beam dose (Rath et al. 

2004).................................................................................................................................................... - 134 - 

Figure 115. Confocal images, using a 100X objective (left side) and SEM images (centre and right side) 

of two cells with lattice parameters of 400 and 600 nm, respectively. It can be seen that the pillars show 

higher diameter and links between pillars in the middle of the cell, but they are perfectly defined in the 

edge of the cell. It occurs as an overexposure effect in the centre of the exposure field using e-beam 

lithography. ......................................................................................................................................... - 134 - 

Figure 116. Detail of pillar zones showing overexposure in the centre of the cell. ............................. - 135 - 

Figure 117. Confocal images, using a 100X objective (bottom left and right) and SEM images (centre and 

top images) of two cells with lattice parameters of 700 and 800 nm, respectively. Images show fallen 

pillar, probably due to their bad adhesion to the substrate and a poor crosslinking. ........................... - 135 - 



 

xxi 

Figure 118. Confocal images, using a 100X objective (left side), and SEM images (centre and right side) 

of a cell with lattice parameter of 700 nm. Pictures show the effect of a scratch on the structures. 

Normally, a clear area of pillars is removed, remaining some fallen pillars. ...................................... - 136 - 

Figure 119. MA6: mask aligner equipment for contact lithography at 6‖ wafer level, used in this work. 

Equipment was purchased to Süss MicroTec GmbH. ......................................................................... - 137 - 

Figure 120. Different approaches for die design: (a) one BICELL repeated over the die or (b) different 

types of BICELLs with no repetition on one die. ................................................................................ - 139 - 

Figure 121. Designed die distribution for development of GEN0 and GEN1 masks. ......................... - 140 - 

Figure 122. Final layout distribution per BICELL sizes: 200, 500 and 1000 µm. .............................. - 141 - 

Figure 123. (a) Fabricated GEN0 mask. (b) First lithography at wafer level performed at CLUPM. . - 142 - 

Figure 124. Mask images from a hole array of (a) diameter d = 1 µm and lattice parameter a = 1.5 µm, 

where holes were not resolved, and (b) d = 1.5 µm and a = 2 µm, where holes were totally defined. SEM 

images from developed pillar structures using hard-contact mode, exposure of 5 seconds with a power 

density of 40 mW/cm
2
 (energy density 200 mJ/cm

2
) and post-bake of 60 ºC during 60 seconds. Structures 

developed correspond to the mask arrays of holes with parameters: (c) d = 1.5 µm and a = 2 µm, and (d) d 

= 2 µm and a = 3 µm. Pillars developed had diameters of 1.2 µm and 1.52 µm, respectively. ........... - 143 - 

Figure 125. Final layout distribution per BICELL sizes: 200, 500 and 1000 µm. .............................. - 144 - 

Figure 126. (a) Fabricated GEN1 mask. (b) Lithography performed on a 6‖ wafer using this mask.  . - 145 - 

Figure 127. Set of holes arrays contained on the test die of the GEN1 mask as a function of lattice 

parameter and hole diameter. Holes of diameters of 0.6 µm have been defined, but diameters of 0.6 µm 

were not resolved in the whole mask. Image has been horizontally rotated for a better visualization. - 145 - 

Figure 128. Detached resist can occur as a result applying a high contact force between mask and wafer. 

Images show this problem where resist has been stuck to the mask (a) from the spin-coated wafer (b). 

Edge bead was previously removed from the wafer in order to assure the highest contact. ................ - 146 - 

Figure 129. Structures obtained using hard-contact and vacuum-contact operation modes on MA6. Images 

show the differences obtained for both geometries (a) pillars and (b) stars. A lack of force applied 

between the mask and the resist provoke an air spacing, so light diffraction degrade the perpendicular 

shapes and the closest patterns were exposed and crosslinked. ........................................................... - 147 - 

Figure 130. (Left) Metal-on-glass masks 10 x 10 mm fabricated by ~ 125 – 150 nm AuPd sputtering on 

glass substrates and machined by laser ablation. (Right) Chips developed with different thicknesses and 

exposed by lamp exposure. .................................................................................................................. - 148 - 

Figure 131. SEM images of pillars arrays not fully resolved and fallen. Mask dimensions: (a) d = 0.7 µm 

and a = 1.2 µm; (b) d = 0.7 µm and a = 3 µm. In the last case, pillars showed a top diameter ~ 500 nm and 

a bottom diameter of ~ 610 nm. .......................................................................................................... - 149 - 

Figure 132. SEM images of pillars arrays. Mask dimensions: (a) d = 0.8 µm, a = 1.5 µm; (b) d = 0.8 µm, 

a = 2 µm; (c) d = 0.9 µm, a = 1.5 µm; and (d) d = 1 µm, a = 1.5 µm. Lowest resolution was achieved by 

(b), where pillar diameter ~ 700 nm was found. .................................................................................. - 150 - 

Figure 133. Measured pillar diameter as a function of lattice parameter for several mask holes diameters: 

0.8, 0.9, 1 and 1.1 µm. ......................................................................................................................... - 151 - 

Figure 134. SEM images correspond to crosses with width arms L = 0.75 µm (on the mask design), 

several length arms (R) and lattice parameters. Measured L dimension were approximately: (a) 1.1 µm, 

(b) 1.06 µm, (c) 0.97 µm, (d) 0.96 µm and (e-f) 1.02 µm. .................................................................. - 152 - 

Figure 135. SEM images corresponding to stars with width arms L = 0.5 µm (on the mask design), 

several length arms (R) and lattice parameters. Measured L dimension were approximately: (a) 0.6 µm for 

octagonal side, (b) 0.77 µm for octagonal side, (c-d) not possible to measure, and (e-f) 0.9 µm. ...... - 153 - 



 

xxii 

Figure 136. SEM images corresponding to hollow cylinders with measured parameters: (a) dext = 1.96 

µm, dint ~ 0.85 µm and a = 3 µm, not resolved; (b) dext = 4.06 µm, dint = 1.7 µm and a = 5 µm; and (c) dext 

= 4.07 µm, dint = 1.75 µm and a = 7.5 µm, both fully resolved. .......................................................... - 154 - 

Figure 137. SEM images corresponding to concentric cylinders measured parameters: (a) dext = 3.9 µm, 

dint = 2.5 µm, dpillar = 0.78 µm and a = 4.25µm; (b) dext = 3.9 µm, dint = 1.95 µm, dpillar = 0.85 µm and a = 

4.5µm; (c) dext = 3.85 µm, dint = 1.9 µm, dpillar = 0.72 µm and a = 5 µm; (d) dext = 5.3 µm, dint = 2.8 µm, 

dpillar = 1.3 µm and a = 5.5 µm; (e) dext = 5.15µm, dint = 2.73µm, dpillar = 1.05 µm and a = 6.5 µm. ... - 155 - 

Figure 138. SEM images corresponding to fractal pattern based on: (a) pillars, third fractal order (b) 

hollow cylinders, third fractal order and (c) crosses/stars combinations, second combination order. . - 156 - 

Figure 139. Schemes of the main wafer dicing techniques: (a) manual dicing, (b) blade dicing, (c) laser 

ablation dicing and (d) thermal induced stress dicing. ........................................................................ - 159 - 

Figure 140. Different wafers diced at CLUPM using different micromachining UV laser workstations at 

CLUPM without assist gas: (a) 6‖ Si wafer with BICELLs based on nanopillars fabricated by IMS Chips 

and designed by our group. This wafer was diced into 15 x 15 mm dies, using laser ablation without assist 

gas, as can be seen in the right picture, using ML100 workstation and 355 nm DPSS laser. (b) 6‖ Si wafer 

with BICELLs designed and fabricated at CLUPM during this work. It was diced into 10 x 10 mm dies, 

using a newer workstation with a similar laser system but motorized axes with enough range for this size. 

(c) Glass slide for microscopy used as substrate for both BICELL development and mask manufacturing. 

It was diced into 12.5 x 12.5 mm dies using ML100 workstation. (d) Si bare dies of 10 x 10 mm diced 

using ML100 workstation.................................................................................................................... - 161 - 

Figure 141. (a) Bubble generation during laser ablation of Si wafer immersed in water. (b) Detail of the 

working setup used. ............................................................................................................................. - 162 - 

Figure 142. Optical images of the grooves produced by laser ablation using next configurations: (a) no 

assist gas, (b) immersion in water. (c) Detail of a die obtained using immersion technique in which can be 

seen the effect of crystallographic planes during crack propagation on <111> Si substrate. .............. - 162 - 

Figure 143. Detail of SEM images of one cross structure of SU-8 on a Si substrate. Wafer dicing was 

applied (a) by assist gas and (b) by immersion in water. ..................................................................... - 163 - 

Figure 144. Tool scheme proposed for laser ablation dicing by wafer immersion in water. ............... - 164 - 

Figure 145. First packaging for BICELLs developed in this work. ..................................................... - 165 - 

Figure 146. (a) First packaging designed for ophthalmologic diseases diagnostic, consisting on six chip 

containers of 5 x 5 mm. Packaging is made on Poly(methyl methacrylate) (PMMA) of thickness 2 mm 

per sheet. (b) Photo of a final packaging for four transparent chips 10 x 10 mm, based on Fabry-Perot 

resonator BICELLs. (c) Comparison of the developed packaging with other commercial packagings. 

From left to right: a lateral flow from 77 Elektronika Kft. for Prostatic Specific Antigen (PSA) detection, 

which is a biomarker of prostatic cancer; lab-on-a-chip biosensor; and packaging containing different 

reagents for C-Reactive Protein (CRP) from Alere Ltd. ..................................................................... - 167 - 

Figure 147. Scheme of packaging’s fabrication based on CO2 PMMA laser cutting and bonding. .... - 168 - 

Figure 148. (a) Original packaging design developed for PoC device and its evolution. Examples on 

fabrication for four chips per packaging and attached chips are shown. (b) PoC prototype device 

developed by LASING in close collaboration with our research group. Left image shows the system 

without the external housing, in which can be seen the optical components and the metallic two guides 

with several ball spring plungers for manual alignment. Right image shows an example of optical 

measurement of one BICELL using this prototype. ............................................................................ - 169 - 

Figure 149. (a) Final packaging produced by means of rapid prototyping techniques. It is shown the 

procedure to introduce the chip by using an internal rail. (b) 3D printer used to fabricate several 

packaging at the same time. (c) First PoC prototypes designed and manufactured by BIOD S.L., Centro 

de Electrónica Industrial (CEI) UPM and our research group. PoC devices are based on a technology 



 

xxiii 

patented by our research group during this work, in which the author is co-inventor (Holgado et al. 2012).

 ............................................................................................................................................................. - 170 - 

Figure 150. Scheme summarizing the measured bioapplications results presented in this chapter. .... - 173 - 

Figure 151. Diagram showing the parameters chosen for biosensing performance comparison between 

BICELLs based on different geometries. ............................................................................................ - 174 - 

Figure 152. Description of the schematic process used for ultrathin-film deposition of high diluted resist 

and its characterization by optical means. To be published................................................................. - 176 - 

Figure 153. SEM images of a cleaved chip containing structures with an ultrathin-film deposit of SU-8. A 

piece of the ultrathin-film SU-8 layer (~ 30 nm) has been detached from the surface, (a) general view and 

(b) detail. To be published. .................................................................................................................. - 177 - 

Figure 154. SEM images show two geometries without and with an ultrathin-film of SU-8: (a) pillars and 

(b) stars. SU-8 is not completely deposited uniformly over the structures, where resist accumulates mainly 

at the bottom of the geometries. Inlets show confocal images from the top of the chip for both situations. 

To be published. .................................................................................................................................. - 178 - 

Figure 155. (a) Setup for CVD deposition based on SiCl4 and H2O reaction: (1) N2 flow control, (2) arm 

for SiCl4, (3) arm for H2O, (4) reaction chamber and (5) exhaust pipe. (b) Schematics of the deposition 

process. To be published. .................................................................................................................... - 178 - 

Figure 156. SEM images show two geometries without and with an ultrathin-film of SiO2: (a) pillars (~ 

45 nm SiO2) and (b) crosses (~ 72 nm SiO2). SiO2 covers the shape of the structures homogeneously, 

although it can be seen some aggregates for pillar structures. (c) Fractal BICELL with ~ 50 nm SiO2 

deposited in which several structures were accidentally removed. Dark areas reveal Si substrate where 

SU-8 pillars should be. (d) Detail of the previous image. To be published. ........................................ - 179 - 

Figure 157. CVD homogeneity thickness results: (a) and (c) show FP thickness distribution, and (b) and 

(d) show SiO2 thickness distribution on top of the FP. ........................................................................ - 180 - 

Figure 158. Optical setup used for the BSA immunoassay using BICELLs produced by contact 

lithography at wafer level. ................................................................................................................... - 181 - 

Figure 159. Immunoassay responses of BICELLs based on (a) FP interferometer ~ 1.2 µm in thickness 

and (b) pillars d = 0.93 µm and a = 2 µm. Peak position ~ 700 nm. To be published. ........................ - 183 - 

Figure 160. aBSA recognition curves for different BICELLs based on pillars of different effective 

surfaces in comparison with a FP interferometer. To be published. .................................................... - 185 - 

Figure 161. Results corresponding to BICELLs based on pillars as a function of estimated effective 

surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm 

and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be published. .- 

186 - 

Figure 162. Results corresponding to BICELLs based on crosses as a function of estimated effective 

surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm 

and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be published. .- 

187 - 

Figure 163. Results corresponding to BICELLs based on stars as a function of estimated effective surface. 

Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 

900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be published. ... - 188 - 

Figure 164. Results corresponding to BICELLs based on hollow cylinders as a function of estimated 

effective surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at 

(a) 700 nm and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be 

published. ............................................................................................................................................ - 189 - 



 

xxiv 

Figure 165. Results corresponding to BICELLs based on concentric cylinders as a function of estimated 

effective surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at 

(a) 700 nm and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be 

published. ............................................................................................................................................ - 190 - 

Figure 166. Results corresponding to BICELLs based on fractal pillars as a function of estimated 

effective surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at 

(a) 700 nm and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be 

published. ............................................................................................................................................ - 191 - 

Figure 167. Results corresponding to BICELLs based on fractal combination of pillars and hollow 

cylinders as a function of estimated effective surface. Calculated SQF using CVD SiO2 and biosensitivity 

of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) Total recognition displacement and (d) 

LOD values for both peaks. To be published. ..................................................................................... - 192 - 

Figure 168. SEM images of the BICELLs with (a) lowest LOD value and (b) highest ms value from the 

BSA immunoassay. To be published. .................................................................................................. - 193 - 

Figure 169. Three different BICELLs based on (a) FP interferometer, (b) low compact structured 

BICELL and (c) high compact structured BICELL. Same height is considered. To be published. .... - 194 - 

Figure 170. Model proposed for biosensing response prediction using structured biosensors. To be 

published. ............................................................................................................................................ - 195 - 

Figure 171. Hypothetical predicted SQF, ms, Δλsat and LOD behaviour as a function of effective surface. 

To be published. .................................................................................................................................. - 196 - 

Figure 172. SQF, ms, recognition wavelength displacement and LOD results for CVD SiO2 deposition 

and aBSA recognition as a function of effective surface, considering all geometries. Red line shows the 

measured reference value for FP interferometer. Inset graphs show theoretical expected response. To be 

published. ............................................................................................................................................ - 197 - 

Figure 173. Topographical image of the BICELL based on SU-8 pillars (Adapted from (Laguna et al. 

2014b)). ............................................................................................................................................... - 200 - 

Figure 174. Wavelength shift due to aPLAA recognition by PLAA bonded to SU-8 surface of the 

measured BICELLs. Adapted from (Laguna et al. 2014b). ................................................................. - 201 - 

Figure 175. Comparison of two different blocking reagents for detecting dengue virus: BSA (5%) and 

skim milk (5%) (Laguna et al. 2014a). ................................................................................................ - 205 - 

Figure 176. Comparison of sensing curves for dengue recognition with and without blocking step, where 

the skim milk reagent significantly improves the biosensing response. Adapted from (Laguna et al. 

2014a). ................................................................................................................................................. - 205 - 

Figure 177. Optical setup used for the BSA immunoassay using BICELLs produced by DUV projection 

lithography. ......................................................................................................................................... - 207 - 

Figure 178. (a) Reflectance spectrum (arrow indicates the monitored dip) and (b) aBSA recognition curve 

for BICELLs produced by projection lithography. Structure corresponds to a square lattice of micromesas 

~ 9 x 9µm and ~ 400 nm in height, with a pitch of 15µm (Adapted from (Sanza et al. 2011b)). ........ - 208 - 

Figure 179. Optical setup used for the BSA immunoassay using BICELLs produced by DLIP technique. .- 

209 - 

Figure 180. Optical and SEM images of the structures measured (images taken after immunoassay) of (a) 

Area 1, and (b) Area 2. (c) Spectra of the different processed areas and the FP structure, after acid 

catalysis. Peaks and valley analysed are marked by arrows (Sanza et al. 2015). ................................ - 211 - 



 

xxv 

Figure 181. (a) aBSA recognition for the two measured processed areas and the non-processed area which 

corresponds to a FP structure. Details of the linear region in: (b) FP, (c) Area 1 and (d) Area 2 (Sanza et 

al. 2015). .............................................................................................................................................. - 212 - 

Figure 182. Optical setup used for the BSA immunoassay using BICELLs produced by e-beam 

lithography. ......................................................................................................................................... - 214 - 

Figure 183. Dips wavenumber shifts response as a function for different BSA and aBSA concentration: 

centred around 15,600 cm
-1

, inlet (a1) original and filtered signal for a particular case. Adapted from 

(Holgado et al. 2010). .......................................................................................................................... - 216 - 

Figure 184. (a) Biosensing response for BSA antigen immobilization and aBSA antibody recognition for 

the dip centred at 15600 cm
-1

 (b) the same biosensing response for the dip centred at 12200 cm
-1

 (Holgado 

et al. 2010). .......................................................................................................................................... - 217 - 

Figure 185. (a) Schematic representation of a 3D periodic array nanopillar fabricated after the SU-8 spin 

coating deposition; (b) SEM image of a SU-8 based biosensing cell (Ortega et al. 2012). ................. - 219 - 

Figure 186. (a) Optical setup for transmission measurements and biochemical diagram of the 

immunoassay. SEM images of the nanopillars networks for (b) 700 nm and (c) 800 nm. (d) Optical image 

of BICELLs over an ITO/glass substrate in comparison with 1€ cent coin (Sanza et al. 2011a). ....... - 220 - 

Figure 187. Dip shift for HRP-h-G immobilization and anti-Gestrinone antibody recognition for the dip 

centred at 15,300 cm
-1

. Each measurement is the average of five replicates (Adapted from (Ortega et al. 

2012)). ................................................................................................................................................. - 222 - 

Figure 188. Immobilization process: (a) smoothed spectra in the peaks region for different immobilization 

steps and (b) peak shift with the HRP-h-G immobilization for 700 nm and 800 nm nanopillar lattice 

network. Recognition process: (c) smoothed spectra in the peaks region for different recognition steps and 

(d) peak shift with the anti-Gestrinone recognition for 700 nm and 800 nm nanopillar lattice network 

(Adapted from (Sanza et al. 2011a)). .................................................................................................. - 223 - 

Figure 189. Dip shift against antibody concentration for bovine serum albumin (BSA)-anti-BSA and 

Gestrinone-anti-Gestrinone systems (Ortega et al. 2012). ................................................................... - 225 - 

Figure 190. (a) Preliminary first results from antiIgG recognition using BICELLs based on FP 

interferometers. (b) Incubator lid based on PDMS (left) fabricated by moulding technique using a SU-8 

master (centre) and the photomask used for master fabrication (right). (c) Example of use in a novel 

packaging under development. ............................................................................................................ - 232 - 

 

  



 

xxvi 

 

LIST OF TABLES 

Table 1. Light sources and wavelengths used in lithography. ............................................................... - 50 - 

Table 2. Molecular bonds in SU-8 and their spectral position (Pretsch et al. 2001, Keller et al. 2008, 

Gunde et al. 2009, Wong et al. 2006, Rath et al. 2004). ........................................................................ - 86 - 

Table 3. Technical properties of lasers used in ML100 at Centro Láser UPM. ..................................... - 90 - 

Table 4. Technical properties of laser used for interference lithography at Fraunhofer IWS. ............... - 91 - 

Table 5. Designed mask GEN-0 statistics: number of dies, sub-dies and BICELLs contained on the mask..

 ............................................................................................................................................................. - 141 - 

Table 6. Designed mask GEN-1 statistics: number of dies, sub-dies and BICELLs contained on the mask.

 ............................................................................................................................................................ .- 144 - 

Table 7. Measured parameters of biosensing performance for BICELLs based on FP interferometers. To 

be published. ........................................................................................................................................ - 184 - 

Table 8. Most relevant results from geometry comparison in the immunoassay response. Green and red 

cells show the structures that improve or worsen respect to FP interferometers. To be published. .... - 193 - 

Table 9. Resolutions and aspect ratios achieved for the different techniques. .................................... - 228 - 

Table 10. Best results from measured bioapplications: biosensitivity and LOD values. ..................... - 230 - 

 

  



 

xxvii 

 

LIST OF EQUATIONS 

Equation 1 ............................................................................................................................................. - 21 - 

Equation 2 ............................................................................................................................................. - 21 - 

Equation 3 ............................................................................................................................................. - 21 - 

Equation 4 ............................................................................................................................................. - 21 - 

Equation 5 ............................................................................................................................................. - 21 - 

Equation 6 ............................................................................................................................................. - 34 - 

Equation 7 ............................................................................................................................................. - 35 - 

Equation 8 ............................................................................................................................................. - 35 - 

Equation 9 ............................................................................................................................................. - 35 - 

Equation 10 ........................................................................................................................................... - 35 - 

Equation 11 ........................................................................................................................................... - 35 - 

Equation 12 ........................................................................................................................................... - 35 - 

Equation 13 ........................................................................................................................................... - 36 - 

Equation 14 ........................................................................................................................................... - 36 - 

Equation 15 ........................................................................................................................................... - 42 - 

Equation 16 ........................................................................................................................................... - 42 - 

Equation 17 ........................................................................................................................................... - 43 - 

Equation 18 ........................................................................................................................................... - 43 - 

Equation 19 ........................................................................................................................................... - 44 - 

Equation 20 ........................................................................................................................................... - 44 - 

Equation 21 ........................................................................................................................................... - 44 - 

Equation 22 ........................................................................................................................................... - 44 - 

Equation 23 ........................................................................................................................................... - 44 - 

Equation 24 ........................................................................................................................................... - 48 - 

Equation 25 ........................................................................................................................................... - 50 - 

Equation 26 ........................................................................................................................................... - 53 - 

Equation 27 ........................................................................................................................................... - 67 - 

Equation 28 ........................................................................................................................................... - 67 - 

Equation 29 ........................................................................................................................................... - 74 - 

Equation 30 ........................................................................................................................................... - 74 - 

Equation 31 ......................................................................................................................................... - 195 - 

  



 

xxviii 

 

LIST OF ACRONYMS/ABBREVIATIONS 

a, Λ Lattice parameter 

Ab 

aBSA 

Antibody 

BSA antibody 

Ag 

aPLAA 

Antigen 

PLAA antibody 

AuPd Gold Palladium 

BICELL Bio photonic sensing cell 

BSA Bovine Serum Albumin 

CD Critical Dimension 

CO2 Carbon dioxide 

CP Cyclopentanone 

CVD 

DFT 

Chemical Vapour Deposition 

Discrete Fourier Transform 

DI-H2O De-ionized water 

DPSS Diode Pumped Solid State 

DUV 

DPI 

Deep ultraviolet 

Dual Polarization Interferometer 

EUV Extreme ultraviolet 

FP  Fabry-Perot 

fR 

FIB 

FDTD 

Frequency of repetition 

Focused Ion Beam 

Finite-Difference Time-Domain 

FTIR 

FWHM 

GUM 

Fourier Transform Infrared 

Full Width at Half Maximum 

Guide for Uncertainty Measurement 

H2O2 Hydrogen peroxide 

H2SO4 Sulphuric acid 

HF Hydrofluoric acid 

HRP 

HRP-h-G 

HTS 

Horseradish Peroxidase 

HRP-hapten-Gestrinone conjugate 

High Throughput Screening 

IODM 

IPA 

Interferometric Optical Detection Method 

Isopropanol 

IROP Increased Relative Optical Power 

ISFET Ion-Sensitive Field-Effect Transistor 

IVD In-Vitro Detection 

k Wavenumber 

Kd Dissociation constant 

KrF Krypton Fluor 

LOD Limit of Detection 

m Fractal/combination order 

MEMS Micro-electromechanical system 

MFS 

MIP 

Minimum Feature Size 

Molecular Imprinted Polymer 



 

xxix 

 

 

  

ms Biosensitivity 

MW Molecular weight 

n Refractive index 

NaOH 

PBS 

PBS-T 

Sodium hydroxide 

Phosphate buffered saline 

PBS – Tween 

PoC Point of Care 

QCM Quartz Crystal Microbalance 

RPM 

RT 

Revolutions per minute 

Room Temperature 

SAM Self-Assembled Monolayer 

SAW Surface Acoustic Wave 

SD Stealth Dicing 

SEM Scanning Electron Microscope 

Si Silicon 

SiCl4 Silicon tetrachloride 

SiO2 Silicon dioxide 

SQF Sensing Quality Factor 

SPR Surface Plasmon Resonance 

UV Ultraviolet 

α Absorption coefficient, angle of incidence 

λ Wavelength 



 

xxx 

 

 



Introduction 

- 1 - 

 

1. INTRODUCTION 

Nowadays, we live in a world ruled by sensors, devices that allow us to measure physical and 

chemical magnitudes. Though it is not possible to give an exact number, an approximation of 

around 3.5 billion of sensors up to 2020 was predicted (Merchant 2013). Several companies and 

organizations works on the optimistic goal to put into the market one trillion of sensors for the 

development of the Internet of Things (IoT) at the end of the decade of 2010s (Kharif 2013). 

Sensors play a fundamental feedback needed to control and predict different products and 

systems, from consumer electronics (personal computers, smartphones, consoles, etc.) to 

industrial environments (energy plants, manufacturing industry, transports, etc.), passing by the 

weather monitoring. Therefore, it is possible to extrapolate this trend to biological compounds, 

towards the development of sensors that can measure the presence of biomolecules (proteins, 

DNA, bacteria, virus...) in order to monitor its presence in life beings and nature. Actually, these 

sensors are called ―biosensors‖. 

Since the development of biosensors in the 1960s to our days (Clark, Lyons 1962), many fields 

of applications have appeared. Biosensors applied to health care monitoring have many benefits: 

minimize the cost per analysis, reduce the treatment time and optimize the resources of the 

government health care system among others (Wang 2006, Ymeti et al. 2007). Control of drugs 

of abuse and security issues are important areas in which these devices can play a major role, by 

providing a reliable, low cost and quick response time for these menaces (Bruls et al. 2009). 

Also, biosensing technology can be a key in the development of new medicaments in the 

pharmaceutical industry (Sanvicens et al. 2011, Tschmelak et al. 2005). Food industry is one 

target for this technology, from the control of cultures to the veterinary control, passing by the 

food traceability and quality (Terry et al. 2005, Kröger et al. 2002). Also, natural resources 

monitoring is a priority target of many governments, institutions and persons over the world, in 

order to preserve and protect our environment. Nowadays, one of the hot topics is the survey of 

water (Campanella et al. 2001), which has reduced its quality to alarming levels in the last 

decades. Finally, it is observed a recent trend in the monitoring of our own vital constants by 

using smartphones or other wearable devices, and it is expected that this market will explode the 

benefits of biosensors in the next years (Gallegos et al. 2013, Lam et al. 2009). 

All these applications are related not only with biosensors properly, but their integration in other 

relatively novel systems: lab-on-a-chip and Point of Care (PoC) devices. Lab-on-a-chip concept 

is related with the integration of a full biosensing system into a single chip or packaging, 



Chapter 1 

- 2 - 

making an autonomous and highly portable device for different biosensing applications. 

Though, actual manufacturing capability allows integrating many systems (analogical and 

digital electronics, valves, reagents, communications, detectors, etc.), commercial lab-on-a-chip 

devices need an external system to perform the measurements. This is due to the higher cost and 

complexity to produce these devices. On the other hand, PoC devices consist of a measurement 

platform and a chip/packaging containing the biosensor itself. Biosensor chip/packaging is 

mainly characterized by its low cost per analysis and disposable chips, being the perfect 

representing platforms the glucose detection PoC devices (Kiechle, Main 2000, Wang 2008, 

Wang 2001). These PoC devices represent ~ 85 % of the biosensors world market (Wang 2008). 

Though biosensing technology presents a good promising future, it has to affront several 

problems. First, the final cost of the devices, that in most of the cases is still high to compete 

with established chemical sensing technologies, such as Enzyme-Linked Immunoabsorbent 

Assay (ELISA) or mass spectrometry detection. This cost does not only include the fabrication 

of the device and the immobilization of biodetectors on the surfaces, but also the complexity of 

the measurement equipment required, as coupling waveguides to fibres using inverted tapers or 

diffractive gratings (Van Thourhout et al. 2006, Taillaert et al. 2006) which highly increase the 

packaging cost. Also, taking bioanalytes to the sensing area is often a complex issue, generally 

involving microfluidic channels and systems with do not help to keep the final cost at an 

attractive level. Functionalization of surfaces with bioreceptors is also a complex process, 

involving several intermediate processes. It affects significantly to the repeatability of the 

biosensor response. Finally, development of portable, easy training and reliable technologies is 

needed to reach the market. 

In this thesis is studied a novel biosensing technology developed by the research group, 

following the basis of previous works (Casquel 2013, Holgado et al. 2010) . These novel 

biosensors are based on photonic structures vertically characterized by optical means, called 

bio-photonic sensing cells (BICELLs). These structures can be formed by Fabry-Perot (FP) 

interferometers (based on thin-films) or periodic patterned areas. BICELL concept presents 

several advantages: 

 Reduction of the measurement cost due to the use of vertical characterization 

techniques. 

 Robustness of the measurement due to the characterization of a large area. Defects on 

the BICELL do not have a great effect on its response. 
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 BICELLs production should use mass scale fabrication methods. This assures the low 

cost per chip, and also, per analysis. 

 Chips can contain from one to hundreds of BICELLs, which allows the use of this 

technology for high throughput screening (HTS). 

 Depending on the designed photonic structure, sensitivity and sensing response can be 

different. Therefore, different bioapplications can be defined and measured. 

Main results obtained using this concept of sensors will be presented. First of all, an overview 

of the field of optical sensors is given, mainly focused on optical label-free biosensors. After 

this, is developed the concept of sensors of this thesis. Chapter 3 is centred in the main rules of 

thumb for BICELL design developed in the research group, the different geometries proposed 

as BICELLs and the experimental work proposed in this thesis. Chapter 4 describes the different 

fabrication techniques employed for BICELL production and the main results obtained. Chapter 

5 shows the measured bioapplication during this work using the produced BICELLs. Also, a 

comparative between BICELLs based on different geometries and dimensions is presented, and 

the results of a novel technique to compare biosensing performance. Finally, some conclusions 

and future work are related. 

 

1.1. Objectives of the thesis 

As a summary, the main objectives of the thesis are: 

 Study of different available fabrication techniques for BICELL fabrication. Techniques 

must be oriented to mass scale fabrication, high repeatability and be compatible with 

standard fabrication process in microelectronics industry. 

 Design and implementation of different packaging to accommodate chips containing 

BICELLs. Packaging must to protect the BICELLs, facilitate the optical measurements 

and be oriented to low cost manufacturing process. 

 Study of novel techniques to evaluate the performance of label-free biosensors. 

Techniques are based on ultrathin-film deposition on the biosensor’s surface, in order to 

simulate a biolayer attached to them. Techniques must be low cost, produce a 

homogeneous thickness and be compatible with different label-free biosensors. 
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 Study of the influence of the geometry and dimensions on the biosensing performance 

of different BICELLs. Development of different immunoassays using produced 

BICELLs in order to demonstrate the capability of the proposed technology. 

 

1.2. Structure of the thesis 

This thesis is divided into a total of 9 chapters: 

 Chapter 1. Introduction. General introduction to the field of biosensors, and main 

characteristic of the proposed sensor in this thesis. Main objectives and structure of the 

thesis. 

 Chapter 2. Optical biosensing technology: state of the art. Description of the main 

concepts concerning biosensing technology, with special focus into label-free optical 

biosensors. State of the art and description of the micro and nanofabrication technology 

for its development. Description of the techniques employed in the characterization of 

biosensors and the metrics involved. 

 Chapter 3. Design of BICELLs and proposed work. Description of a standard 

BICELL based on FP interferometers. Rules of thumb for structured BICELLs. Brief 

description of new geometries and motivation for the study. Finally, proposed work 

done in the thesis is presented. 

 Chapter 4. Fabrication of BICELLs and packaging for PoC devices. Results and 

discussion from the different fabrication techniques employed in the development of 

optical biosensors based on BICELLs and their packaging. 

 Chapter 5. Measured bioapplications. Results and discussion of the measured 

bioapplications tested on different BICELLs. Comparison of the biosensing response 

and optical sensitivity on BICELLs based on different geometries and dimensions by 

using a standard immunoassay and ultrathin-film deposition. 

 Chapter 6. Conclusions. 

 Chapter 7. Lines of future developments. 

 Chapter 8. Publications of the author related with this thesis. 

 Chapter 9. Bibliography.  
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2. OPTICAL BIOSENSING TECHNOLOGY: STATE OF 

THE ART 

Biosensors play an important role in our society since the glucose detection system development 

in 1970s. In this really short period of time, many different technologies have appeared to detect 

different biological targets, from DNA strands to bacteria. Applications of these technologies 

comprehend health care monitoring, food and water quality control and drug of abuse detection, 

among others. 

Nowadays, there is a need for interdisciplinary work groups, in order to solve complex 

problems and produce innovative ideas. Biosensing technology development is a perfect 

example, due to the different disciplines that converge into it: physics, chemistry, biochemistry, 

engineering, mathematics and bioinformatics are needed for the development of biosensing 

technology. Through this chapter, different elements involving the state of the art in biosensors 

are discussed: biosensing techniques, biochemistry, biosensing response characterization and 

fabrication of the devices. This discussion is focused on the work presented in this thesis, so 

optical biosensors based on immunoassay detection are discussed deeply. 

 

2.1. Biosensors 

A brief state of the art on the biosensor field is introduced below. It is divided into four main 

sections: first, fundamentals of biosensing technology are presented. It is followed by a deep 

discussion on the most relevant optical biosensors. After, the main surface functionalization 

techniques to attach bioreceptors to the biosensor surface are explained. Finally, a short 

introduction on the bioapplications measured is shown, with special emphasis on immunoassay. 

 

2.1.1. Fundamentals 

2.1.1.1. Principle of operation 

Sensors are devices that can detect and measure physical and chemical magnitudes, generating a 

proportional signal related with those magnitudes. This signal can be measured directly by an 
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external observer or can be read out by other device, normally by using electrical signals. For 

example, a temperature sensor could be a thermometer, where the expansion or contraction of a 

liquid in a container calibrated denotes the temperature at which it is located, or a platinum 

resistor, whose elongation or contraction relative to temperature results in a change in resistance 

which can be monitored by an electronic circuit. Sensors are typically catalogued on the 

measured magnitude (temperature sensors, pressure, electrical current, light...) or depending on 

the physical property that is changed (resistance, inductance, magnetic field, optical...). 

 

Figure 1. Scheme of a generic biosensor. 

Considering that, we can define a biosensor, in the first instance, as a device capable of 

detecting chemical or biological species (proteins, enzymes, bacteria, nucleic acids, 

microorganisms, etc.), and generate a signal according to its concentration. However, biosensors 

differ from the traditional concept of sensor as they include a biological component, called 

bioreceptor. It interacts with the biomolecule/analyte to be detected and a transducer, which 

transforms biological interaction in a measurable signal collected by a proper detector, as shown 

in Figure 1. An example of biosensor is the blood glucose sensor, where the detection process is 

electrochemical. Other important biosensor widely known is the pregnancy test, where human 

chorionic gonadotropin (hCG) in urine is detected. 

 

2.1.1.2. Fields of application and importance 

The field of applications of biosensors is framed in different areas: clinical diagnosis 

(monitoring of diseases and conditions), environmental monitoring (assessment of water 

quality, detection of harmful pollutants (Ligler 2008), public safety (detection of chemical 

compounds used in the so-called "chemical warfare" (Royuela et al. 2006), doping control 

(Brun et al. 2010), food security (control of the food chain (Potyrailo et al. 2009)) and finally 

the field of study of the interaction between biomolecules and pharmaceutical research (Cooper 
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2002). The wide field of bioapplications needs a continuous development of more efficient, 

highly sensitive, rapid and inexpensive analytical techniques. Specifically, in the medical field 

there is great interest in decentralizing the classical diagnosis systems to diagnosis in situ (Point 

of Care, PoC). PoC devices can speed up certain types of analysis needed urgently or for 

immediate study (e.g. hospital emergency). Furthermore, some detection must to be made daily, 

as for example diabetic patients. These patients must to perform measurements of their own 

blood glucose concentration every day. These issues make evident the importance of using 

cheap and reliable biosensors. 

 

Figure 2. Publications per year in which the following words are mentioned: (a) "biosensor" and "label-free 

biosensor"; (b) "detection DNA", "immunosensor" and "pathogen detection" and (c) comparison between different 

biosensor technologies. Source: ISI Web of Knowledge 2011. 

If we focus on developments in research, it is possible to evaluate the number of publications 

per year indexed as a reference parameter. Figure 2 shows some comparisons between search 

results from the database of the ISI Web of Knowledge. It is possible to observe in Figure 2.A 

that the number of publications for "biosensor" grows rapidly from the mid-1980s, with another 

strong period of growth since 2002. Undoubtedly, this growth is influenced by development and 

commercialization of biosensors based on Surface Plasmon Resonance (SPR) technique that has 

become one of the leaders in biomolecular interaction analysis. However, the other entries begin 

to grow from the 1990s, especially around DNA detection, pathogens and immunosensors 

agents, as well as the increase in optical and electrochemical biosensors. It is possible to infer 

that the commercial thrust of the first biosensors, as well as renewed fears of biological 

weapons (Gulf War, 1990-1991), cancer research and Human Genome project have contributed 

to significant research take-off on this field. We must also mention that, as can be seen in Figure 
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2.C, the corresponding optical and electrochemical biosensors publications predominate over 

most recent types of biosensors such as magnetic or nanobiosensors, which development is 

more recent. 

Also, it is possible to make an economical interpretation. The global market for in vitro 

diagnostics (IVD) estimated sales in more than $ 28 billion in 2005, of which the global PoC 

testing market is estimated to be worth $ 10 billion. The diagnostic testing accounts 1 – 2 % of 

government healthcare expenditure worldwide (Harjula 2005). For these reasons, research on 

efficiency and sensitivity improving, as well as the development of new technologies for the 

development of new platforms capable of High Throughput Screening (HTS) (getting cheaper 

cost per analysis) are considered key factors in this market. 

 

2.1.1.3. Classification of biosensors 

There are different ways to classify biosensors according to their different features or 

techniques. Listed below are the most important classifications and some of their most 

representative biosensors. Four main classifications are considered in this work: (1) catalytic or 

affinity detection, (2) label-free or labelled biosensors, (3) type of bioreceptor used and (4) 

transduction techniques.  

 

2.1.1.3.1. Catalytic or affinity detection 

Catalytic detection refers to the catalytic activity of enzymes. Analyte recognition is performed 

through several mechanisms: (1) the enzyme converts the analyte into a detectable product, (2) 

detecting enzyme inhibition or activation by the analyte, or (3) monitoring the modification of 

enzyme properties resulting from interaction with the analyte. These effects together with the 

catalytic activity of enzymes allow lower limits of detection compared to affinity detection. 

Enzyme activity can be seen as an amplification of the signal produced by a biomolecular 

interaction. 

On the other hand, affinity detection is related to the direct measurement of binding occurrences 

between species. Usually, it is referred to the antigen-antibody, DNA complementary strands or 

biotin-avidin interactions. This interaction is usually monitored by a change in mass, refractive 

index, magnetic field or other physical-chemical change. 
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2.1.1.3.2. Labelled or label-free 

The use of a marker/label biomolecule is possible to classify biosensors into labelled or label-

free. In the first, any type of label is added to the biomolecule, allowing the detection of 

bioreceptor-biomolecule binding occurrence. Some of the markers normally used are 

fluorophores or fluorochromes, which consist of elements that bind to the biomolecule and 

produce fluorescent light when illuminated at a given wavelength. Moreover, there are other 

label types, such as radiolabels, magnetic nanoparticles, enzymes or metal nanoparticles. 

However, the use of markers generates a series of problems: high cost, generation of highly 

pollutant or toxic waste, quenching phenomena in the fluorophores (it produces a reduction on 

the efficiency of fluorescent emission by proximity between them), possible deterioration or 

modification of the biomolecule itself and its interaction with the bioreceptor, are the most 

relevant. 

Moreover, label-free biosensors can detect the biomolecule-bioreceptor bound without 

exogenous elements adhered to the biomolecule. It was necessary to development more 

sensitive techniques such as biosensors based on SPR monitoring (Homola 2008) or Mach-

Zehnder optical interferometers, where the presence of biomolecules in the sensing area causes 

a change in the their optical properties (Prieto et al. 2003a), Quartz Crystal Microbalance 

(QCM), where mass change introduced by the biomolecule binding produces a shift in the 

resonance of a quartz crystal (Mannelli et al. 2003), or cantilevers based biosensors are some 

examples. In the last one is possible to evaluate the inclination of a pole according to the 

concentration of biological material present on its edge through optical methods (e.g. using a 

laser and photodetector of four zones, as in the Atomic Force Microscopy, AFM) (Carrascosa et 

al. 2006) or by using an electronic transducer, e.g. with a Wheatstone bridge resist configuration 

lithographed on the surface of the posts, as seen in Figure 3 (Johansson et al. 2005). 

 

Figure 3. Cantilevers in set of four Wheatstone bridge with resistors printed metal surface (Johansson et al. 2005). 
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2.1.1.3.3. Type of bioreceptor 

Also, biosensors can be classified according to the bioreceptor employed, mainly finding the 

following types: enzymatic, immunosensors (antigen-antibody) and DNA sensors. 

Enzymatic biosensors use the enzyme catalytic capacity for accelerating reactions, leading to 

the appearance of a product or disappearance of a substrate. As a single molecule of catalyst can 

transform many molecules of substrate to product, by repeating the catalytic action again and 

again, the catalyst acts as an amplifier. It allows the detection of enzymes in very small 

concentrations. The most important reactions of enzymatic biosensors were given by redox 

reactions (electrochemical biosensors) and the use of substrates together to produce fluorescent 

or luminescent enzyme (optical biosensors) compounds. The latter is widely used by IVD 

industry. 

In the enzyme immunoassay (EIA) with optical detection, enzymes are combined with antigen, 

antibody or hapten, being the most widely used enzymes alkaline phosphatase, horseradish 

peroxidase (HRP) or glucose-6-phosphate dehydrogenase and β-galactosidase (González de 

Buitrago 2005). A hapten is an antigenic compound that alone does not produce immune 

response although it has specificity; by binding to a larger molecule such as an enzyme or 

protein can trigger antibody interaction. Once formed the conjugate, the enzyme activity may be 

activated or neutralized by binding complementary antibody or antigen, leading to a detection 

based on the amount of biomolecules present in the assay by the enzyme products. 

 

Figure 4. Example Case for 96-well ELISA (Biofluidfocus 2015). 

Different types of EIA are possible: homogeneous assays, in which the separation of the bound 

and free fractions is not required, and heterogeneous assays, in which is necessary to separate 

the two fractions before determining the enzyme activity. The latter belongs to the known 

enzyme immunosorbent assay or ELISA bound by its acronym (Enzyme-Linked 

Immunosorbent Assay), widely used in chemical laboratories. In this immunoassay, one 
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component is adsorbed non-specifically or specifically (after functionalization) generally to a 

surface of polymeric material, used for this purpose with compact boxes, normally with tenths 

of wells as seen in Figure 4. Thus, the biomolecules are attached to the surface, so it is possible 

the elimination of the free fraction by washing. Commercially, the wells are usually treated for 

performing various tests, e.g. coated with heparin to prevent blood clotting. The remainder of 

the immunoassay would be done using competitive or sandwich assays, being in the last step 

where the antigen or antibody labelled with the enzyme would be added. 

Immunosensors are based on the detection of antigen-antibody interaction. Then, bioreceptors 

can be both of them. Usually, when antibody detection is performed, it is called ―indirect‖ 

assay. In the other case, antigen detection is referred to a ―direct‖ assay. Immunosensors are 

deeply described in section 2.1.4. 

Finally, DNA sensors are based on the high specificity produced between complementary 

single-stranded nucleic acid sequences. They are based on the immobilization of single-stranded 

DNA probes onto a surface to recognize its complementary DNA target sequence by 

hybridization. In the case of DNA biosensors, the immobilization of a DNA probe is performed 

directly onto a transducer surface. In contrast, DNA microarrays are made from glass, plastic, or 

silicon supports and are constituted of tenths to thousands of 10 – 100 µm reaction zones onto 

which individual oligonucleotide sequences have been immobilized. Contrary to DNA 

biosensors that allow single-shot measurements, DNA microarrays allow multiple parallel 

detection and analysis of the patterns of expression of thousands of genes in a single experiment 

(Sassolas et al. 2008). 

 

2.1.1.3.4. Transduction technique 

Also, biosensors can be classified by their transduction technique finding the next classification: 

 Electrochemical biosensors: they were the first described biosensors, formerly 

developed by Leland C. Clark, who designed the first immobilized glucose oxidase 

enzyme electrode for detecting glucose in 1962. In these biosensors, catalytic action of 

an oxido-reductase enzyme is used to join its substrate causing a redox reaction. In this 

reaction, electrons can be measured by an electrical transducer, either amperometric 

(current measurement), potentiometric (modulation effect transistor sensitive field ion, 

ISFET) or impedimetric (change in electrode impedance) (Pohanka, Skládal 2008, 

Grieshaber et al. 2008, Pumera et al. 2007). Also, it is possible to evaluate the frequency 



Chapter 2 

- 12 - 

response of the impedance (EIS, Electrochemical Impedance Spectroscopy) (Añorga et 

al. 2010). 

 Gravimetric biosensors:  its working principle is based on the increase of mass 

on the surface of the biosensor by the binding of the biomolecule to bioreceptor. 

It can cause changes in the resonance of a quartz resonator (QCM) or a sagging 

micropost suspended in a microfluidic channel (cantilever). 

 Magnetic biosensors: these biosensors are labelled with magnetic nanoparticles, so that 

a magnetic sensor or magnetoresistance can detect a change in the magnetic field 

(Mujika et al. 2009). 

 Optical biosensors: it is possible to distinguish between label biosensors, such as 

fluoroimmunoassay and enzyme immunoassay (ELISA), and label-free optical 

biosensors: e.g. SPR, optical resonators (Fabry-Perot, photonic crystals, ring resonators 

and disk), interferometers and networks of micro and pillars. Most representative label-

free optical biosensors are presented in detail in next chapter. 

 

2.1.2. Label-free optical biosensors 

In this section some of the technologies of the most relevant label-free optical biosensors are 

presented, discussing its working principles and main characteristics. All of them are based on 

the basis that biological material coupling to the sensor surface causes a change in refractive 

index or other optical properties. This change can be detected on the interaction of a photon 

beam with the photonic structure that forms the biosensor. 

Finally, it is presented the principle of operation of the biosensor proposed in this work, based 

on BICELLs vertically characterized. 

 

2.1.2.1. Surface Plasmon Resonance sensors 

In these biosensors the adsorption of biomolecules on a metal surface (usually gold or silver) is 

monitored by tracking the change in the conditions of the resonant coupling of incident light 

(usually in the visible range) to a surface plasmon wave (SPW), as shown in Figure 5. A 

plasmon is an oscillation of an electron density present in both the plasma and the metal. Thus a 
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SPW is a wave oscillation electron density propagating in the interface between a metal and a 

dielectric material. Surface plasmons follow a transverse magnetic mode (TM), so that the 

vector of magnetic field strength is in the plane formed by the metal-dielectric interface, being 

perpendicular to the propagation direction. As can be seen in Figure 6, the magnetic field 

strength reaches its maximum at the interface and decays to be embedded in both metal and 

dielectric. The penetration depth of the evanescent wave depends on the wavelength and the 

permittivity of the materials used (Homola 2008). 

 

Figure 5. (a) Scheme of a coupling prism based SPR. (b) Displacement in wavelength or incident angle of SPR in the 

presence of biomolecules (Hoa et al. 2007). 

Plasmon resonance can occur at one wavelength or for a certain excitation angle, making it 

possible to monitor this process both in terms of spectrum and sweep angles of the incident light 

beam on the metal surface. In these biosensors, biomolecules detection takes place on the metal 

part, which is in contact with fluidic channels, so that the biomolecule solution is the dielectric 

medium. Since the intensity of the plasmon wave is a maximum at the interface, the attached 

biomolecules to the surface changes its refractive index, which changes the coupling of plasmon 

surface resonance. This is translated into a displacement of a minimum reflectivity peak (Hoa et 

al. 2007). Thus, depending on the concentration of biomolecules that remain adhered to the 

surface, it will be seen more or less displacement of SPR, so it will be possible to correlate both 

values. 
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Figure 6. Spatial distribution of the magnetic intensity of a surface plasmon at the interface between a gold layer and 

a dielectric (nd = 1.328) in the direction perpendicular to the interface (Homola 2008). 

It is possible to monitor the displacement in real time, obtaining the typical sensorgrams shown 

in Figure 7, in which the response of an SPR biosensor to an indirect immunoassay is observed 

with different concentrations of atrazine (a type of herbicide), after immobilization of the 

antibody on the surface. Measurement over time provides valuable information such as the time 

it takes to saturate biomolecules to the biosensor surface, or affinity constants calculated using 

dynamic models using a single concentration, rather than the one based on the study of the 

response against varying concentrations (Cooper 2009). The decline in the biosensor response, 

at ~ 20 min is due to the introduction into the channel of a buffer solution without molecules, 

which produces a lower effective refractive index than the dissolution of atrazine. Therefore, the 

actual response of the biosensor should be taken with the buffer solution, as it is which 

represents the concentration of antigen bound to their corresponding antibodies on the surface of 

gold. 

 

Figure 7. SPR shift as a function of time for different atrazine concentrations in an indirect immunoassay (Homola 

2003). 
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The SPR-based biosensors are one of the most widely used of commercial systems based on 

label-free optical biosensors since it was proven to work in 1983. Nowadays, they are marketed 

by GE Healthcare Co. (Biacore 2015) or Sensia S.L. (Sensia 2015), for example. Biochemical 

research studies on biomolecular interaction are normally performed with these equipments, due 

to their high sensitivity, where some have detection limits between 10
-6

 – 10
-8

 RIU (Fan et al. 

2008). Today, research on this technique has resulted in the SPR imaging, which can monitor 

the response of an immunoassay on a specific area. If microarrays are used, therefore, it is 

possible observe in a topographical image the different responses that provide local points with 

different concentrations. It improves the process to allow multiplexing of steps in a single 

working surface (Brockman et al. 2000, Boozer et al. 2006). 

 

2.1.2.2. Fibre-optic biosensors 

Biosensors based on fibre-optics can be classified into extrinsic or intrinsic (Prasad 2004). In an 

extrinsic fibre-optic biosensor, the fibre is used as a transmission channel to take light to and 

from the sensing elements. It is usually used in combination with a membrane at the end of the 

fibre, in which is located the immobilized bioreceptor. The sensing layer serve as a biochemical 

transduction system that produces a change in its optical property when interacts with the 

analyte. Interaction produces a change in optical absorption or fluorescence emission. There are 

several ways to add the bioreceptors to the fibre-optic end; they are shown in Figure 8: (a) 

transduction reagent is immobilized directly on the membrane, (b) a solid particulate form 

supported on the fibre end by a membrane, (c) a liquid reagent confined near the fibre end by a 

semipermeable membrane or (d) bonded to the fibre itself.  

 

Figure 8. Various approaches of the sensing layers (immobilization of the recognition element) in fibre-optic 

biosensors (Prasad 2004).  

On the other hand, in intrinsic fibre-optic biosensors, the fibre itself acts as the transduction 

element because one or more of the physical properties of the fibre-optic changes in presence of 
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an analyte. Biosensing is performed by exposing the evanescent field with the analytes at the 

surface of the fibre. Evanescent field interaction can be made by reduction or removal of the 

cladding of a fibre-optic. There exist several ways to perform that, some exposed in Figure 9. 

These ideas are based on the maximization of the evanescent field and, thus, the biosensing 

sensitivity. Different detection mechanisms can be applied: output intensity monitoring 

(changes on the cladding condition in the presence of analyte), evanescent field absorption (light 

absorption of the analyte at the wavelength used), fluorescence (by labelling the biomolecules or 

quenching phenomena) and SPR detection (by coating with metal the core in a fibre-optic). 

 

Figure 9. Different schema for evanescent field detection using fibre-optics: (a) de-cladded, (b) tapered, (c) U-shape 

probe, and (d) tapered tip (Leung et al. 2007). 

  

2.1.2.3. Interferometer biosensors: Mach-Zehnder, Young 

Mach-Zehnder interferometers are based on a waveguide which opens into two equal paths to 

join again, as shown in Figure 10.A (Prieto et al. 2003b). If the distances of both arms are equal, 

intensity maximum will be observed; however, if there is a small variation in length, destructive 

interference will decrease the output intensity. 

To use this technique in biosensors is necessary to leave one of the interferometer arms in 

contact with the solution of biomolecules. When biomolecules are attached to its surface, the 

evanescent field that crosses the waveguide notice a change in the refractive index, so the 

effective refractive index will be changed, so the optical length of the exposed arm will 

increases. This causes a change in phase of light in the guide, as can be seen from the results of 

Figure 10.B (Prieto et al. 2003a). 
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Figure 10. (a) Biosensor based on a Mach-Zehnder interferometer integrated on a SOI chip, with waveguides in Si 

(Prieto et al. 2003b). (b) Variation of the phase as a function of the change in refractive index sensor arm (Prieto et 

al. 2003a). 

Other optical biosensor without marking key is based on a Dual Polarization Interferometer 

(DPI), based on a Young interferometer (Cross et al. 2003). This interferometer is constructed 

by two waveguides (based on thin films) located one above the other, separated by a material of 

lower refractive index, as shown in Figure 11. The top waveguide top is in contact with the 

solution of biomolecules, remaining the bottom guide within the chip. Moreover, in this device 

can be monitored separately transverse electric (TE) and transverse magnetic (TM) modes. 

By coupling light into the waveguide, an interference pattern is observed, corresponding to 

Young interferometer. The TE and TM modes produce different evanescent fields, which offer 

different biosensing responses. Using the measurements provided by two modes, it is possible to 

set both the refractive index and the thickness of the layer of biomolecules attached to the upper 

waveguide. This technology is marketed by Farfield Group Ltd. (Farfield 2015). 
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Figure 11. Measurement scheme of a DPI (Cross et al. 2003). 

 

2.1.2.4. Resonance cavity biosensors 

Optical microcavities are widely used as optical biosensors. Basically, the resonant peak is 

displaced by the analyte-bioreceptor interaction on the surface of the cavity. Also, this 

phenomenon is usually performed in addition with an evanescent field interaction at the cavity, 

in the case of nanopillars, ring slot resonators or disc cavities. 

 

2.1.2.4.1. Ring resonator 

Other resonators are used in biosensors using microcavities or ring-shaped disk, coupled to a 

waveguide (Boyd, Heebner 2001). The technique is based on light from an optical fibre is able 

to excite whispering-gallery modes in the disc or ring, thus coupling light thereto. One 

technique, shown in Figure 12.A, is based on the effect of the spacing between the waveguide 

and the disc can be modified to cause a weak light coupling. Therefore, by increasing the layer 

of biomolecules on its surface, it is increased the light coupled to the disk. Moreover, it is 

possible to study the transmission spectrum produced by the resonance of the cavity, e.g. by 

using the setup proposed in Figure 12.B, by adding another link to a new waveguide. The 

interaction length is determined by the number of revolutions of light in the resonator, which in 

turn is given by its quality factor Q. Other example of such devices is shown in Figure 13, 

where it is possible to observe the spectrum and fabrication result of a racetrack resonator. 
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Figure 12. Disc resonators schematic designs for use in biosensing. It is possible to monitor the modification of the 

coupling of light due to the presence of biological material using different schemes, e.g. (a) one or (b) two output 

ports (Boyd, Heebner 2001). 

It can be found in literature ring resonators developed by using slot waveguides (Barrios et al. 

2007). Such guides are able to confine light in nanometre sizes of low refractive index material 

by total internal reflection. Thus, it was possible to manufacture a ring resonator based on 

sensing slot guides BSA/aBSA (Barrios et al. 2008). 

Biosensors based on disk or ring resonators, possess as main advantage a higher 

sensitivity over similar biosensors based on waveguides, showing detection limits 10
-5

 

refractive index units (RIU) (De Vos et al. 2007), using a much smaller surface. 

However, the manufacture of these devices is also critical in this case by the dimensions 

used. 

 

Figure 13. (a) SEM image of a resonant microcavity based on a racetrack resonator, and (b) optical response of the 

resonator in a peak centred at 1545.65 nm (De Vos et al. 2007). 
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2.1.2.4.2. Photonic crystals 

In the literature, it is possible to find studies where Fabry-Perot resonators based on 2D 

photonic crystals, were used as optical biosensors. These photonic crystals are usually based on 

networks of sub-micron holes. Such networks are equivalent to the reflectors, in that the cavity 

is often a defect introduced into the network, usually by changing the size of a hole or a 

complete removal. When immobilizing biomolecules on the structure, the optical properties of 

the cavity will be modified, producing the same effects as described above. This is reflected, for 

example, in the work of Chow et al. (Chow et al. 2004), where the authors developed a photonic 

crystal holes on a Silicon On Insulator (SOI) chip, finding a detection limit of 0.002 RIU 

(Figure 14.B), or the work of Lee and Fauchet in which it was used a microcavity in the 2D 

photonic crystal to detect individual particles (Lee, Fauchet 2007). The advantage of using these 

devices is that it is possible to obtain much higher Q values, although the manufacturing 

tolerances can be much more critical. 

 

Figure 14. (a) SEM image of the microcavity based on 2D photonic crystal. (b) Calculated transmission spectrum for 

different refractive indices at the surface (Chow et al. 2004). 

 

2.1.2.4.3. Fabry-Perot resonators 

A Fabry-Perot resonator consists of a cavity of distance d with reflective surfaces on the ends 

thereof. In the visible and infrared spectrum, the lengths of the cavities are usually in the micro 

and sub-micrometric range. The distance of the cavity and the material define νq position 

(Equation 1) and Δνq spacing (Equation 2) in frequency of the resonance peaks, and their 

number of resonance modes M (Equation 3). Moreover, the width of the resonance peaks is 

related to the reflectivity of the cavity surfaces, this parameter being related to the quality Q of 

the resonance peak, which is the ratio of the peak width at Full Width at Half Maximum 

(FWHM) and the resonance peak position (Equation 4). 
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From these equations, it is possible to conclude that for resonances at a particular point of the 

visible spectrum and a high distance between modes, the required length of the cavities is 

smaller. Furthermore, if it is needed high resonance peaks Q, it is necessary that the higher 

reflectivity values at the resonance peak. 

Reflectors can be metallic or Distributed Bragg Reflectors (DBR). The former are much simpler 

and less costly than manufacturing DBR, although worse values of Q are obtained. This is 

because the electric field of the incident light on the metal obtained is practically zero, so the 

amount of light penetrates the resonator is much smaller than in the case of the DBR, generally 

constructed with dielectric materials (Kavokin et al. 2007). In addition, the reflectors define the 

range of wavelengths that cannot pass through the resonator, namely its photonic gap: the metal 

will be dictated by its spectral response, and the DBR are given by the contrast of refractive 

indices pairs of mirrors (Equation 5). In this case, the spectral width of the filter will be greater 

as higher the refractive index contrast. 

    
   
 
     (

     
     

) Equation 5 

As can be deduced, any small change in the cavity will induce a change in the position of the 

optical resonance in the cavity, a phenomenon used in detection of biomolecules. If 

immobilization of bioreceptors is performed in the optical cavity, bioreceptor-biomolecule 

conjugate will change the effective refractive index of the cavity. Thus, it is produced that the 

optical cavity length varies. Therefore, it is possible to correlate the displacement of the 

resonance peak with the concentration of biomolecules. However, the dimensions of the cavity 

must be necessary for the evanescent field exists at the surface of the resonator. Figure 15.A 

diagram of a Fabry-Perot resonator integrated, designed by Hernán Márquez in the research 

group (Márquez 2009) consisting of a cavity length of 165 nm and Si3N4, with 5 pairs of 
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reflectors (86 nm thickness) made on the same material and air. Light coupling is accomplished 

by a waveguide coupled to the DBR. In this design, the guide height and width are key 

parameters for single mode guides. Evanescent field was optimized for the detection of 

biomolecules (Figure 15.B). Finally, spectral transmittance resonator response to different 

concentrations of biomolecules on the surface is shown in Figure 15.C. 

 

Figure 15. (a) Proposed scheme of an optical resonator based on a Fabry-Perot. (b) Cross-section of the cavity for 

different thicknesses of the same, showing the modes of propagation of the electric field. (c) Simulation of the 

resonance peak shift according to different thicknesses of biological material. Adapted from (Márquez 2009). 

 

2.1.2.4.4. BioPhotonic Sensing Cells (BICELLs) 

It has been discussed some of the major drawbacks of the label-free optical biosensors described 

previously, as the criticality of manufacturing tolerances or the problem facing the coupling 

elements as light waveguides. The proposed system is intended to minimize both problems. The 

first can be ignored if used, instead of a single sensor surface a greater number of them. If any 

of these surfaces had deteriorate or manufacturing flaws, by monitoring the whole area it is 

obtained an average response. The second problem is possible to solve eliminating the coupling 

of light by a waveguide, by passing to a vertical interrogation system. This monitoring was 

based on the measurement of microdomains, using microscopes connected to spectrometers. 

Thus it is proposed the manufacture of lattices of resonant Fabry-Perot nanopillars (Casquel et 

al. 2008), wherein each pillar is an independent biosensor (Figure 16). If the diameter of the 

pillars is decreased, the evanescent field around them increase, thereby improving the sensitivity 

of the biosensor (Figure 16.B). Moreover, the use of compact lattices of nanopillars offers the 
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advantage of improving their sensitivity, since an increase of the evanescent field confinement 

between the pillars occurs, as can be seen in Figure 16.A. 

 

Figure 16. Scheme of resonant nanopillars lattice. Cross section of the light intensity for: (a) lattice and (b) a single 

resonant nanopillar (Casquel et al. 2008). 

However, the manufacture of resonators satisfying these conditions is not trivial, so a first 

approximation is done simply by using micro- and nanopillars of polymeric material, where it is 

possible to observe certain resonance. The polymer used is based on the negative photoresist 

SU-8, as it has the following characteristics necessary for this biosensor: (1) it is possible to 

generate micro and nanostructures by photolithography and electron beam lithography, (2) once 

crosslinked polymer provides high chemical and mechanical resistance, and finally, (3) the resin 

has epoxy groups that can be opened by acid catalysis generating OH functional groups, which 

facilitates immobilization of biomolecules. 

First results obtained with this type of biosensors are discussed in deep in section 5.4.1 and 

published (Holgado et al. 2010). It was used a BSA/aBSA immunoassay in order to check the 

suitability of the proposed sensor (a periodic array of SU-8 pillars on SiO2/Si substrate). It was 

found biosensitivities ~ 0.75 nm/(µg·mL
-1

) and LOD ~ 47.6 ng/mL. These results proved that 

the proposed photonic structures are suitable for optical biosensing. 

 

2.1.3. Surface functionalization techniques 

Prior to the recognition of the target biomolecule by a proper bioreceptor, this must be attached 

to the transducer surface. This is usually a critical step because depending the bioreceptor 
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distribution on the surface, it will depend the biosensor response to the biomolecule. Among 

other problems that may be encountered in the immobilization of bioreceptors, e.g. proteins are 

the following: low conformational stability, possibility of damage during adhesion to the 

surface, nonspecific binding, randomness in the orientation and blocking reactive groups of the 

protein that would serve to anchor the biomolecule. Therefore, it is necessary an optimization 

study of the immobilization process in which the pH and salinity of the solutions, 

concentrations, surface cleaning and reaction times are usually the main factors. 

Bioreceptor immobilization to the surface can be accomplished mainly in four ways: physical 

adsorption methods, generation of a self-assembly monolayer (SAM) of biomolecules, 

modification of surface functional groups and molecularly imprinted polymers (MIP). 

 

2.1.3.1. Physical adsorption methods 

Bioreceptors can be bound to the transducer by using electrostatic, porous or hydrophilic 

properties of the surface. For example, changing the bioreceptor surface charge, it is possible to 

get the union with the surface. However, these are little used techniques, because of its low 

affinity, high dependence on the conditions of saline dilutions (pH) and low bond strength. 

 

2.1.3.2. Self-Assembly Monolayer (SAM) 

This immobilization technique consists in the addition of reactive functional groups to the 

transducer surface via a chemical reaction, producing covalent bonds between chain of aliphatic 

molecules (organic compounds with carbon open-chain) and the surface. In this way, a dense 

molecular layer is obtained, which extends its hydrocarbon chains in an approximately 

orthogonal way to the surface. Depending on the surface, different reactions and compounds are 

used. Main chemistries are based on the use of silanes and employment of alkanethiols. Silanes 

are used in inorganic surfaces such as silica and quartz, aluminium oxide, copper, tin, titanium, 

iron, chromium, zirconium, nickel and zinc, as well as different polymers (Hermanson 2008, 

Goddard, Hotchkiss 2007). Silanes present a structure based on three hydrolysable groups in an 

alkyl chain and a functional or reactive group (Figure 17.A), being one of the most typical (3-

aminopropyl) trimethoxysilane, hydrolysable compounds which are three methoxy groups with 

an amino functional group (Figure 17.B). The reaction whereby the silane is bound to the 

surface is described in Figure 17.C, where the most important parts are the hydrolysis of the 

hydrolysable groups, forming -OH groups which allow the binding to the same groups of other 
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silanes by hydrogen bond. Subsequently, the silanes form a hydrogen bond with OH groups of 

the surface, where the condensation reaction form covalent bonds and establish a compact 

network with the functional group R orthogonal to the surface (Hermanson 2008). On the other 

hand, the generation of SAMs based on alkanethiols (commonly known as thiols) is another of 

the techniques widely used when having surfaces of noble metals like gold or silver. In the first 

case, gold is widely used in the microelectronics industry in developing tracks, resistors or pads, 

so their use in biosensors is extensive (e.g. SPR, impedance spectroscopy, QCM). Alkanethiols 

contain an SH group that will react with the gold surface, forming a covalent bond between the 

sulphur atom and gold (Schreiber 2000, Frasconi et al. 2010). 

 

Figure 17. (a) Representation of a silane group. (b) (3-aminopropyl) trimethoxysilane (APTMS). (c) Outline of the 

binding to a surface of silane groups with -OH groups (Hermanson 2008). 

The binding of bioreceptors to the functional groups by non-covalent or covalent bonds is 

described below. Immobilization through non-covalent bonds can be accomplished by 

electrostatic, hydrophobic or polar interactions. For example, positively charged SAMs 

containing carboxyl groups or amine groups charged negatively are more capable of binding to 

biomolecules via electrostatic interactions. This is the case of Bovine Serum Albumin (BSA) 

protein binding through its -NH3
+
 group and the carboxyl group at ending SAM, specifically its 

-CO2
-
 group (Figure 18). 
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Figure 18. BSA immobilization through electrostatic non-covalent bonds between the SAM and the amine groups of 

the protein (Samanta, Sarkar 2011). 

The strongest non-covalent binding and most used is performed by the avidin-biotin and 

streptavidin-biotin conjugates. It proceeds as follows: SAM layer agent would have a biotin at 

its end which would add avidin. This, in having four attachment points, may join another group 

biotin were previously linked to the appropriate bioreceptor (Figure 19), obtaining the desired 

immobilization. 

 

Figure 19. Representation of avidin-biotin conjugate and their possible use in bioreceptor immobilization. 
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Avidin and streptavidin are tetrameric glycoproteins (molecules composed of a protein linked to 

one or more carbohydrates) present in the egg whites. Avidin contains four subunits of 16400 

Da each, with a total molecular weight (MW) of about 66000 Da. The only disadvantage of 

avidin is its tendency to non-specific binding due to its high isoelectric point (pI, pH value 

where the molecule/surface has no surface charge). Streptavidin differs with avidin in its 

bacterial origin of Streptomyces avidinii. However, streptavidin produces less non-specific 

bounds due to structural differences with avidin, and it possess a lower MW (60000 Da) 

(Hermanson 2008). Biotin is a vitamin (H or B7) found in all living cells, which is soluble in 

water or alcohol and is very stable to heat. The avidin-biotin conjugate form one of the strongest 

non-covalent interactions (Kd = 1.3·10
-15

 M), showing rapid formation and little dependent on 

pH, temperature and organic solvents used. However, incubation of non-ionic aqueous solvents 

above 70 ºC may cause bond breaking (Holmberg et al. 2005). 

 

As for the covalent bonds, the bioreceptors or biomolecules are bound by reaction of the 

terminal functional groups. In such procedures, the bonds formed are not removed by the 

various solutions used in the remainder of the test, so that its stability is greater. Usually the 

amino groups of lysine side chains of proteins react with NHS esters of carboxylic acids, epoxy 

groups or aldehydes. Also the hydroxyl groups of serine and threonine (amino acid) may react 

with the epoxide groups contained in SAMs (Samanta, Sarkar 2011). 

 

Figure 20. Chemical reaction products between the carboxyl group, the EDC and NHS to join an amine group 

content in bioreceptor (Hermanson 2008). 

One of the most used methods for covalent immobilization is the activation of the carboxyl 

functional group by ester formation NHS (or sulfo-NHS) to covalently bind an antibody via 

amine groups. In this case, is typically used the addition of EDC (1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide), by reaction described in Figure 20 (Hermanson 2008). In 

the case of the use of SAMs, the carboxyl group is attached to the SAM by R group (e.g. if 

silicon surface is used, it would be used trichlorosilane HSiCl3). Moreover, the R’ group in this 

case would be the antibody or bioreceptor immobilized on the surface. 

 

2.1.3.3. Modification of surface functional groups 

Techniques that modify the surface properties by introducing random and non-specific 

functional groups and activating groups already present in the material. These treatments are 

used on polymers used as biosensors surface, such as polytetrafluoroethylene (PTFE), 

polypyrrole (PPY), polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA) or SU-8 

etc. (Goddard, Hotchkiss 2007) and in food and microfluidics industry. Unlike the SAMs, these 

techniques do not produce a self-assembled compact network. The techniques used would be 

wet chemical treatment, exposure to an ionized gas and UV irradiation reactive atmosphere. 

 

Figure 21. Hydroxylation of SU-8 by sulphuric acid attack (Tao et al. 2008). 

The wet chemical treatments are techniques widely used in laboratories for its simplicity. 

Treatment with chemicals in liquid phase on the material can generate reactive groups on its 

surface, with a better penetration in pores than plasma based techniques. However, these 

techniques often produce non-specific functional groups of oxygen. Furthermore, in the case of 

polymers, functional groups generation depends on the characteristics of the same, that is, its 

MW, crystallinity or tacticity (spatial arrangement of the polymer). Moreover, wet chemical 

treatments typically generate hazardous waste, as well as an anisotropic surface attack. 

Examples of such treatments would be the generation of carboxylic acid groups in PMMA 

surfaces by its hydrolysis using sodium hydroxide solution in sulphuric acid (Goddard, 

Hotchkiss 2007), or hydroxylation of the surface of the SU-8, in which epoxy groups are open 
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and it is generated two hydroxyl groups by acid catalysis (Figure 21), using sulphuric acid 

(H2SO4) (Tao et al. 2008, Joshi et al. 2007). 

 

Figure 22. Functionalization of the surface of PDMS with O2 plasma (Bodas, Khan-Malek 2007). 

In the treatments using ionized gas can be found the use of plasma, corona discharges and flame 

treatment, being plasma the most used technique in research because of its cleanliness and final 

structural integrity of the material. Plasma is obtained from an ionized gas (typically Ar, N2, O2, 

CO2 or NH3) and the treatment is performed in a vacuum environment where it does not 

penetrates so much on the surface, which reduce the roughness or material degradation in 

comparison with wet etching. Depending on the type of gas and the polymer, different 

functional groups can be generated on the surface. For example, the O2 plasma is used to add 

oxygen functional groups to polyethylene (PE), the polyethylene terephthalate (PET) and also, 

add hydroxyl groups in PDMS (Figure 22) (Bodas, Khan-Malek 2007). CO2 plasma is used to 

introduce carboxyl groups on the polystyrene (PS) and the air plasma to oxidize the surface of 

the PMMA (Goddard, Hotchkiss 2007). 

 

Figure 23. (a) Generation of COO and C = O groups in PU, using both plasma and UV treatment in an atmosphere 

of O2. (b) Increased hydrophilicity after these treatments, measured by the contact angle versus time of exposure 

(Weibel et al. 2009). 

Finally, the use of light wavelengths from the UV to VUV (Vacuum UV) in atmosphere of 

gases such as O2 allows the incorporation of functional groups in polymeric materials. High 

energy photon irradiation produces a chemical photolysis of the part of the molecule. Therefore, 

if this irradiation is performed in a gas atmosphere, generation of functional groups is favoured. 
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For example, Weibel et al. increased hydrophilicity of the PU by irradiating with a mercury 

lamp its surface in an atmosphere of O2. In their work they demonstrated by XPS (X-ray 

Photoelectron Spectroscopy) the incorporation of carbonyls and carboxylic functional groups to 

the polymer surface (Figure 23.A) improving hydrophilicity linearly with respect to exposure 

time as can be seen in Figure 23.B (Weibel et al. 2009). This technique has the advantage of 

avoiding the expensive equipment needed in the plasma surface treatment (e.g. vacuum pumps 

or RF generators). 

 

Figure 24. MIPs manufacturing scheme: (a) with functional groups and (b) without groups (Turner et al. 2006). 

 

2.1.3.4. Molecular Imprinted Polymer (MIP)  

This type of surface modification involves not only the bound to the surface of bioreceptors, but 

also aims to attach directly the biomolecule to the polymer surface. MIPs are polymer replicas 

of functional groups or bioreceptors and its spatial arrangement, generating a surface texturing 

that mimetise organic compound to be immobilized. Figure 24.A shows a diagram of the 

manufacturing process of these polymers. In a first part, a solution is prepared with the 

compounds together: the functional groups, the bioreceptor itself, the monomer and the 

crosslinking agent. Once the bioreceptor is linked to the functional groups, it is performed the 

polymerization and cross-linking of the material. After, the bioreceptor is removed, achieving a 

replica on the polymer of the binding areas. It is also possible, generating a replica of a portion 

of bioreceptor without the mixture of functional groups and the complete removal thereof, as 

shown in Figure 24.B (Hillberg et al. 2005, Andersson 2000, Turner et al. 2006). The most 

notable advantages of this system are the mechanical and biochemical stability behaviour over 

time, in comparison with other immobilization techniques. However, the major drawback 
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relates to that the affinity of this method is usually less than when using the bioreceptors 

themselves. As an example of this technique, it is cited the work of Barrios et al. in which it was 

developed a diffractometer MIP biosensor based on a polymeric diffraction grating in order to 

detect the enrofloxacin enzyme (Barrios et al. 2011). 

 

2.1.4. Bioapplications: immunoassays 

General concepts regarding the biological elements and its interaction in an immunoassay are 

presented in this section. Bioapplication term was used to refer to each specific analyte-

bioreceptor conjugate in this work. A brief description of the bioreceptors and biomolecules is 

exposed, with special emphasis on the antigen-antibody conjugate. It constitutes the basis of the 

immunoassay, a high affinity detection technique widely used in biosensors. 

 

2.1.4.1. Bioreceptors and biomolecules: antigen/antibody morphology 

The bioreceptors are elements capable to bind to other biomolecules in a specific way. The most 

used are proteins (enzymes, antibodies or antigens), hormones, nucleic acids, microbial cells 

and tissues. However, there are bioreceptors based on MIPs, as described previously. 

Obviously, analyte to be detected will have functional groups or complementary structures to 

the bioreceptor in order to achieve the detection. 

Proteins are molecular structures formed by linear chains of amino acids. Amino acids in turn 

are molecules containing at least one amino group and one carboxyl group in its structure. 

According to the distribution of amino acids, it can be observed different levels of organization, 

which would go from the primary structure of the protein, a single amino acid sequence, up to 

the quaternary structure of the protein chains of several amino acids which are folded or helices 

twisted by attractive forces (Garrett, Grisham 1999), as shown in Figure 25. Proteins are found 

in virtually all biological processes. Most of the enzymes and hormones are proteins and also, 

antibodies, antigens, haemoglobins and immunoglobulins (Ig). 

Enzymes are biomolecules (mostly proteins) which catalyse chemical reactions, that is, 

minimize the time that the chemical reactions take place. Enzymes lower activation energy of a 

reaction to perform this task. Among the most important biological functions involved by 

enzymes, include degradation of large molecules into simpler molecules in the digestive system 
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and the creation of metabolic pathways, where the product of one enzyme is taken as a substrate 

for another. 

 

Figure 25. Diagram of the different levels of protein structures (AccessExcellence 2015b). 

Antibodies, also called immunoglobulin, are glycoproteins, i.e. composed of a protein linked to 

one or more carbohydrates of high MW (about 100 – 150 kDa) molecules. They are elements 

used by the immune system to identify and take action against foreign elements to it, such as 

viruses or bacteria. The basic antibody structural units consist of two heavy chains and two light 

smaller, forming a structure in "Y", as shown in Figure 26. There are five classes of antibodies 

in humans: IgG, IgM, IgE, IgA and IgD. 

 Immunoglobulin G (IgG or γ-globulin) is the major class of antibody found circulating 

in the bloodstream (~ 12 mg/mL in serum) and it protects the body from infection 

caused by bacteria, viruses and toxins. It is presented in the form of a monomer, with a 

MW ~ 150 kDa. 

 Immunoglobulin M (IgM or µ-globulin) is the first antibody to appear early in the 

course of an infection. It is presented in the form of a pentamer, with a MW ~ 970 kDa. 

 Immunoglobulin E (IgE or ε-globulin) is involved in allergic response of the immune 

system to certain allergens (allergic persons usually present several times of IgE 

concentration in their organism than a normal person), by attaching to mast cell which 
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release histamine and cytokines in the presence of the allergen. It can provoke local 

inflammation, asthma or increase secretion of mucus. It is presented in the form of a 

monomer, with a MW ~190 kDa. 

 Immunoglobulin A (IgA or α-globulin) is related to the mucosal immunity, preventing 

colonization by pathogens. It is presented in the form of a dimer, with a MW ~ 400 

kDa. 

 Immunoglobulin D (IgD or δ-globulin) is not presented in plasma. IgD is located at the 

surface of the plasma membrane of B-lymphocytes. Its function is not well understood. 

It is presented in the form of a monomer, with a MW ~ 180 kDa. 

Antibodies bind to a complementary biomolecules called antigens through a link at the end of 

the light and heavy variable chains (VL and VH chains) called paratope or Fab (fragment 

antigen-binding). On antigens, the binding site is called the antigenic determinant or epitope. 

This binding is highly specific, so that antibodies with very similar structures are able to detect 

different antigens. The medical use of antibodies used in the detection of possible diseases in a 

patient, since an increase of a certain type of antibodies is indicative of an immune response of 

the organism. 

 

Figure 26. Schematic diagrams of an Ig antibody and its specificity (AccessExcellence 2015a). 

Finally, deoxyribonucleic acid (DNA) is a macromolecule consisted in the binding of 

nucleotides (polynucleotide). Each nucleotide consists of nitrogenous bases (adenine, thymine, 

cytosine or guanine), deoxyribose pentose and phosphoric acid (H3PO4). DNA is formed in a 

double helix, with each branch of the helix being complementary to the other by their nitrogen 

bases. As mentioned before, biosensors can use single strand of DNA as bioreceptor in order to 

detect complementary strands of DNA through hybridization. 
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2.1.4.2. Antigen/antibody interaction 

Antigen-antibody interaction has been object of numerous studies (Nygren, Stenberg 1989, 

Reverberi, Reverberi 2007, Paek, Schramm 1991, Foote, Eisen 1995, Brownlee 2007) for its 

key role in the immune system and its application for biological detection. Antigen-antibody is a 

reversible chemical reaction between the epitope (located in the Ag) and the paratope (located in 

the Ab). It is based on weaker interactions (non-covalent bonds), consisted in a mixture of Van 

der Waals force, hydrogen bonds, ionic bonds and hydrophobic bonds. Binding interaction 

events occur as follows: when the epitope and the paratope casually come to a distance of 

several nanometres, they are attracted by long-range forces, such as ionic and hydrophobic 

bonds. These attractive forces locally overcome the hydration energies of the two molecules, 

water molecules are expelled and the epitope and the paratope approach each other more 

closely. At this distance, Van der Waals forces prevail, but ionic groups still play a role. At that 

point, the overall strength of the binding depends on the goodness of fit between the two 

surfaces and their total contact area (Reverberi, Reverberi 2007). 

Typically, there are several factors affecting the antigen-antibody reaction: temperature, pH, 

ionic strength of the solution, Ag/Ab concentration and incubation time. Also, fluidics can play 

a double role: (1) it must be optimized the flow of solution in continuous measurement systems, 

and (2) considering structured surfaces, as in the case of nanopillars, geometrical and chemical 

conditions of the surface could led to non-wetting areas (superhydrophobic phenomenon). In an 

extreme case, distance between pillars could influence the interaction between biomolecules, 

increasing time to reach the equilibrium of reaction. 

 

2.1.4.3. Binding affinity calculation: 

This parameter describes the affinity of the analyte-bioreceptor binding. This is unique to the 

analyte-bioreceptor system. Let consider the simplest reaction between x units of A analyte and 

y units of bioreceptor or receiver units [R] given by Equation 6: 

   yR 
  
 
   

      Equation 6 

where k1 represents the ratio of association between the analyte and the bioreceptor and k-1 

represents the conjugated dissociation ratio AxRy. Thus, at equilibrium the amount of complex 
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formation is equal to the amount of dissociation of the same, so considering that [A], [R] and 

[AR] are the concentrations of analyte, bioreceptor and conjugate, respectively, then: 

[ ] [ ]    [    ]    Equation 7 

  
   
 
[    ]

[ ] [ ] 
             

  
   

 Equation 8 

although the most commonly used parameter is the dissociation constant Kd, defined as the 

inverse of the affinity: 

    
   
  

 Equation 9 

with concentration units. Then, analyte has a high affinity and, therefore, a low Kd value when it 

has a high tendency to bind to the bioreceptor (a high value of k1) in relation to their 

dissociation from the receptor (low value of k-1). In biochemistry, it is usually presented the 

situation where x = y = 1, which would lead to: 

[ ][ ]   [  ]    Equation 10 

Using this expression, we can derive a useful formula for estimating the dissociation constant. 

Based on the above and operating, it is possible to obtain: 

[  ]  [ ][ ]
  
   
 
[ ][ ]

  
 Equation 11 

Whereas it is not possible to determine the concentration of free bioreceptor, we can assume that 

all recipients are free or bound, so we can say that the concentration of free bioreceptors [R] is 

equal to the total concentration [Rtot] minus the concentration analyte-bioreceptor complex, 

being as follows: 

[  ]  
[ ]([    ]  [  ])

  
 
[ ][    ]  [ ][  ]

  
 Equation 12 

operating and grouping: 
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[  ]   [ ][    ]  [ ][  ]  [  ](   [ ])  [ ][    ] Equation 13 

[  ]

[    ]
 

[ ]

(   [ ])
 Equation 14 

It is possible to obtain the expression corresponding to Equation 14. This useful expression 

relates the fraction of occupation of all bioreceptors that are linked to analyte with the 

dissociation constant and the free concentration of analyte. If Kd = [A], we get the 50% 

occupied at equilibrium and if we make Kd = 9·[A], ensures that the analyte and the bioreceptor 

are connected by 90%. This function is graphed in Figure 27. Therefore, by observing the 

response of the sensor in relation to different concentrations, one can obtain an estimate of the 

affinity constant given by the concentration at which half of the signal is achieved. 

 

Figure 27. Occupancy rate of the analyte at equilibrium, according to [A]/Kd. 

 

2.1.4.4. Types of immunoassays 

Immunology studies the structures, reactions and source of Ag and Ab. Its basic tool is the 

immunoassay, reactions between Ag and Ab in order to study how that reaction is performed 

and the determination of their concentrations. It will mainly depend on the availability of 

reagent (Ag or Ab), that defines if competitive or noncompetitive immunoassays are performed. 

In the competitive immunoassay, reagent quantity is limited and is measured in comparison to a 

labelled reagent which competes in the union with which you want to measure. It is therefore an 

indirect measure of the amount of reagent. For example, consider the measurement of certain 

Ag in a reaction with an Ab. By immobilizing surface with Ab, it is proceeded to add Ag whose 
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concentration is unknown with a known concentration of labelled antigen (Ag*), for example 

with a fluorophore. Thus, both Ag and Ag* compete for binding to Ab immobilized at the 

surface. Thus, if the percentage of bound Ag* is high (in this case through the intensity of light 

emitted by the fluorophore), the amount of Ag attached is small and vice versa, if the percentage 

of Ag* is low, it means that Ag concentration is high. 

In the non-competitive immunoassay, the amount of reagent is high and is not measured in 

comparison with any other reagent. There are three forms of non-competitive immunoassay, 

direct, indirect and sandwich. Direct immunoassays are based on the immobilization of Ab for 

Ag recognition. On the other hand, indirect immunoassays consist in the immobilization of Ag 

for Ab recognition. Sandwich immunoassays differ from the previous ones, as it is immobilized 

Ab on the surface and Ag is added to form the conjugate. In a second immunoreaction Ab is 

added again to bind to the existing Ag. Therefore, the signal would be directly proportional to 

the Ag concentration, as shown in Figure 28. The sandwich immunoassay is often used when 

the MW of the Ag is too low to measure by a biosensor, or when it is easier labelling Ab with 

fluorophores or radioactive labels. 

 

Figure 28. Non-competitive sandwich immunoassay scheme. Adapted from (González de Buitrago 2005). 
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2.2. Biosensing response characterization 

In the field of biosensors is often found the same problem: performance comparison of the 

developed biosensors. This problem affects many topics, e.g. calibration of the biosensor, 

comparison between different biosensing technologies, standardization of immunoassays and 

quality control. 

Biosensing response can greatly differ for different causes: transduction technique (related to 

the magnitude and units used), bioapplication measured (related to its affinity, biomolecule 

sizes and concentration), quality and stability of the bioapplication (related to degradation or 

purity of the biomolecules) and noise from the detection unit, among others. 

Therefore, it is important to identify the different ways to characterize the response of 

biosensors. In this section, it is described the traditional methods used for both research and 

industry to characterize the label-free optical biosensors response. Also, it is proposed a novel 

method used in this thesis, which can be used in other label-free biosensors, such gravimetric or 

on some electrochemical biosensors. 

 

2.2.1. Conventional methods for characterize the biosensing response 

It is presented below the three main conventional methods for characterize the biosensing 

response on label-free optical biosensors: computer simulation, refractive index units (RIU) 

change and performance of standard immunoassays. 

 

2.2.1.1. Computer-aided simulation 

This method consists in the simulation by different means (e.g. finite elements, finite 

differences, analytical calculations or Monte-Carlo simulation) the behaviour of a known 

biosensor to a hypothetical bioapplication. This cost-effective method only needs specific 

software and hardware. Normally, huge calculation capacity and time are needed due to the 

complexity of the biosensors. Nowadays, it is not a problem with the available modern 

calculation power and its affordable associated cost. Thus, it is the preferred method previous 

development of real biosensing techniques. 
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However, main drawbacks of this method are the high time needed to reach approximate results 

and the hypothesis related with those results. Usually, it is normally to develop a real biosensor 

and perform an immunoassay in order to check those hypotheses and the mathematical model 

used. 

 

2.2.1.2. RIU change by liquid infiltration 

This method is widely used for the performance characterization of optical biosensors, and it is 

related with the previous one. It is based on the measurement of the optical response of the 

transducer under test in the presence of liquids of different refractive index. Thus, biosensor 

performance is usually measured as the optical property change divided by refractive index 

units (RIU). There are three main advantages of this method: (1) results obtained can be easily 

correlated with those obtained by computer simulation; (2) it is a cost-effective method due to 

the low cost of the reagents (e.g. ethanol or saline dilutions); and (3) it is a gold standard 

parameter widely used for comparison between optical biosensors. 

However, it has the disadvantage of being a method that poorly describes the real effect of a 

certain bioapplication on a biosensor. An immunoassay creates a thin-film of conjugates 

adhered to the surface of the biosensors. This layer can be compared to a compact thin layer of a 

particular refractive index, in contact with other medium (air or solution). Then, two interfaces 

should be considered, in contrast with the RIU measurement method, where only one interfaz is 

considered. Therefore, it is not possible to derive the real behaviour of an optical biosensor from 

the RIU changes obtained by liquid infiltration. 

 

2.2.1.3. Standard immunoassays 

Most accurate method to characterize the response of biosensors is by performing an 

immunoassay. Results obtained can be compared with other biosensing techniques, and they 

describe completely the behaviour of the device under test. However, an immunoassay present 

some drawbacks: (1) there is a lack of standard immunoassays on the market, which makes 

more complicated to compare results between biosensing technologies, (2) immobilization can 

be greatly affected by the surface conditions and the chemistry used for different materials, (3) 

reagents used may present stability and degradation concerns, and finally, (4) reagents are 

expensive, which increase the cost of the test. Therefore, it is necessary to perform a statistical 
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control of the results and the quality of the reagents used (Ag, Ab) in the process in order to 

obtain relevant data. 

 

2.2.2. Proposed characterization method 

Taking into account the previous methods, it is possible to enumerate the characteristics of an 

ideal biosensing characterization method: low cost, rapid measurement, reliable, repeatable, 

correspondence with the biological interaction at the surface and exportable to other label-free 

biosensors. 

In this thesis, it is proposed a novel characterization method to achieve most of them. This 

method is based on the physical simulation of a biological layer by ultrathin-film deposition on 

the surface of the biosensor. Working principle consists in the measurement of the optical 

response of the biosensor prior and after the ultrathin-film deposition, as it is shown in Figure 

29. This film simulates the presence of a compact biolayer attached to the surface. It is also 

possible to deposit different thickness and compare the performance of the biosensor under test. 

It offers several advantages: cost of the assay depends on the deposition technique used, but it 

can be cheaper than performance of a complete immunoassay, in terms of cost and time. 

Repeatability is relied on the deposition technique. Actually, it is relatively easy to control 

thickness deposition at nanometre scale, so the characterization method can be reliable and 

repeatable. Moreover, although an ultrathin-film is not exactly a biolayer, it is a good 

approximation. Finally, it is a method which can be used to compare other biosensors under the 

same conditions. Thus, it is expected to be used in metrology as a standard method for biosensor 

comparison. 

 

Figure 29. Biosensing characterization method by ultrathin-film deposition. To be published. 
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There are several deposition techniques capable to perform this task, being the most interesting: 

spin-coating of high diluted resist, chemical vapour deposition (CVD), atomic layer deposition 

(ALD) and two-photon lithography. Spin-coating consists in the deposition by rotation of a 

diluted resist on a substrate. Thickness can be controlled by the spin speed, adherence to the 

substrate and its viscosity. Therefore, it is possible to achieve thickness in the nanometre range 

using high diluted resist. Thin films by CVD are based on a chemical reaction of two reactive 

substances. Thickness is control by the amount of reactive substances, pressure and temperature. 

ALD is a variant from CVD process, which differs from the reaction involve. In this case, 

reaction saturates when the reactive substance on the surface is depleted. Therefore, it is 

possible to grow monolayer at subnanometre scale, by applying different deposition cycles 

(George 2009, Leskelä, Ritala 2002). This technique increases the repeatability of the process; 

though, the deposition time is usually high. Finally, it is expected that two photon lithography 

would supposed a disruptive technique in this field, as it will be possible to define the ultrathin-

film in a 3D space, only at the areas of interest. It could be useful for fibre optic, Mach-Zehnder 

or cantilever biosensors, where biological detection takes place on a specific area of the 

biosensor. Figure 30 shows the proposed scheme using a cantilever biosensor as an example.  

 

 

Figure 30. Proposed scheme of the use of two-photon lithography to create selective ultrathin-films on the detection 

areas of: (a) fibre optic, (b) Mach-Zehnder and (c) cantilever biosensors. To be published. 

 

 

2.3. Metrics for comparison between biosensors 

In order to compare different typologies of biosensors, it is interesting to present some 

magnitudes commonly used to precisely measure their performance. Though many are found in 

the literature, five are the most important and are described below. 
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2.3.1. Sensitivity 

It is defined as the variation of the transduction magnitude measured as a function of the 

concentration of target analyte. In optical sensors this magnitude is generally the spectral or 

angular position of a resonance (e.g. SPR biosensors), as it is described in Figure 31.A; also can 

be the total output power of an interferometer (in the case of Mach-Zehnder based biosensors). 

The sensitivity actually depends of the physical magnitude which is being interrogated; so this 

magnitude has to be carefully chosen for each sensor typology. 

 

Figure 31. (a) Wavelength shift for a resonator. (b) Curve of spectral shift as a function of refractive index. (c) 

Standard curve of response for a biosensor. Adapted from (Casquel 2013). 

Therefore, it can be described the optical or refractive index (RI) sensitivity as the resonance 

displacement as a function of the RIU change in the surface of the biosensor (Figure 31.B), 

following the Equation 15. As this parameter poorly describes the real working of the sensor, 

research group defined a better parameter to describe the optical sensitivity, the Sensing Quality 

Factor (SQF) (Lavín et al. 2013). This is related to the resonance displacement as a function of 

the biolayer thickness attached to the surface of the biosensor (Equation 16). SQF parameter 

was used in this thesis for optical sensitivity comparison between developed biosensors. 

               
          

  
 Equation 15 

    
          

              
 Equation 16 

Finally, it was defined the real sensitivity of the biosensing response (Biosensitivity or ms) 

defined as the slope of the linear range of the optical response of the biosensor, resonance 

displacement versus concentration (Equation 17). 
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 Equation 17 

 

2.3.2. Limit of Detection (LOD) 

The dependence of the sensitivity on the physical magnitude chosen makes this parameter 

generally not suitable for comparison among different biosensors. For this reason, Limit of 

Detection is defined as the minimum amount of analyte that the biosensor is able to resolve. A 

rough limit of detection means a higher possibility of having a ―false negative‖ result, meaning 

this not detecting an analyte which is in the target sample, but with low concentration. This 

magnitude is given in units of concentration, most used are ppm (parts per million), ng/mL or 

pg/mL, for highly sensitive devices. This parameter is considered a much better parameter to 

characterize the performance of a biosensor, compared with LOD, since gives information about 

the whole sensing process, not only about refractometric sensing, but also to fluidics, 

functionalization of the surfaces and affinity of the biomolecular reaction. One problem found is 

that this comparison can be solely done when comparing the same bioanalyte detection. 

In this thesis, it was used the LOD calculated as uncertainty of measurement divided by the 

Biosensitivity (Equation 18). Regarding to the uncertainty (U) of the sensing system, although 

other sources should be borne in mind, what is found in the literature is that is usually calculated 

as the minimum optical resolution of the setup used. For example, when using a spectrometer to 

measure the wavelength shift of an optical resonance, this value ranges from nanometres to less 

than picometres. However, for an advanced analysis of the detection limit performance, as 

(White, Fan 2008) noted there are more factors involved resolution; mainly referred to the 

signal to noise ratio of the measurements, and how the quality factor of the resonance (Q factor) 

links with this signal-to-noise ratio (SNR) and determines the real resolution of the systems. 

Thus, resolution should be carefully calculated in each particular case, taking into account 

uncertainties coming from, for example, the amount of noise of the signal, the influence of the 

environmental temperature and humidity, the number of repetitions of a measurement, among 

others. 

    
           

              
 Equation 18 

A more detailed calculation of the uncertainty can be carried out considering not only the term 

due to the limitation in the resolution of the optical setup, but also other contributions derived 
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from several sources of noise present during the measurement (Casquel 2013). From Figure 

31.C, assuming C0=0 and considering the linear response zone of the curve, the concentration of 

target analyte is calculated as: 

  
                  

              
 Equation 19 

LOD is defined as the minimum value of the concentration of the target analyte that the 

detection system is able to resolve, in other words is the expanded uncertainty of C (LOD = 

Uoptical mode shift = k·uoptical mode shift, with k = 3 for a coverage factor corresponding to a coverage 

probability of approximately 99%). To calculate utotal, considering the recommendations from 

the Bureau International des Poids et Mesures (BIPM 2015): 

                   
      

      
  Equation 20 

The first term of this equation is referred to the uncertainty due to optical resolution of the 

measurement. The second term is referred to the experimental uncertainty. Therefore, the 

uncertainty of the optical mode shift (uoptical mode shift) can be written as: 

                   
  

  

  
 
  

 
 Equation 21 

where the first term is referred to the optical resolution R of the measurement setup, whereas ζ 

refers to the typical deviation of the value of the resonance shift for a total of n measurements 

performed. Although these equations are referred to optical mode shift measurement, are valid 

for any other optical magnitude employed, such as angular shift or change in intensity of 

reflected light. Finally, a more general expression for LOD can be written as: 

    
               

  
 
                   

  
 
 

  
(√
  

  
 
  

 
) Equation 22 

Therefore, in the case only one measurement is made, this expression is reduced to: 

    
 

  
√
  

  
 Equation 23 
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2.3.3. Specificity 

This refers to the ability of the biosensor to ensure the detection of a particular analyte, and thus 

the response obtained is not provoked by another undesired reaction (unspecific bonding). 

Rough specificity means a higher possibility of obtaining a ―false positive‖ results (given a 

result of detection, but with the target analyte not present into the sample). Specificity is more 

difficult to measure, since depends of the number of different analytes contained by a sample: a 

higher number of analytes can lead to undesired bonding of biomolecules or cross reaction 

between them. 

 

2.3.4. Working time 

It is the time needed for the whole measurement. This time includes the preparation of the 

sample, the introduction into the sensing area, the time needed for the reaction to occur 

(incubation time), and finally the processing of the data and calculations used to obtain a result. 

Generally this magnitude is given in terms throughput, measured as a number of samples per 

hour. 

 

2.3.5. Linear range 

It is the range of values of concentration of the target analyte in which the results of sensing are 

considered to be valid. In this range, the relation between the measured concentration and the 

sensing parameter is almost linear. Joint to this concept is another, the threshold, which is the 

starting value of concentration of the linear range. An example can be seen in Figure 31.C, 

where linear range is located between concentration values C0 and C1, being C0 the threshold 

concentration of the biosensing response. 

 

2.4. Micro- and nanofabrication of optical biosensors 

Biosensors are usually produced by using micro- and nano-fabrication techniques, developed 

for the microelectronics industry. Authors commonly claim to develop biosensors using 
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compatible CMOS fabrication techniques, which open the possibility of mass production and 

cost-effective devices. Though some controversial exists at this point, mainly due to the 

management of biological reagents and fluids (Jang, Hassibi 2009), it is clear enough that the 

use of microelectronics fabrication techniques are the basis to reduce the cost per analysis, the 

development of lab-on-a-chips and high-performance biosensors. 

Optical biosensors developed in this thesis were carried out by transference of a pattern on a 

substrate, which is called lithography. Capability of this technology is usually referred to the 

minimum achievable resolution (though wafers produced per hour are also used). 

Microelectronics industry historically has used the gate size of a transistor to measure this value, 

as a critical dimension in the performance of electronics, though actual electronics devices will 

be more dependent to other parameters, as 3D integration advances in microelectronics (Mack 

2013). Up to this date, the lowest resolution achieved in production is 14 nm (Intel
® 

Core™ M, 

expected release in the first half of 2015 (Intel 2015a)); the previous lowest resolution achieved 

in production was 22 nm (Intel architecture Ivy Bride, e.g. Intel
®
 Core™ i7-3770K processor 

(Intel 2015b)). 

In this section, main lithography techniques are described. These techniques are divided into 

two categories, depending on the physicochemical method used: radiation and mechanical 

pattern transfer. Finally, main techniques to resist deposition are described, with special 

emphasis on spin-coating theory. 

 

2.4.1. Radiation pattern transfer 

This technique is based on the interaction of a radiation source and a resist. Radiation induces 

some physicochemical change in the resist, which can be used to transfer a pattern to it. Main 

changes produced are: solubility (chemical change), melting (physical change) and removal 

(physical and/or chemical change). 

Resist used for solubility change are known as photoresist, a kind of photosensitive polymers. It 

is possible to reduce the solubility of the resist, which is the case of positive photoresist. If 

solubility of the resist is increased (through a polymerization reaction or crosslinking), it is 

called negative photoresist. Depending on the treatments needed to perform the pattern transfer, 

resist are divided into conventional and chemically amplified. Conventional resist are usually 

positive resist in which only the radiation interaction is needed. On the other hand, chemically 

amplified resists need a thermal process to catalyse the crosslinking reaction induced by the 
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radiation. Resist used in this thesis is SU-8, a commercial negative chemically amplified 

photoresist (Microchem 2015), although there are other available resists of this type (Ito 2005). 

Depending on the radiation, energy dose and exposure time, other phenomena can be observed: 

thermal effects and material removal. Local thermal effects can be applied to resist and material 

which can induce the pattern transfer to a material. Material removal is usually referred to 

ablation processes involved in ultrashort pulses or high energy particles irradiation. In this case, 

it is not necessary to work with a resist, as any material can be used. However, a proper 

selection of the radiation source must be done. 

 

2.4.1.1. Classification of radiation transfer techniques 

Radiation transfer techniques are usually classified by the radiation source employed and the 

optical technique used to transfer the pattern. Attending to the last, it is possible to see common 

techniques used by different radiation sources: direct writing, mask patterning and interference 

lithography. 

Direct writing is based on the exposition of a focus beam onto a photoresist and is also called 

maskless lithography. Therefore, patterns are created by single exposure or movement of the 

radiation beam or the substrate, following a previous scheme contained in a CAD file. Thus, 

they are normally said that these systems use ―software masks‖. 

In contrast, it is possible to transfer the pattern contained in a mask to a material. In this case, 

exposure beam is irradiated through a mask. Masks are commonly produced by direct writing 

methods, and they are used to high throughput fabrication to reduce the cost per device. This 

mask contains areas in which radiation is able to pass through and regions that block the 

radiation. It is not possible to use transparent materials when high energy beams are used (e.g. 

EUV radiation) due to its high absorption. In this case, reflectance optics is needed. 

Interference lithography is a relatively novel technique used to patterning large areas with 

periodic structures down the wavelength used. It is involved the use of two or more beams from 

high coherence and monochromatic optical radiation sources. Beams interact in a spatial region 

and define a periodic pattern. Geometric pattern properties depend on wavelength, number of 

beams and angle of inclination. Depending on the setup used, interference lithography could be 

considered a direct writing method. 
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2.4.1.1.1. Optical lithography 

Photolithography is the most successful micro- and nanopatterning technology. 

Photolithographic methods currently used for manufacturing microelectronic structures are 

based on a contact, proximity, projection printing system and immersion lithography, using 

masks which contain the patterns, as shown in Figure 32. 

 

Figure 32. Photolithography techniques: (a) contact, (b) proximity, (c) projection and (d) immersion lithography. 

Contact lithography is the basic and low cost optical lithography technique. It is a lithographic 

method whereby a photomask is placed in direct contact with a photoresist-coated wafer and the 

pattern is transferred by exposing a uniform light through the photomask into the photoresist. 

Resolution of the system is controlled by near-field Fresnell diffraction and its theoretical 

calculation is given in Equation 24, 

         √ (  
 

 
) Equation 24 

where λ is the wavelength of the illuminating light, z is the thickness of the photoresist, s is the 

gap between mask and resist (zero for contact lithography), k is a constant with a typical value ~ 

1.5 and resolution R is defined as bmin, half the grating period and the minimum feature size 

transferable. Therefore, the lower the wavelength, resist thickness and spacing, the lower the 

resolution achieved. So, considering a perfect contact (s = 0) for a resist thickness d = 500 nm 

and λ = 365.4 nm (i-line), the minimum dimension achievable is b = 453.4 nm, and for d = 1000 

nm the resolution achievable is 641.2 nm. However, considering a spacing of only s = 1 µm and 

the previous examples, for resist thickness of d = 500 and 1000 nm, resolution achieved will be 

b = 1013.7 and 1110.5 nm, respectively, so resolution has almost been increased by two. This 

situation gets worse if a spacing s = 10 µm is applied, which gives a resolution of b = 2902.9 

and 2938.1 nm, respectively. On the other hand, wavelength influence must be taken into 
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account. For example, g-line is centred at 435.8 nm, so for d = 500 and 1000 nm and total 

contact, resolution b = 495.1 and 700.2 nm, respectively. By plotting the resolutions achievable 

as a function of resist thickness and spacing for two wavelengths, 365.4 nm (i-line) and 435.8 

nm (g-line), it can be easily seen that spacing has greater influence than the wavelength 

differences used in the exposure lamp used (Figure 33). Thus, any influences that can produce 

air spacing between the mask and resist have to be considered: (1) clean environment and 

handle protocol, (2) mask cleaning, (3) spin-coating defects, and (4) force applied by the mask 

to the resist. 

 

Figure 33. Line width resolution for contact and proximity lithography as a function of resist thickness and air 

spacing for two wavelengths: (a) 365.4 nm and (b) 435.8 nm. It is considered k = 1.5. 

Though it is the cheaper technique for lithography production at wafer level, it presents two 

main drawbacks: resolution is highly sensitive to resist defects and mask degradation. First is 

related to the appearance of space between photomask and resist at local points, degrading the 

resolution and the pattern transfer. Second problem is related to the mask degradation as the 

resist is in direct contact with the mask, which can produce defects or mask break. It is possible 

to surpass this problem using a fixed spacing between the mask and resist, which is known as 

proximity lithography. It is possible to ensure a longer life time for the photomask in this case, 

though resolution is degraded. 

Projection lithography consists in the projection of a reduced image contained in a mask onto a 

thin film of photoresist that has been deposited on a wafer. It is done using a high numerical 

aperture (NA) lens system. The resolution (R) of the stepper is subject to the limitations of 

optical diffraction according to the Rayleigh (Equation 25), 
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 Equation 25 

where λ is the wavelength of the illuminating light and k1 is a constant that depends on the 

process. Although the theoretical resolution limit of optical diffraction is usually about λ/2, the 

minimum feature size that can be obtained is approximately the wavelength of the light used 

(Madou 2012). As a result, illuminating sources with shorter wavelengths are progressively 

introduced into photolithography to generate structures with smaller feature sizes, as can be seen 

in Table 1. This technique is the widely used for high-throughput electronics fabrication in 

industry. 

Wavelength (nm) Source Range 

436 Hg arc lamp g-line 

405 Hg arc lamp h-line 

365 Hg arc lamp i-line 

248 
Hg/Xe arc lamp, KrF 

excimer laser 
Deep UV (DUV) 

193 ArF excimer laser DUV 

157 F2 laser Vacuum UV (VUV) 

~ 10 – 14 
Plasma sources produced 

by high power lasers 
Extreme UV (EUV) 

~ 0.4 – 5 X-ray tube, synchrotron X-ray 

Table 1. Light sources and wavelengths used in lithography. 

Immersion lithography can reduce the resolution by increasing the NA of the lens in projection 

systems. This is obtained by increasing the refractive index of the medium surrounding the lens. 

It can be done by applying a fluid of n > 1 and low absorption at the illuminating wavelength 

used. Sub-100 nm resolutions were obtained using this technique (Narasimha et al. 2006). 

However, immersion lithography involves several problems: bubble generation at higher 

velocities, thermal fluctuation lead refractive index changes which distort the projected image or 

fluid contamination, among others. 

As it was mentioned, resolution can be reduced by select a shorter wavelength. Special 

lithographic setups are needed for Vacuum UV (VUV), Extreme UV (EUV) and x-ray radiation 

sources: vacuum is generally performed to avoid light absorption, special masks and optics are 
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needed, based on reflectance elements, sources differ from the classic lamps or laser, and new 

photoresists were developed. 

 

2.4.1.1.2. Laser micro- and nanopatterning 

Laser beam provides other optical approaches to pattern substrates by direct writing or 

interference lithography techniques. Laser ablation, selective and two-photon polymerization 

and interference lithography represent the most important methods for laser patterning of 

materials (Figure 34). 

 

Figure 34. Laser micro and nanopatterning processes: (a) ablation, (b) selective polymerization, (c) two-photon 

polymerization and (d) interference lithography. 

Laser ablation process removes material from local regions to generate the desired patterns, as 

illustrates Figure 34.A. Pulsed lasers are used for ablation processes due to the high energy 

density achieved, with pulses in the range of ns to fs. Removed volume of material is mainly 

given by the beam focusing on the material, depth of focus, energy density of the laser pulse and 

material absorption at the work wavelength of the laser. Laser ablation is mainly used for 

micromachining purposes, used in different applications: stent production (Martinez, Chaikof 

2011), ink-jet printer nozzles (Figure 35.A), nanoparticle synthesis (Amendola, Meneghetti 

2009), micromarking (Zhou et al. 2009) and MEMS fabrication (Figure 35.B), among others 

(Meijer 2004). Laser selection and process parameters must, however, be carefully controlled to 

avoid damage in other material layers or in the substrates used. In this thesis, laser ablation of 

polymers and thin-film metals was used for mask development. 
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Figure 35. (a) Ink jet nozzle array fabricated by excimer laser ablation (Dyer 2003). (b) Excimer laser 

micromachining of a PET microwheel, diameter 400 µm and thickness 100 µm (Lazare et al. 1999). 

On the other hand, laser exposure at appropriate wavelengths can polymerize photoresist 

materials with much lower intensities than those used for ablation (Figure 34.B). The resolution 

of such techniques is often limited by the laser beam diameter, modulated by the non-linear 

processes that result from the interaction with the material. A common application of this 

technology is the fabrication of optical masks, based on Cr on glass substrates. Commercial 

photomask production is normally performed by direct writing laser polymerization followed by 

wet or dry etching of the Cr metal film. It is possible to achieve resolution of 0.5 – 0.6 µm using 

this technique (for contact lithography masks). 

Two-photon 3D lithography is a technique used to produce patterns down the focusing 

capability of the optical setup. It uses a non-linear phenomenon called two-photon absorption 

which consists in the absorption at the same time of two photons of lower energy, resulting in 

an equivalent one photon of higher energy. This higher energy photon can induce a chemical 

change on the photoresist. It takes place for higher energies with shorter spatial and temporal 

confinement, so the exposed area is reduced in comparison with the beam diameter (Figure 

34.C). Laser pulses of fs duration are normally employed in combination with high NA 

objectives. As the probability of absorption of two photons is proportional to the square of the 

field intensity, using high NA can reduce the laser spot less than 1 µm in diameter, so narrower 

structures can be obtained. 

Several devices have been produced at a low scale for research purposes, with some interesting 

applications in different fields: photonic crystal development (Figure 36.A), medical devices 

(Figure 36.B), control of light direction (Figure 36.C) and cell cultures (Claeyssens et al. 2009, 

Hsieh et al. 2010), among others. In this way, there is a commercial device for two-photon 

lithography distributed by Nanoscribe GmbH (Nanoscribe 2015). Also, novel photoresist have 

been developed to reduce the exposure dose needed. 
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Figure 36. Examples of two-photon lithography devices: (a) 3D photonic crystals fabricated on SU-8 rods of 180-250 

nm in diameter and separation of 0.8 µm (Deubel et al. 2004). (b) Ormocer® microneedles (Gittard et al. 2011). (c) 

Spatially-variant photonic crystal to direct the flow of light through a 90º turn (Digaum et al. 2014). 

Laser interference lithography (LIL) is also called Direct Laser Interference Patterning (DLIP), 

and it consists in the patterning of periodic structures by the formation of an interference pattern 

on a surface. LIL is usually referred to exposure an interferometric pattern on a photoresist, and 

DLIP is used when ablation or thermal processes are involved in the pattern transfer, rather than 

photopolymerization. Depending on the number of beams and geometrical setup, different 

interference patterns can be produced. Two laser beams are usually used to define a line 

patterning (Figure 34.D).  This interference is generated by the superposition of two or more 

laser beams on a given volume. The required characteristics of the laser beams in order to 

produce a homogeneous and high contrast interference pattern are: (a) same wavelength, (b) 

high monochromaticity and (c) high coherence length. Lattice parameter or separation of lines 

(Λ) is defined by Equation 26, where λ is the laser wavelength, n is the refractive index of the 

material and α is the angle of incidence of the laser beam. 

   
 

     ( )
   (       ) Equation 26 

 

Figure 37. Examples of laser interference patterning: SEM images of gratings produced by EUV LIL of half-pitch (a) 

20 nm and (b) 11 nm (Päivänranta et al. 2011). (c) Canal-like structures showing canal width of 0.46 µm and height 

0.66 µm, on a layer thickness 2.21 µm (Lasagni, Menéndez-Ormaza 2010). 

It is an interesting lithographic technique due to the low cost processing (especially for DLIP 

processes) and large area patterning. These characteristics permit the use of this technique to 

change the surface properties of many materials (surface functionalization), with applications on 

biomaterial patterning (Yu et al. 2005), bactericide surfaces (Yu et al. 2013), self-cleaning 

devices based on superhydrophobic surfaces (Berendsen et al. 2009), microfluidics (Figure 
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37.C) or photovoltaic performance increasing (Müller-Meskamp et al. 2012, Menezes et al. 

2010), among others. Also, it was reported the generation of sub-20 nm gratings by using EUV 

light sources on LIL process, as shown in Figure 37.A-B. 

 

2.4.1.1.3. Charged-particle beam lithography 

Direct writing with charged particles (electrons or ions) beams is a maskless lithographic 

technique for nanometre range fabrication. Electron or ion beam lithographies involve high 

current density in narrow electron or ion/proton beams. The smaller the beam sizes, the better 

the resolution, normally exposing one pixel at a time, making them slow exposure techniques. 

However, due to their low throughput, these techniques are only suited for small production. 

They are mainly used in academic research and production of high quality masks. Also, it is 

possible to perform micro- and nanomachining by using a Focus Ion Beam (FIB). 

 

Figure 38.  (a) Proximity effect showed on e-beam lithography (Henderson 2015). Examples of structures produced 

by this technique on (b) PMMA grating with pitch of 40 nm (Mohammad et al. 2012) and (c) SU-8 nanopillars for 

biosensing purpose (López-Romero et al. 2010). 

Electron-beam (e-beam) lithography uses a focused electron beam (typically 10-100 eV) to 

expose an electron-sensitive resist. The impinging electrons generate a cascade of secondary 

electrons with relatively low energy which form free radicals and radical cations. Deactivation 

of these intermediate species through fragmentation or reaction with the matrix is the basis for 

the chemical change (chain scissions) in the resist film upon exposure. E-beam lithography 

offers higher pattern resolution than optical lithography because of the shorter wavelength 

associated to the e-beam used. Though electron scattering in the resist limits resolutions to > 10 

nm (del Campo, Arzt 2008). Also, pattern resolution is affected by backscattering from the 

substrate, so resist is usually exposed over a greater area than the beam spot size. This 

phenomenon is called ―proximity effect‖. It leads to overexposure doses on the centre of a 

lithographed pattern than in its periphery. 



Optical biosensing technology: state of the art 

- 55 - 

Many resist materials developed for optical lithography can also be suitable as e-beam resists. 

PMMA was one of the first polymers used in e-beam lithography and, in fact, one of the most 

frequently resist used in this technique. Lines and spaces with dimensions down to 50 nm and 

aspect ratios up to 5 have been obtained by this technique. (Elsner, Meyer 2001). Also, SU-8 

has been used as a photoresist material for e-beam lithography (López-Romero et al. 2010) for 

liquid trapping and biosensing applications. 

Ion beam (i-beam) (also called proton beam (p-beam)) lithography uses high-energy ions, such 

as Ga
+
, H

+
, He

2+
 or Ar

+
 which are able to deeply penetrate the resist material with well-defined 

paths. The penetration depth depends on the ion energy. I-beam lithography uses ions of a 

kinetic energy from a few keV up to several MeV, and the penetration depth of the material 

depends strongly on the ion energy (del Campo, Arzt 2008). During its trajectory in the 

material, the probability that an ion interacts with an electron is several orders of magnitude 

larger than for nuclear scattering. Because of the high mismatch in mass between the ion and the 

electron, ion-electron interactions do not result in any significant deviation in the trajectory of 

the ion from the straight-line path. These features allow i-beam writing to fabricate HAR 

structures with smooth and vertical side walls and high compacted patterns (Van Kan et al. 

2004). It is shown in Figure 39.A SU-8 thickness of 10 µm patterned with a proton beam with 

lines with 60 and 120 nm width supported by pillars with 2 µm in diameter, achieving an aspect 

ratio > 160 (Van Kan et al. 2003). 

 

Figure 39. (a) HAR test structures fabricated using p-beam writing in SU-8 resist, showing 60 nm wall structures and 

10 µm in deep (Van Kan et al. 2003). (b) 8 nm lines written into a multilayer sample of AlF3/GaAs using FIB (Gierak 

et al. 1999). (c) Microsized copy of the Stonehenge monument in the UK, fabricated using p-beam writing in SU-8 

resist (CIBA, Singapore). It was used the different depth exposure of two proton energies: 500 keV for fabricating the 

horizontal slabs and 2 MeV for exposing the vertical supports, using one resist layer. Scale bar is 10 µm (Watt et al. 

2005). 

It is possible to expose resist by i-beam writing in a similar to e-beam. Due to the efficient 

nature of the interaction, i-beam writing does not require specially developed amplified resists. 

HAR voids of 100 nm in width and 2 µm in depth have been obtained by proton beam 

lithography in positive resists, such as PMMA, and negative resists, such as SU-8 (Ansari et al. 

2004). Also, it is possible to use different depth exposure from two proton energies, as it was 
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demonstrated with the microfabrication of a micro-Stonehenge monument on SU-8 (Figure 

39.C). 

Also, it is possible to use a focus ion beam (FIB) as a nanomachining tool. Typically, gallium 

ions are used. To make an accurate shape, redeposition of the material is avoided by reaction 

with a reactive gas. While gallium ions collide with the sample, secondary electrons are 

detected, enabling simultaneous imaging of the machined structure. FIB milling shows high 

spatial resolution, as can be seen in Figure 39.B, where 8 nm lines were machined. However, it 

is a slow fabrication technique (del Campo, Arzt 2008). 

 

2.4.2. Mechanical pattern transfer 

Photolithography cannot easily be performed on polymeric or curved substrates, as demanded 

by actual electronic devices. It cannot pattern large areas with high resolution in a single step, 

desired by the screen industry. In addition, the chemicals involved (resist etchants and 

developers, solvents, etc.) are incompatible with many interesting organic electronic materials. 

Therefore, new patterning techniques enabling micro- and nanopatterning of plastics have been 

explored during the last 20 years. Some of the well-known plastics for macroscale processing 

(embossing, moulding or stamping) were adapted for their potential adaptation to micro- and 

nanofabrication. 

The great advantage of moulding relies on the not use of energetic beams, and therefore, its 

resolution is not limited by the effects of wave diffraction, scattering and interference in a resist, 

or backscattering from the substrate. Also, the same mould can be used repeatedly, which lead 

to large-area and low-cost patterning. Resolution is mainly determined by the fabrication 

method used to prepare the mould and the mechanical strength of the embossed polymeric 

material. Prerequisites for moulding are the availability of a suitable mould and the possibility 

of removing the moulded material from it without damage to either the replica or the mould.  

 

2.4.2.1. Classification of mechanical pattern techniques 

Moulding is one of the most used techniques for replicating tools and mechanical parts. In this 

process, the machined surface of a hard master tool (also named mould or stamp) is transferred 

into a soft material. Several methods have been developed to obtain micro- and nanostructured 

polymer surfaces. These can be classified according to the softening/hardening principle 
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involved: (1) temperature-based processing (hot embossing or nanoimprint lithography (NIL) 

and thermal injection moulding thermoplastic polymers), (2) light-initiated polymerization (UV-

NIL and step and flash NIL) and (3) thermal activated polymerization (―soft lithography‖), 

attending to the excellent review of (del Campo, Arzt 2008). An overview of the processing 

steps involved in these technologies is given in Figure 40 and the main characteristics of these 

techniques are briefly discussed below. 

 

Figure 40. Comparison of different moulding processes. (a) Injection moulding (NIL), (b) hot embossing or 

nanoimprint lithography, (c) UV NIL, (d) soft lithography, and (e) solvent-assisted moulding. Adapted from (del 

Campo, Arzt 2008). 

 

2.4.2.1.1. Temperature-based processing 

The basis of hot embossing (or NIL) and thermal injection moulding is the patterning of 

thermoplastic polymers by conformal contact of a structured mould using heat and pressure 

without altering the resist chemical structure of the polymer. The viscosity of the material is 

significantly reduced by increasing the temperature of the polymer and/or mould, so that 

pressure application causes the polymer melt to flow into the cavities of the mould. The melt is 
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hardened by cooling, and the mould can then be separated from the polymer leaving a stable 

reproduction of the stamp. 

Injection moulding and hot embossing differ in their process conditions (Figure 40.A-B). In 

injection moulding, a polymer melt with relatively low viscosity is injected with high pressure 

through a nozzle into a closed cavity containing a structured mould insert. In NIL, whole 

polymer sheets are compressed between the plates of an embossing press against the mould 

(Chou et al. 1995). In theory, the resolution limit of these techniques is met when the cavity size 

approaches the radius of gyration of the polymer chain (del Campo, Arzt 2008). In fact, polymer 

surfaces patterned with 25 nm features were reported (Schift et al. 2000, Chou et al. 1995). 

Templates are usually done in nickel (Ni) or Si and are usually fabricated by e-beam lithography 

or FIB. 

Moulding patterns over large areas by NIL requires homogeneous temperatures and pressures 

during heating and cooling (to avoid differences in penetration of the stamp in the polymer 

layer) and severe accuracy in the alignment of the master and the film over the whole imprinting 

area. Different configurations have been developed for imprinting large areas: single-imprint, 

steppers and rollers (Gates et al. 2005). In single-imprint processing (Figure 15a), the 

embossing master and planar polymer substrate are mounted between heating plates that also 

contain cooling channels. This configuration allows heating and cooling of master and substrate 

independently. In step-and-repeat NIL, large areas are imprinted using a small mould and a 

multistep procedure: first, the mould imprints, then moves to a new area of the wafer and 

imprints again. The process is repeated until the entire wafer is imprinted. This technology 

offers two main advantages: alignment accuracy is higher in small area imprinting, and the 

expensive fabrication of large moulds is avoided. Finally, in roll NIL a cylinder mould is used 

for embossing. Roll-to-roll techniques have become an interesting technique due to its better 

uniformity, less imprint force, simple machine construction, and the ability to continuously use 

a mask on a large substrate. 

 

2.4.2.1.2. Light-initiated polymerization 

UV NIL makes use of UV-curable polymeric precursors for imprinting. The material is coated 

onto a substrate and pressed against a UV-transparent mould. UV radiation causes hardening of 

the patterned film which can be subsequently unmoulded, so negative photoresist are used 

(however, if chemically amplified resists are used, it is needed a post-bake step to full crosslink 

the polymer) (Figure 40.C). Some advantages of UV NIL in comparison with thermal NIL can 



Optical biosensing technology: state of the art 

- 59 - 

be pointed out. (1) UV curing is relatively fast, so high throughput can be achieved. (2) UV NIL 

can be performed at RT and low pressure (< 1 bar). This is critical for moulding polymer films 

onto delicate substrates. The mechanical properties of the mould are less strict and such moulds 

can be obtained economically by replicating a master. Poly(dimethylsiloxane) (PDMS) 

elastomers, being transparent within the 340 – 600 nm region, have already been used as mould 

materials for UV NIL (Odom et al. 2002, Yang et al. 2000). (3) The final properties of the 

imprinted polymer can be fine-tuned by the mix ratio of the components or the irradiation time. 

(4) The low viscosity of the polymeric precursors facilitates the filling of HAR cavities (del 

Campo, Arzt 2008). The combination of UV NIL with the step-and-repeat processing technique 

has given rise to ―step and flash imprint lithography‖ (SFIL) as a high-throughput, low-cost 

approach to generate relief patterns over large areas (Resnick et al. 2005). 

 

2.4.2.1.3. Thermal activated polymerization (soft lithography) 

The term soft lithography is applied to a collection of pattern-replication methods which rely on 

an elastomeric mould (Xia, Whitesides 1998). This is a replica of a micro- or nanostructured 

hard master and prepared by casting and thermal curing a liquid prepolymer (usually PDMS) on 

the master (Figure 40.D). The PDMS mould can be considered the final moulded structure, or it 

can also be used as a mould (stamp) in a subsequent moulding process. Its elastomeric character 

allows it to be released easily from the master (or moulded polymer). The accuracy of soft 

lithographic replication with PDMS precursors is, in principle, only limited by the size of the 

precursor molecules and the separation of the master and mould (del Campo, Arzt 2008). 

Three main soft-lithography processes can be found in literature: microcontact printing (µ-CP), 

microtransfer moulding (µ-TM) and micromoulding in capillaries (MIMIC). In µ-CP the stamp 

is coated with an ink of the molecules that is desired to print in a selected pattern on a solid 

substrate. During stamping, only the raised parts of the stamp collect the ink, which consists of a 

self-assembled monolayer (SAM) on the solid surface formed by covalent chemical reaction. 

SAM forms only in areas of conformal contact between polymer and substrate. This technique 

was used to SAM patterning on substrates for localized protein adhesion (Kane et al. 1999), and 

to develop optical biosensors by patterning an antibody grating on glass substrates (Goh et al. 

2003, Goh et al. 2005). Figure 41.A shows a scheme for µ-CP of proteins. On the other hand, µ-

TM and MIMIC techniques consists in the use of soft moulds (typically PDMS) to transfer 

polymeric patterns to a substrate. In µ-TM the mould is filled with a polymer precursor and the 

mould is pushed up against a substrate. When the polymer is cured, the stamp is peeled off, as 

shown in Figure 41.B. Finally, in MIMIC technique the stamp is pushed up against a substrate 
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and then, a polymer is applied to access the holes in the mould (Figure 41.C). This process can 

be done by pressure, electro-osmosis or vacuum assist (Madou 2012). Also, this process can be 

performed by placing the two surfaces in contact, the polymer solution is drawn into the cavities 

of the mould by capillary forces (Figure 40.E). The solvent is slowly removed from the mould-

polymer interface by diffusion into and evaporation through the soft, permeable mould. After 

completion of the evaporation, the mould is removed, leaving a hardened and accurate replica 

(Kim et al. 2001). 

 

Figure 41. Fabrication schemes for: (a) microcontact printing (µ-CP), (b) microtransfer moulding (µ-TM) and (c) 

micromoulding in capillaries (MIMIC). Adapted from (Xia, Whitesides 1998). 

Soft lithography can be applied to large area fabrication and plastics-based manufacturing. It is 

relatively cheap and flexible in terms of geometry and curvature of the surfaces and master 

material and has a controlled surface chemistry which can be modified by plasma treatment and 

reaction with organosilanes. This is especially important when complex organic functional 

groups are involved, as for example in chemistry, biochemistry, and biology. For these reasons, 

soft lithography constitutes an interesting alternative to photolithography and overcomes some 

of its limitations. 

 

2.4.3. Resist deposition 

Polymer resist to be patterned have to be deposit on a substrate accomplishing several points: 

controlled thickness homogeneity over the surface, reproducible techniques and low cost 

processing. Though it has been developed several techniques for resist deposition, it is 

mentioned the three main ones: spin-coating, spray-coating and meniscus coating. Special 

emphasis is performed on the first technique, as it was the technique used in this work. 
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Figure 42. Main scheme for resist deposition: (a) spin-coating (Hellstrom 2007), (b) spray-coating (Desmaële 2015) 

and (c) meniscus coating (Schmidt, Mennig 2000). 

 

2.4.3.1. Spin-coating 

This technique allows the deposition of thin film resists on substrates. It consists in the 

spreading of a certain volume of diluted resist on a surface by applying a rotation movement to 

the substrate, as shown in Figure 42.A. Centrifugal force causes that this liquid is spread all over 

the surface obtaining good thickness homogeneity, relatively good reproducibility and cost-

effective. Result thickness depends on the rotation speed, viscosity of the diluted resist and also 

the adhesion of the resist to the surface. Thickness homogeneity is mainly influenced by the 

rotation speed, cleanliness of the surface and other parameters related with the construction of 

the spin-coater, such as the chuck size or the air flow inside the device during the deposition 

(Madou 2012). 

It is possible to make a visual comparison for thin-films deposits on high reflective substrates, 

due to the clear appearance of defects on their surfaces. Main defects on spin-coated resist are 

related to particles, bubbles, poor adhesion and thickness homogeneity. It is mandatory to 

remove or reduce the number of these faults in order to improve the quality of the produced 

patterns and increase the number of operational devices, especially when using contact 

lithography; an air gap between the mask and the resist produces Fresnell diffraction that 

degrades the quality of the patterns and increase the resolution, as abovementioned. 

Therefore, it is shown in Figure 43 some examples of SU-8 spin-coated resist on Si substrates ~ 

10 x 10 mm. Figure 43.A shows an almost perfect deposit with no presence of particles and 

homogeneous thickness in the centre of the sample with no bubbles. Most common defect are 

related with particles in the substrate previous the resist deposition. When surface is 

contaminated with particles, they cause radial variations of the thickness called ―comets‖, 

―streaks‖ or ―flares‖, produced when the particle blocks the resist while spreading over the 

substrate. An example it is shown in Figure 43.B. Other constrain related with this technique is 

the appearance of bubbles of air in the resist, producing ―comets‖ (during the spin-coating 
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process) or holes in the thin film resist (usually after soft-bake process). These defects reduce 

the number of useful structures and induce local thickness variations, which are related to 

Fresnell diffraction and loss of resolution. Also, it is needed a homogeneous surface adhesion of 

the resist to the substrate surface, in order to get resist over the whole sample. Problems caused 

by local poor surface adhesion of the resist can be seen in Figure 43.C, where several areas of 

the sample are not covered. 

 

Figure 43. SU-8 2000.5 thin-film on Si, (a) without defects, (b) comets due to particles and (c) areas with adhesion 

problems. (c) Effect of the rotation speed over the homogeneity of the film. (e) Edge bead effect observed in a thin-

film deposition by spin-coating. 

Thickness homogeneity is highly influenced by rotation speed. As shown in Figure 43.D, area 

of homogeneous thickness increases as the spin speed rises. Then, edge bead effect (Figure 

43.E) is located near the perimeter of the substrate for higher spin speed and more centred for 

low spin speed. In order to achieve the highest resolution is recommended to get rid of the edge 

bead, especially for contact lithography. It is possible to remove the edge bead applying a 

solvent in the edge while rotating the substrate (Figure 44.B). It has been performed several 

experiments with edge bead removal in this thesis using solvent for contact lithography both at 

wafer and sample scale. However, it was observed that the resist stick to the mask, specially 

using wafers, so the fabrication process must to be optimized in this case. 

An important issue related to the thickness homogeneity appears when translating the spin-

coating process from sample to wafer level. It has been observed that normally there is a central 
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area of high thickness with the size of the vacuum chuck (approx. 25 mm in diameter) and the 

external area shows a radial thickness decrease (Figure 44.A). This problem is caused by the 

deflection of the silicon wafer on the chuck when vacuum is applied. It is reported in literature 

that to improve the thickness homogeneity over the wafer, it is recommended to use a vacuum 

chuck with a diameter one or two inches smaller that the wafer used (Madou 2012). However, it 

was not possible to use this solution in this work. 

 

Figure 44. Thin film resist deposited on a 6” wafer Si: (a) after the spin-coating, (b) edge bead removal by solvent 

application. 

Then, in order to reduce the number of particles and contaminants, it is needed to properly clean 

the surface previous the spin-coating process. This fact is mandatory with wafers, because the 

increase of surface also raises the probability of getting some sort of contamination, reducing 

the quality of the patterns produced in the subsequent fabrication processes. Combinations of 

different chemical etching and ultrasonic cleaning have been used in this work, in order to 

remove particles and organic remains from the surface. Best results were achieved following the 

next recipe for cleaning Si and SiO2 substrates: 

a. Ultrasonic bath of the substrate into acetone for 5 min. After that, it has been taken the 

substrate and put into another ultrasonic bath of deionised water (DI-H2O) for 5 min. 

Blow with compressed air. This process removes great part of the particles presented in 

the surface and also some part of organic remains. 

b. Chemical etching of native oxide, only for Si substrates, by immersion of the substrate 

onto a hydrofluoric acid diluted with water (HF:H2O, 1:10 vol.) for 10 s. Then, rinse 

with DI-H2O and blow with ultrapure compressed air. 

c. Normally, surface is highly reactive after the removal of native oxide and, if the HF 

used is not pure, surface is covered with more particles. Then, it is needed an ultrasonic 
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bath into DI-H2O for 2 min to remove many of these particles. After that, rinse with DI-

H2O and blow with ultrapure compressed air. 

d. In order to remove completely organic remains from the surface, it is applied a chemical 

etching called ―Piranha dissolution‖ to the substrate. This etching consists in a mixture 

of sulphuric acid with hydrogen peroxide (H2SO4:H2O2, 2:1, vol.) for 15 – 20 min. This 

etching has been found to be an excellent way to remove crosslinked SU-8. Also, this 

etching changes the surface into a hydrophilic one, which improves the adhesion of the 

resist in the spin-coating process. After this etching, surface must to be rinsed with DI-

H2O to remove acid remains in the surface. Then, blow with ultrapure compressed air. 

e. After these processes, there is a thin layer of water in the surface that must be removed 

to improve the adhesion of the resist. It can be done applying heat to the surface for a 

certain time. Literature shows a huge variation of temperatures and times used for this 

purpose, but temperatures ranging from 100 to 200 ºC and baking times higher than 20 

– 30 min are normally used (Louisville 2013, Washington Univ. 2015). It was used a 

dehydration bake of 100 – 120 ºC for 1 hour in this work. 

 

2.4.3.2. Spray-coating 

In this technique, wafers pass under a spray of photoresist solution, as shown in Figure 42.B. 

Spray nozzles are designed to generate a distribution of droplets in the micrometre range. 

Compared with spin-coating, spray coating does not suffer from resist thickness variation 

caused by the centrifugal force. Also, it is able to coat non-uniform surfaces, which is specially 

needed in the case of MEMS development. 

 

2.4.3.3. Meniscus coating 

This technique is usually performed for large area substrates, such as flat panel displays. The 

method is shown in Figure 42.C. Photoresist is pumped through a porous tube and a gravity-

assisted laminar flow of the liquid is established around the perimeter of the tube. The inverted 

substrate is made to touch and pass the solution flowing around the tube, and the meniscus of 

the resist solution adheres to the surface of the moving substrate. Thickness is controlled by the 

separation of the coating head to the substrate, substrate speed, resist solution, and evaporation 

rate. Also, edge bead defects are not found in this technique.  
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3. DESIGN OF BICELLS AND PROPOSED WORK 

This chapter is related to the theoretical study of BICELL design. It is done in a qualitatively 

way with the aim to find clear and general rules of thumb. Standard BICELL based on FP 

interferometers was defined and studied. Also, general conclusions of previous work based on 

structured BICELLs are shown. These conclusions motivate the work of this thesis: the 

development and study of BICELLs based on different geometries and sizes. Finally, a brief 

description of the proposed work in this thesis is presented. 

 

3.1. Standard BICELL definition: FP interferometer 

BICELLs are based on the vertical optical response characterization of photonic structures. First 

experiments carried out by the research group used BICELLs based on nanopillars arrays 

(Holgado et al. 2010). Though these structures proved to be sensitive enough for biosensing 

purpose, several practical disadvantages appeared: (1) fabrication was based on e-beam 

lithography at research level, a high resolution technique but with low throughput, (2) SU-8 

nanopillars show low mechanical strength, so its handle was complex, and (3) theoretical 

behaviour of these structures need the use of complex algorithms and high time calculations. 

It was clear enough the necessity of a standard BICELL which accomplishes next 

characteristics: 

 Simple, cost-effective and wafer level fabrication. 

 Improved mechanical stability. 

 Clear theoretical behaviour of the photonic structure with low time response calculation. 

 Easy rules of thumb for biosensing design. 

Thus, it was defined as a standard BICELL a Fabry-Perot (FP) interferometer. FP 

interferometers are optical planar microcavities based on the resonance of certain wavelengths 

inside the cavity. This resonance will mainly depend on the thickness and material of the cavity 

and also, on the wavelength and angle of incidence of light. FP interferometers typically consist 

of a planar microcavity with two mirrors on both sides. These mirrors can be formed in several 
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ways: metal thin-films, Distributed Bragg Reflectors (DBR) or the cavity surface interface 

between materials, e.g. air/cavity or cavity/substrate. Figure 45 shows examples of the three 

different planar microcavity designs with their calculated reflectivity spectra. 

 

Figure 45. Planar microcavities schemes and example calculated spectra: (a) metal mirrors, (b) DBR mirrors and (c) 

interphase (single) mirrors. 

FP interferometers based on metal mirrors show higher loses due to the high absorption of the 

metal. This is overcome using DBR mirrors, which are based on a multilayer stack of two 

materials with different refractive index. In DBR mirrors, reflectance is controlled by the 

number of pair layers, material thickness and refractive index contrast. DBR mirrors create a 

band-gap of prohibited wavelengths, so higher reflectivity is achieved in that range. Last 

example becomes the simplest FP interferometer from a fabrication point of view, as a simple 

thin-film deposited on a reflectance substrate offer a good optical response and can be done at 
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low cost and wafer scale production. Also, it is the only structure suitable to use as biosensor, as 

its cavity is in direct contact with the analyte. Therefore, thin-film deposited on substrates is 

considered the standard BICELL used for comparison in this work. Thin-film planar 

microcavities will be called FP interferometers from now on. 

The analytical multilayer calculation was carried out through the use of the software-available 

Openfilters. With these theoretical calculations it was study the theoretical behaviour of this 

proposed biosensor. Openfilters software was used in this work for theoretical calculation of 

planar microcavities. This software is open source, released under the GNU General public 

License, used for the design of interference optical filters. It was developed by Stéphane 

Larouche and Ludvik Martinu at École Polytechnique de Montréal (Larouche, Martinu 2015). 

Previous spectra shown in Figure 45 were calculated with this software. Several aspects were 

studied: effect of different simulated biolayer thickness on resonance shift, effect on the 

sensitivity of different microcavity thickness and dependence on the resonance shift versus peak 

wavelength position. It was also studied the measurement of the FP interferometer optical 

response on the limit of detection (LOD) performance. Four main factors were studied: light’s 

angle of incidence, Q factor, repeated measurements and noise removal. Simulations were 

performed using a SU-8 microcavity on a Si substrate. Biolayer is simulated by SiO2 thin-film, 

due to its close value refractive index compared with some estimated refractive index value of 

biological material (Vörös 2004). SU-8 refractive index used is calculated from the values given 

by the manufacturer Microchem (Microchem 2015) using Cauchy model shown in Equation 27. 

SiO2 refractive index is calculated using Cauchy model shown in Equation 28. All theoretical 

spectrums were obtained for normal incidence and no polarization. 

 ( )             
       

  
 
       

  
 Equation 27 

 ( )             
         

  
 

Equation 28 

First, resonance shift was calculated for 20 nm SiO2 thin film on top of a 400 nm SU-8 cavity, 

as shown in Figure 46.A. Peaks and valleys displacement were monitored to study the influence 

of the resonance position in the optical sensitivity. As can be seen in Figure 46.B, wavelength 

shift is higher as wavelength peak position increase, in a linear way. Thus, the higher sensitivity 

is achieved for peaks near the IR region (two times higher in this example). However, if 

wavenumber is considered (cm
-1

 units) the inverse phenomenon is observed, as the highest shift 

is achieved in the UV region. Thus, it is important to specify the measurement units employed 

in order to optimize the FP interferometer biosensor performance. These results also suggest the 
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need to study the resonant shift in a close wavelength range when different spectrums were 

analysed, in order to have comparable results. 

 

Figure 46. Wavelength influence on peak displacement over FP interferometer. Normal incidence, no polarization. 

It was also studied the resonance shift of one peak for different SiO2 thicknesses, from 1 to 100 

nm (Figure 47.A). Results for three different cavity thicknesses with an initial peak position ~ 

630 nm are shown in Figure 47.B.  An almost linear response is observed for the three cavities, 

though linearity is slightly lost from 40 nm SiO2 thickness. Thus, linear fitting is calculated 

from 1 to 20 nm SiO2, which show a better linearity (inset of Figure 47.B). Optical sensitivity of 

the three cavities is calculated as the slope of this linear fitting, and can be seen an increase in 

SQF as the cavity thickness decreases. Therefore, higher sensitivity devices are achieved by 

thinner cavities, considering a common initial position wavelength range. 

 

Figure 47. (a) Peak displacement due to an increase on the SiO2 thickness on top of the FP interferometer. (b) 

Influence of different cavity thickness on the wavelength shift for different SiO2 thicknesses. Normal incidence, no 

polarization. 
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Thus, it was calculated a SQF scatter diagram as a function of both wavelength peak position 

and SU-8 cavity thickness, shown in Figure 48. It was considered SU-8 thickness range from 

100 to 1000 nm with 25 nm changes and a thin-film SiO2 of 10 nm for SQF estimation. The 

highest SQF value (4.73) was achieved using a FP interferometer of 125 nm thickness, showing 

one peak located at ~ 800 nm. It can be seen that no continuous response can be expected, as a 

finite number of peaks/valleys exist on a given spectrum. However, it is observed a linear 

behaviour on the wavelength peak shift for different cavities. It corresponds to single peaks 

moving across the spectrum towards IR range as the cavity thickness increases. SQF for the 

different resonance peaks shows a relatively constant value, though it changes for smaller cavity 

thicknesses. This linearity reveals two interesting properties from the design point of view. 

First, it is possible to achieve almost the same optical sensitivity using different cavity thickness 

changing the monitoring wavelength range. It seems that a lower SQF due to the cavity 

thickness is compensated by a higher SQF due to IR shift. Second, fabrication tolerances 

influence on the optical sensitivities can be adjusted by a proper cavity thickness selection: a 

small thickness variation for lower thickness cavities result in a high change on the peak 

position and a probably large sensitivity change. However, higher thickness cavities show small 

changes for both optical sensitivity and wavelength peak position. On the other hand, this 

linearity is suddenly broke when resonance peaks reach the 1000 nm region, where lowest SQF 

are found. In this region, peaks/valleys are not well defined, suggesting the presence of other 

resonance at these wavelengths. 

Previous results show important conclusions on the expected optical response of a FP 

interferometer biosensor: 

 Higher the wavelength peak position, higher the resonance shift. 

 Linear behaviour of the optical resonance shift in wavelength up to 40 nm thickness of 

SiO2 thin-film. 

 Lower the cavity thickness, higher the resonance shift. 

 Linear peak position shift on wavelength as the cavity thickness increase. Peaks present 

an almost constant SQF value. 



Chapter 3 

- 70 - 

 

Figure 48. Calculated SQF for different cavity thicknesses and for the initial resonance peak position in 

wavelength. Normal incidence, no polarization. 

 

 

Figure 49. Resonance peak position as a function of the light’s angle of incidence. 

On the other hand, limit of detection (LOD) is influence by both sensitivity and experimental 

uncertainty. Therefore, special emphasis has to be done regarding the measurement of the 

optical response of a given BICELL, as can affect to both sensitivity and experimental 

uncertainty. Four main factors were identified to play an important role during the 
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measurement: light’s angle of incidence, Q factor of the resonance, number of repeated 

measurements and noise removal. 

Light’s angle of incidence produces a shift of the optical response towards the UV region, as 

shown in Figure 49.A. This effect has little influence for angles near normal incidence but 

increases from angles larger than 10º. However, SQF remains almost constant but decreases 

significantly from 30º (Figure 49.B and inset). Angle of incidence affects to the optical setup 

(lenses or objectives) used during the measurement. Therefore, it is recommended to compare 

the response of a certain BICELL between similar or equal angles of incidence. 

 

Figure 50. Measured peak position for FP interferometers of different Q factor and different number of 

measurements. To be published. 

Also, Q factor of the resonance peak under study plays an important role in the stability of the 

measurements. Real spectrum show noise added to the original signal. This noise can alter the 
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measurement of the peak position. It has been demonstrated that high Q FP interferometers 

present a better behaviour to noise than low Q ones. A simple experiment was carried out using 

four different interferometers and taking 11 measurements of their reflectivity spectra. Peak 

position was monitored and results can be seen in Figure 50. A significant improvement in peak 

stability was observed as Q factor of the resonance peak is increased. Also, it is possible to 

reduce the noise influence by taking a series of measurements of the same spectra. Therefore, an 

average spectrum can be obtained, which results in a noise reduction. Three different numbers 

of measurements were done in the experiment, 10, 100 and 500. It was observed an 

improvement in peak position stability. However, increasing the number of measurement also 

increase the acquisition time, so a comprise value between time and precision must be reached. 

Finally, post-processing filtering of measured spectra can be done in order to increase the SNR 

and thus, improve the peak position stability. Different filtering algorithms were tried during 

this thesis: DFT low band-pass, average and Savitzky-Golay filters. First two algorithms 

produce generally a signal distortion when spectrum possesses high noise level. Savitzky-Golay 

algorithm was developed to FTIR narrow absorption bands filtering (Savitzky, Golay 1964) and 

has been proved to be an excellent algorithm filter to the spectra obtained in this work, both for 

high and low noise levels with no dependence on the Q factor of the resonance peak. Normally, 

a two steps filtering was performed for better results, adjusting the span to reduce the noise 

without a significant distortion of the original signal. 

 

3.2. Key rules for BICELL based on periodic arrays of structures 

First BICELLs developed by the research group were based on periodic arrays of pillars. 

Dimensions of these structures were in the order of hundreds of nanometres, were evanescent 

field confinement effects can be expected. Simulations of these effects were carried out by Dr. 

Casquel (Casquel 2013) and predicted an increase on optical sensitivity as the lattice parameter 

of the pillars decreases, as shown in Figure 51. This effect increases the amount of electric field 

between pillars, in the region where the biorecognition takes place, so biosensing sensitivity was 

expected to increase. 
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Figure 51. Electric field distributions (TE) for a triangular network of pillars with different lattice parameters: (a) 

600 nm and (b) 700 nm. Adapted from (Casquel 2013). 

Theoretical study of periodic structures involves the use of 3D Finite-Difference in Time-

Domain (FDTD) algorithms, which are high time-consuming simulations. In order to study the 

influence of different pillar dimensions on the biosensing response in a quicker and easier way, 

it was developed by the research group a multilayer 1D model equivalent to the 3D photonic 

structure. It is based on the concept of effective refractive index of a 3D layer taking into 

account the amount of material, air or biolayer contained in a certain volume. In this way, it is 

possible to define two types of models: (a) consider a layer of the same thickness in both 3D 

and 1D model, changing the effective refractive index (Figure 52), or (b) fix the refractive index 

of structures material and use the effective refractive index to calculate an equivalent layer 

thickness. An interesting result obtained by using this model was that structured BICELLs 

improve the sensitivity compared with a FP interferometer of the same material and 

thickness (Holgado et al. 2010). This suggests that the increase on surface per unit area in 

combination with evanescent field confinement improve the sensitivity of the BICELL based on 

structures. 

 

Figure 52. SU-8 structures on Si substrate covered with proteins and its equivalent photonic model based on thin-

films (Casquel 2013). 
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Also, it was calculated several SQF maps for different pillar configurations using this model by 

the research group. This work was published by the research group (Lavín et al. 2013) and some 

results are shown here (Figure 53). As it was shown in the previous section, Q factor of the 

spectrum can influence the experimental uncertainty due to resonance peak position non-

stability. Then, two more parameters or figures of merit were defined in the previous work to 

complete general view of the behaviour of a certain BICELL configuration based on pillars: Q 

and A-factor: 

         
          
    

 Equation 29 

         (         )      Equation 30 

where FWHM is the Full Width at Half Maximum of the resonance, and RMax and Rmin are the 

maximum and the minimum reflectance values of the resonant peak. Q-factor gives information 

about the wide of the resonance and plays a role in the peak position stability in the 

measurement as mentioned before. A-factor informs about the contrast of the resonant peak and 

gives an idea of the noise effect on the resonance. For example, a resonance with lower A-factor 

will be more noise sensible and then, lower peak position stability can be expected, increasing 

the experimental uncertainty, which results in poorer LOD values. 

Therefore, simulated maps show the effect of lattice parameter (pitch) and diameter of the 

pillars on the above mentioned parameters. The height of the pillars was considered to be related 

with the diameter, being the height equal to two times the diameter. A general conclusion for 

these dimensions is that having diameters and pitch among pillars as small as possible, results in 

better values for SQF, Q and A-factors. Also, better values were obtained by using Si instead of 

glass substrate, due to the higher refractive index contrast shown by Si. However, some 

problems appeared when working with BICELLs based on highly compacted structures:  (1) 

superhydrophobicity phenomenon could appear, making impossible to attach neither the 

bioreceptor nor the analyte to its surface. However, chemical or physical methods can be used to 

change the hydrophobicity of the surface. (2) Fabrication of closed compact structures in the 

range of hundreds of nanometres becomes highly complex. (3) Mechanical stability of thin 

structures with relatively large aspect ratios becomes a problem to perform an immunoassay. 
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Figure 53. Theoretical SQF, Q and A factor maps for SU-8 pillars over Si and glass substrates. Adapted from (Lavín 

et al. 2013). 

Finally, it is possible to conclude next design rules when BICELLs based on structured material 

are proposed: 

 Closest the structures, highest the sensitivity due to evanescent field confinement. 

 Closest the structures, highest e Q and A factors, so it improves the experimental 

uncertainty and, thus, the LOD value. 

 BICELL based on structures show higher sensitivity compared with a FP interferometer 

of the same material and thickness. 

 Models based on thin-films can be used to predict the optical behaviour of a certain 

BICELL based on structures. 

 Si substrates offer better sensitivities for reflectivity measurements in comparison with 

glass. 

 Structure dimensions can be carefully designed as wettability problems can be expected 

from superhydrophobic surface behaviour. Also, fabrication becomes more complex 

and mechanical stability of the BICELL for thin structures can be taking into account. 
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3.3. Study of new BICELL geometries 

It is possible to define a series of parameters for an ideal biosensor based on BICELLs: high 

optical sensitivity (high SQF), high Q-factor, high peak contrast (A-factor), simple and low cost 

fabrication, parameter influence on biosensing performance understood, mechanical stability of 

the structures and finally, tolerances of fabrication should not affect greatly the optical response. 

BICELLs based on theoretical resonant pillars (Casquel et al. 2008), holes (Holgado et al. 2007) 

and pillars were described and constitute the basis of this work. It was demonstrated that 

reducing the distance between structures enhance their sensitivity. Also, by reducing their 

dimension the sensitivity is improved. Both pitch and dimension reduction can be translated to 

an increase in the surface per unit area of the BICELL, which is called effective surface from 

now on. Then, it is possible to formulate the hypothesis that by increasing the effective surface, 

it can be expected an improvement in both optical and biological sensitivity. Lowest effective 

surface value is 1 and it corresponds to a planar surface or FP interferometer.  

 

Figure 54. Proposed BICELL geometries for biosensing performance study. 

Therefore, and considering the previous comments, it was considered the study of different 

geometries and sizes of BICELLs that increase the effective surface and could create more 

evanescent field interaction. Geometries studied were: pillars, crosses, stars, hollow cylinders, 
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concentric cylinders and fractal combination of them (e.g. pillars with pillars, stars with crosses 

or pillars with hollow cylinders). Geometrical parameters are shown in Figure 54. Only 

triangular lattices are considered as they optimize the effective surface. Also, it was proposed to 

study the influence on the sensitivity of different dimensions per geometry, working on the 

micrometre and submicrometre range.a 

 

Figure 55. Effective surface calculated for structures of 1 µm in height: (a) pillars, (b) fractal pillars order m = 2, (c) 

crosses L = 0.5 µm, (d) stars L = 0.5 µm, (e) hollow cylinders spacing sp = 0.5 µm, and (e) concentric cylinders. 
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It was calculated the effective surface of the proposed structures for different dimensions. An 

example is observed in Figure 55. It can be cleared seen that there are several configuration that 

increase their effective surface to values up to 4 – 6, by both reducing the pitch between 

structures and their size. A complete description of the analysed geometries sizes can be found 

in Annex 1. 

 

3.4. Work proposed in this thesis 

Main objective of this thesis is the development and characterization of optical biosensors based 

on BICELLs. There are two main areas of study involved in this thesis: manufacturing 

capability and biosensing characterization of the BICELLs, following next principles: (1) 

simple fabrication and capable to wafer level production. (2) Minimization of both the pattern 

dimensions and its lattice parameter. (3) Analysis of the sensitivity response versus geometries 

and dimensions. Results should be compared with the simplest BICELL based on FP 

interferometer, described previously. (4) Study of new characterization method based on 

ultrathin-film deposition. 

 

3.4.1. BICELL fabrication and packaging 

It was studied the suitability of different fabrication techniques available at the moment of the 

work. They involve laser technology, e-beam lithography and contact lithography. Advantages 

and problems related with each technique are shown in chapter 4, as well as the lowest 

dimensions reached and examples of produced structures. Structural characterization and some 

process parametrization were performed, though no process optimization was done. 

Also, it was developed first packaging to protect and handle chips containing BICELLs. It was 

also studied different ways to wafer dicing. 

 

3.4.2. BICELL characterization: optical measurement, comparison techniques and 

bioapplication testing 

Biosensing response characterization was done for BICELLs based on different fabrication 

techniques. Also, BICELL performance comparison between different geometries and sizes was 

performed. It was used a standard immunoassay and ultrathin-film technique. Also, it was 
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proved the suitability of the BICELLs proposed (either structured or non-structured) for 

biosensing real applications: hormones, virus or protein related with ocular diseases. Results are 

shown in chapter 5. 
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4. FABRICATION OF BICELLS AND PACKAGING FOR 

POC DEVICES 

One of the main objectives in this thesis was the study of the capabilities for manufacturing 

BICELLs using several facilities and techniques. It was used for this purpose laser technology, 

e-beam lithography and conventional contact lithography by lamp exposure at wafer level. 

Furthermore, it was designed, implemented and tested a packaging kit for the chips 

manufactured, in order to use BICELLs on a PoC demonstrator developed in the framework of 

the national project funding INNBIOD. 

 

4.1. BICELLs fabrication 

As mentioned in previous chapter, biosensing cells proposed in this thesis are based on arrays of 

periodic structures or FP interferometers based on thin films, in other words, on structured or 

non-structured BICELLs. Due to its easy handle and good properties, material used in this work 

is SU-8. It is a negative photoresist mainly used for MEMS devices (Conradie, Moore 2002), 

photonics (Borreman et al. 2002), microfluidics (Bohl et al. 2005) and for sensors (Johansson et 

al. 2005, Hill et al. 2007). Also, it was used in this work other polymeric materials and thin film 

metals. Photoresist has been coated onto Si and SiO2 substrates by spin-coating technique. 

Manufacture of the proposed photonic structures was achieved by different micro and 

nanofabrication techniques available in this work, related with the patterning of photoresist 

films by lithography or laser ablation. Fabrication techniques involved are well established ones 

in the microelectronics industry (e.g. e-beam lithography, contact lithography with mask-

aligners) or laboratory based techniques with a high interest for industry processing (e.g. laser 

interference patterning). It is possible to classify the different fabrication method by the 

radiation source: laser technology, e-beam lithography and lamp based exposure. 

The objective in this section is study the resolution and quality of the structures achieved with 

each proposed method proposed, and also analyse the time fabrication and the possibility to 

produce it at a large scale. 
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4.1.1. Spin-coating process and study of SU-8 material 

This technique allows the deposition of thin film resists on substrates. It consists in the 

spreading of a certain volume of diluted resist on a surface by applying a rotation movement to 

the substrate. Several details of this technique were mentioned in section 2.4.3.1. Equipment 

used in this thesis is the WS-400E-6NPP-LITE model from Laurell Company, capable to reach 

up to 8000 RPM. SU-8 films thickness and chemical characterization was studied.  

 

4.1.1.1. Thickness characterization 

In order to fabricate different optical biosensors based on FP interferometers or periodic lattices 

of micro-nanostructures, it is required to control the thickness of the spin-coated photoresist. It 

is well known that thickness achieved with this technique is influenced by the next parameters: 

viscosity of the resist (higher the viscosity, higher thickness), spin-speed (higher speed, lower 

thickness) and adhesion of the resist to the surface (higher adhesion, higher thickness). 

Applying the same cleaning process to the substrates of same material, it is possible to assume 

similar adhesion of the resist between samples. So, it was studied the viscosity and spin-speed 

influence over the SU-8 thickness deposited on Si substrates. Viscosity was changed by diluting 

the original SU-8 (2010 and 2000.5) formulation with solvent, in this case cyclopentanone (CP). 

Coating process was fixed to a one step spin-coating at a certain rotation speed for 60 s using Si 

substrates of 10 x 10 mm. For each experiment, thickness was measured after applying a soft-

bake at 60 ºC for 60 s to guarantee stability of measurements. Then, thickness was determined 

using the commercial spectrometer Filmetrics F-20 UV. It was performed by adjusting the 

measured optical response of the thin-film with a theoretical model. Results achieved in these 

experiments are shown in Figure 56. By diluting SU-8 2010 it was possible to carry out films 

from ~ 12 µm (SU-8 2010) to~ 670 nm (SU-8 2010:CP, 1:2, vol). Thickness behaviour over 

speed rotation shows a saturation or plateau above 5000 RPM. Also, it was observed that 

homogeneity of the chips improved over 1500 – 2000 RPM. 

Also, it was studied the development of ultrathin-films of tenths of nanometres by high dilutions 

of SU-8 2000.5 with CP. For thickness above 150 nm, it is possible to correlate well the optical 

response SU-8 on Si with its theoretical model. This situation becomes harder when thickness is 

below 150 nm and results are inconsistent. To solve this challenge, ultrathin-films below 150 

nm were spin-coated onto substrates of Si with a top layer of 250 nm of SiO2, which produces a 

clear optical response, so it can be fitted better with a theoretical model. Coating process was 

fixed to a one step spin-coating at a certain rotation speed for 60 s using Si or SiO2/Si substrates 



Fabrication of BICELLs and packaging for PoC devices 

- 83 - 

of 10 x 10 mm. Then, thin films were baked at 60 ºC for 60 s after the spin-coating process. 

Results of this experiment are shown in Figure 57. Using a dilution of SU-8 2000.5:CP of 1:20 

in volume is possible to deposit an ultrathin film of ~ 15 nm, showing good homogeneity over 

used substrates. 

 

Figure 56. SU-8 thickness measured after SB 60 ºC for different spin-coating speeds and resist dilutions: (a) SU-8 

2010, and diluted with CP to 1:1, (b) SU-8 2010 : CP diluted 1:2 and SU-8 2000.5. Size of the substrates used was 10 

x 10 mm. 

 

Figure 57. SU-8 thickness for different rotation speeds using a resist dilution of SU-8 2000.5 with CP on a SiO2/Si 

substrate (SiO2 thickness = 250 nm). Size of the substrates used was 10 x 10 mm. 

Moreover, it is possible to achieve thicker SU-8 resist by several ways: using other high 

viscosity SU-8 formulations. For example, SU-8 2100 is designed to produce thickness ~ 100 

µm. Other way is to remove the solvent content in low viscosity formulation by evaporating the 
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solvent at low temperatures. In the case of SU-8 photoresist, CP evaporates at 60 ºC, so it is 

easy to reduce the solvent content by heating the sample. Process must be carried out in a dark 

chamber to prevent crosslinking. Using this process, it was reached thickness around 40 and 100 

µm by evaporating 4 mL of SU-8 2010 at 100 ºC for 3 min, cooling down to 40 ºC for 20 min 

and reaching RT next 5 min (Figure 58). However, this process is not optimized and requires a 

huge amount of resist. Finally, other method to produce thicker films of SU-8 is the repetition of 

several spin-coating processes, but also the waste of material and time is significant. 

 

Figure 58. Structures fabricated using a 355 nm laser direct writing process by evaporating the CP contained in the 

SU-8 2010 for 3 min at 100 ºC. Different speed rotation: (a) 3000 RPM and (b) 1600 RPM. Images obtained by 

confocal microscopy. 

 

4.1.1.2. Chemical characterization 

Motivation for study the chemical characterization of spin-coated SU-8 comes from 

understanding the chemical changes implicated in the lithography fabrication process. 

Chemical analysis was performed by Fourier Transform Infra-Red (FTIR) spectroscopy, 

monitoring the absorbance peaks over the range 3100 – 500 cm
-1

 (Medium IR, MIR). The 

samples used in this study were 10 x 10 mm Si substrates spin-coated with SU-8. For the 

background measurement, it was used a Si substrate due to its high transparency in MIR range. 

It allows evaluating only the absorption due to the resist. As measurements were carried out to 

determine absorption peaks, it is necessary to define the thickness of the resist. Therefore, it was 

spin-coated films of thickness of 0.5, 5 and 10 µm of SU-8 on Si. Absorption spectra obtained 
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are shown in Figure 59. Films of 0.5 µm show not defined absorption peaks, so it is not possible 

to make measurements with this thickness. Similar problem presents the 5 µm thickness films, 

where it can be seen also the effect of the interference of the thin-film in the spectra. Finally, 10 

µm thickness films were chosen to perform the chemical characterization, as they present clear 

absorption peaks with little influence of the thin-film interferences in the spectra. 

 

Figure 59. MIR absorption spectra for SU-8 films deposited onto Si substrates (before Soft-Bake). 

Spectra obtained were treated with a baseline correction algorithm (concave rubber band 

correction with 50 iterations), reducing the remaining interferences produced by the SU-8 film. 

It is shown in Figure 60 a MIR absorption spectra obtained using this algorithm for ~ 13 µm 

SU-8 thickness. Also, it is represented the most important peaks and their spectral position. 

Table 2 illustrates the most interesting molecular bonds in SU-8 (Pretsch et al. 2001, Keller et 

al. 2008, Gunde et al. 2009, Wong et al. 2006, Rath et al. 2004). Relevant molecular bonds, 

related to the fabrication process, are those concerned to cyclopentanone and epoxy rings. 

 

Figure 60. MIR absorption spectra for a 13 µm thickness film of SU-8 on Si. It is shown the position in wavenumber 

of the most important peaks. 
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Epoxy ring 

1247 cm
-1

 

915 cm
-1

 

833 cm
-1

 

Benzene 

1606 cm
-1

 

1581 cm
-1

 

1506 cm
-1

 

1471 cm
-1

 

1456 cm
-1

 

1408 cm
-1

 

Cyclopentanone 

1797 cm
-1

 

1743 cm
-1

 

1729 cm
-1

 (carbonyl group) 

–OH Groups 3500 cm
-1

 

Table 2. Molecular bonds in SU-8 and their spectral position (Pretsch et al. 2001, Keller et al. 2008, Gunde et al. 

2009, Wong et al. 2006, Rath et al. 2004). 

Evolution of the absorption spectra in the lithography process is shown in Figure 61. Fabrication 

process analysed consists of the next steps: spin-coating, soft-bake at 60 ºC for 2 min, exposure 

with 355 nm DPSS, post-bake at 60 ºC for 2 min, hard-bake at 150 ºC for 3 min, post hard-bake 

at 200 ºC for 3 min and a second post hard-bake at 250 ºC for 3 min. Last two treatments were 

applied to study the influence of high temperatures on the polymer. 

First, peaks related to cyclopentanone molecular bonds, e.g. C=O molecular bond at 1729 cm
-1

, 

completely disappear from the spectra. It suggests the completely removal of the solvent content 

in the resist after soft-bake process. Peaks related to epoxy rings, located at 915 cm
-1

, also 

diminish their absorbance after the crosslinking of the polymer, where the opening of the epoxy 

rings happens. The reduction of this peak absorption is a good indicator of the polymerization 

process of SU-8, as suggested by different authors (Gunde et al. 2009, Keller et al. 2008). 

Finally, it is possible to see the complete degradation of the material, with the hard-bake at 150 

ºC, by the breaking of the benzene groups (peaks around 1500 cm
-1

). At this temperature, 

material offered a slightly brownish colour, and for 250 ºC the material became completely 

black. This fact in combination with the FTIR spectra, suggests that the resist was completely 

degraded, so it is recommended not to use temperature higher than 150 ºC for process 

fabrication. 
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Figure 61. MIR spectra for a 13 µm film of SU-8 on Si for different thermal treatments and UV exposure. 

Last analysis performed was the study of the cyclopentanone and epoxy absorption peaks in 

time, just after the spin-coating process. Some authors propose that solvent content on 

photoresist plays and important role on lithography process (Keller et al. 2008, Anhoj et al. 

2006). In the case of SU-8, it is suggested that presence of solvent in the resist allow a higher 

mobility of Lewis acid in the polymeric matrix, before and during the crosslinking process. This 

high mobility provokes a high degree of crosslinkage but worsen the resolution. Keller et al. 

studied the effect of partially removal of solvent by RT evaporation for 30 min on resolution 

(Keller et al. 2008). Absorption peaks were monitored in this work using that time, making one 

measurement per minute. As solvent evaporates the thickness of the resist changes, also 

absorption peaks change due to the reduction of the optical path. Therefore, results were 

normalized to the peak of 2966 cm
-1

, which is corresponding to the stretching vibration peak of 

–CH2, which is not influenced for this process, as reported by (Rath et al. 2004). 
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Figure 62. Evolution of the 1729 cm-1 peak, that it is involved in the evaporation of solvent during the time at room 

temperature. 

Results from these studies are shown in Figure 62 and Figure 63. First results correspond to the 

temporal evolution of peaks between 1900 and 1650 cm
-1

, related to cyclopentanone groups. It 

can be seen a clear exponential decay of the 1729 cm
-1

 peak. A more detailed view of the 1729 

cm
-1

 peak evolution over time and thermal treatments can be seen in Figure 63.A. Time needed 

from the end of the spin-coating to the first measurement on FTIR was around 2 min, so it was 

needed the extrapolation of the fitting data to estimate the 100 % at time zero. This 

approximation shows that solvent content decreases up to 40 % in 30 min, remaining almost 

constant. Without applying a soft-bake process, sample was exposed and then post-baked to 

polymerize the resist. After the post-bake process there still remain ~ 20 % of solvent, which is 

reduced totally after hard-bake process at 100 ºC. This situation differs from the experiment 

carried out with soft-bake, which showed a complete removal of the solvent content after this 

step. It suggests that some solvent was enclosed inside the polymer matrix during the 

crosslinking. Presence of solvent in the crosslinked polymer may modify optical (refractive 

index changes) and mechanical properties (frail structures), so it is recommended to remove 

completely solvent content after post-bake process. 

Moreover, dynamic study of the epoxy ring absorption peak (915 cm
-1

) reveals no variation of 

epoxy groups, so no crosslinking was initiated for this short period of time. After post-bake, it 

was observed a fully polymerization that presents no change after the hard-bake step. This fully 

polymerization was not observed in Figure 61, where some remaining epoxy rings were not 

opened. These results confirmed the theory proposed by (Keller et al. 2008), demonstrating that 

a solvent concentration remaining in the resist improves the crosslinkage efficiency. However, 

Keller performed some experiments to show that patterns fabricated in this way lack of 
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resolution. As one of the objectives in this work is produce high resolution structures, soft-bake 

will be always performed (if possible) to remove or minimize the solvent content in the resist. 

 

Figure 63. (a) Detail of the temporal evolution of the 1729 cm-1(solvent related) peak at RT. It was fitted to an 

exponential decay curve and normalizing with the fitting. It is shown the behaviour of the peak for the diverse 

thermal treatments. (b) Detail of the temporal evolution of the 915 cm-1 peak, corresponding to the epoxy groups. 

 

4.1.2. Laser technology 

This section is devoted to the experiments and results obtained using laser technology for 

microfabrication of the optical biosensors proposed in this work. Though there are many 

techniques useful to produce such structures, only the available at the moment were used, using 

both laser ablation and lithography processes. Therefore, it was employed projection 

lithography, direct writing lithography, contact lithography and laser interference lithography. 

Also, mask fabrication was performed by laser ablation on polymers and metals. 

Work was mainly carried out using the microfabrication facilities at Centro Láser UPM.  

Fabrication techniques performed were: projection lithography, direct writing lithography, 

contact lithography and mask manufacturing. It was used a workstation dedicated to laser 

micromachining ML100 from Optec, which can be seen in Figure 64. This workstation contains 

two UV lasers in the ns pulse regime: a DPSS laser and an excimer laser. Properties of each of 

them are summarized in Table 3. The workstation has a Through The Lens (TTL) system of 

vision which guarantees a good focus into the sample. Lens focus has a low NA of 0.1 with a 

depth of focus (DOF) around 250 µm, showing a 10X demagnification of the projected image. 

This setup provides a spot in the focus ~ 20 µm which is, indeed, the major challenge to 

produce micro and submicro-structures using this setup. Both lasers work with UV (355 nm) 

and DUV (248 nm) with assure a good absorption for a wide variety of materials. Finally, the 

workstation is completed by a 5 high-resolution axis, with a resolution per axis ~ 1 µm, giving 

the possibility to control the position of the sample during the processing. 
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Laser media  Excimer KrF DPSS 3ω, Nd:YVO4 

Wavelength 248 nm 355 nm 

Pulse duration 3 – 7 ns < 12 ns @ 50 kHz  

Beam Rectangular  TEM00 

Shape mode Top hat 3.5 x 6 mm  M
2
< 1.3 (Gaussian)  

Frequency 0 – 300 Hz  15 – 300 kHz  

Average power 0.3 – 5 W (@ 300 Hz)  5 W (@ 50 kHz)  

Table 3. Technical properties of lasers used in ML100 at Centro Láser UPM. 

 

Figure 64. Workstation ML-100 from Optec containing two lasers: an excimer laser KrF at 248 nm, and a DPSS 

laser at 355 nm. 

Setup used for laser interference lithography technique was completely different and will be 

presented later in this chapter. Laser used for this experiments is a Nd:YAG pumped by lamps 

model Quanta Pro 290, in which is possible to select four different wavelengths by adding a 

non-linear crystal at the exist of the beam. Main characteristics of the laser are resumed in Table 

4. Experiments related with this technique were performed at Fraunhofer Institut für Werkstoff 

und Strahltechnik (IWS) in Dresden, Germany. 
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Laser media  Nd:YAG 

Wavelength  266, 355, 533 and 1064nm  

Pulse duration  3-4, 2-3, 1-2 and 8-12 ns  

Frequency  10 Hz  

Energy/pulse  200, 550, 1000 and 2000 mJ  

Table 4. Technical properties of laser used for interference lithography at Fraunhofer IWS. 

 

4.1.2.1. Projection lithography 

Two main points must be defined in this section: mask fabrication and projection lithography 

study. DPSS laser at 355 nm was used to micromachining the photomask by laser cutting on a 

polymer. Therefore, this mask was used to project a pattern into the photoresist using the 

excimer laser at 248 nm. 

Mask was fabricated by laser cutting of polyimide with a thickness of 50 µm (KaptonHN® from 

Goodfellow). This polymer offers interesting properties for a photomask due to their high 

mechanical strength, chemical inert and great absorption between 180 – 400 nm, with an 

absorption coefficient of α ~ 10
5
 cm

-1
 at 248 nm (Adhi et al. 2004), which is high enough to 

block radiation at this wavelength. Mask produced were metalized with a thin film AuPd by 

sputtering, in order to protect the polymer during the lithography process. 

Parametrization of laser ablation of polyimide was done, in order to select the best process 

recipe that assures a good quality and low time processing. Fabrication parameters were: energy 

density per pulse (1.3, 2 y 2.9 J/cm
2
) and number passes (1, 2 and 5), fixing repetition frequency 

at 15 kHz and cutting speed at 100 µm/s. For calculation of the energy density, it was assumed a 

spot size of 20 µm with uniform spatial energy density (Sanza et al. 2011b). It was defined the 

rear to front ratio to compare results. This parameter is the ratio between width of the line in the 

upper/front side of the polymer sheet and width of the bottom/rear side of the polymer, and give 

an idea about how perpendicular is the cut. Characterization of the dimension and appearance of 

the laser cuts were carried out by SEM and confocal microscopy. 
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Figure 65. (a) Rear-front ratio comparison for cutting speed 100 µm/s, 1-2 passes and energy density per pulse (1.3, 

2 y 2.9 J/cm2). (b) Rear-front ratio comparison for cutting speed 100 µm/s, energy density of 2 J/cm2 and different 

passes. Adapted from (Sanza et al. 2011b). 

Figure 65 shows the rear to front ratio variation as a function of the energy density, for 1 and 2 

passes. SEM and confocal images of the cuts are found in Figure 66. Rear-front ratio increased 

with the number of passes, which suggested an improvement in material removal efficiency due 

to a minor presence of material. Rear-front ratio was increased up to 0.6 for 2.9 J/cm
2
 and 2 

passes. Though increasing the number of passes, the perpendicular shape of the cut is improved, 

and also fabrication time rises. 

 

Figure 66. (a) SEM image and (b) profile of a micromachined groove in polyimide for cutting speed of 100 µm/s, one 

pass and energy density per pulse of 2 J/cm2. (c) SEM images of a photomask fabricated with a square array of 

10x10 holes of 100 µm diameter and (d) its transversal cut. (Sanza et al. 2011b). 

Finally, taken into account the quality of the micromachined structures and time processing, 

chosen parameters were: energy density per pulse 2 J/cm
2
, cutting speed 100 µm/s and one pass, 

obtaining a fast processing and a medium rear-front ratio ~ 0.48. It was fabricated a photomask, 
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using this parameters, consisting in a square array of 10 x 10 holes of 100 µm diameter and 

spaced 150 µm. This pattern must project onto the resist an image of circles of 10 µm diameter 

and spaced 15 µm. Figure 66.C-D illustrate images of the mask fabricated, showing a good 

perpendicular cutting in the transversal cut image. Optical images of the whole masks are shown 

in Figure 67, revealing a good homogeneity of the holes. 

 

Figure 67. Optical images which have been taken with a stereoscope microscope (from Olympus) of different masks. 

They were produced by laser cutting of polyimide 50 µm in thickness, with 355 nm DPSS laser. 

Projection lithography was carried out using laser excimer KrF at 248 nm for the exposure step. 

It was used the mask selector of the workstation to project the pattern of the developed 

photomask into the resist. It was analysed the geometry of the fabricated structures (disc or 

pillars) on SU-8, as a function of the exposure dose and post-bake temperature. Due to the high 

absorption of light in the resist at this wavelength, next characteristics are needed to polymerize 

the resist: low energy density, low temperatures and low thermal treatments time. SU-8 2000.5 

was spin-coated at 3000 RPM for 60 s on Si substrates of 10 x 10 mm, achieving resist 

thickness of 400 – 450 nm. Temperature of soft-bake step was 60 ºC for 60 s. Energy density 

range used was 0.55 – 11 mJ/cm
2
, using one pulse. It has been study the influence of two 

temperatures of post-bake, 60 and 70 ºC, for 10 s. No hard-bake was done to these structures. 

 

Figure 68. FWHM diameter of the microstructures obtained (Y axis measurements) (Sanza et al. 2011b). 
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It was measured the influence of the energy density and post-bake temperature on the diameter 

(FWHM) of the microstructures. It was measured 12 microstructures, distributed 

homogeneously in the cell. Results can be seen in Figure 68. Picture shows that energy densities 

above 6 mJ/cm
2
, diameter reached a plateau of ~ 10 µm, reaching the target value of the desired 

pattern in the mask. No differences exist for the different post-bake temperatures.  

 

Figure 69. (a) Height of the microstructures as a function of dose exposure for both post-bake temperatures 60 and 

70 ºC for 10 s. (b) Profile of the microstructures achieved by 8.3 mJ/cm2 and both post-bake. (c)SEM and (d) 

confocal microscope images of a square array of microstructures fabricated with 8.3 mJ/cm2. This structure was used 

as a biosensor later (Sanza et al. 2011b). 

Moreover, it was studied the influence of the energy density and post-bake temperature on 

height of microstructures (Figure 69.A). In this case, a linear behaviour of the height of 

microstructures for lower values of energy density was observed, until height reached the 

maximum height (limited by the resist thickness). Post-bake temperature of 70 ºC produced a 

quicker crosslinking of the polymer, which can be seen by the higher slope of the curve for this 

temperature. 

Figure 69.C-D show SEM and confocal images of a fabricated BICELL using an exposure dose 

of 8.3 mJ/cm
2
 and a post-bake of 70 ºC  for 10 s, achieving structures of ~ 10 µm in diameter 

and ~ 400 nm of height. Images show a lack of uniformity in the size of the cell, possibly due to 

a little misalignment of the beam and a not perfect top-hat intensity beam profile. Also, it was 

observed series of irregular patterns between microstructures, appearing more evidently for 
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higher exposure doses. This can be explained by diffraction caused by imperfections in the laser 

cutting process in the photomask. Finally, these process parameters were used to produce 

BICELLs for a proof of concept BSA/aBSA immunoassay (Sanza et al. 2011b). These results 

are shown later in section 5.2. 

 

Figure 70. Developed microstructures by projection lithography of a 10 x 10 holes mask using (a) one pulse and (b) 

four pulses spaced 7 µm between them. 

Finally, it was tried to produce more compact arrays of microstructures by multiple exposure 

projection lithography. In fact, knowing the behaviour of diameter and height as a function of 

exposure dose (Figure 68 and Figure 69), it is possible to reduce the exposure dose in order to 

reduce the structure diameter. Taken into account that projected microstructures were separated 

by 15 µm, it was feasible to make a more compact array by making 4 exposures of the same 

mask, but separated 7 µm between them. Figure 70.A shows a pattern by a single exposure at 

0.6 mJ/cm
2
 and post-bake of 60 ºC for 10 s, achieving a height of around 170 nm and an 

approximately diameter of 2.5 µm. Therefore, it was performed a four exposure by separating 

the pulses 7 µm, achieving the result shown in Figure 70.B. However, improving the 

compactness of the cell involves a lack of structures height, so optical response is highly 

degraded and BICELL produced is not suitable as optical biosensor. Also, the use of low 

exposure dose introduces the problem of low power stability of the laser, reducing the 

repeatability of these structures. 

 



Chapter 4 

- 96 - 

Comparing this process to conventional lithography exposure found in literature for SU-8 (del 

Campo, Greiner 2007), it was observed the lower energy density and post-bake parameters 

used. This can be explained due to the high absorption coefficient of SU-8 at 248 nm. In fact, a 

small energy density at 248 nm creates more crosslinking points in the polymer matrix that 

same energy density at 355 nm. However, this technique is not desirable for producing 

structures of high resolution and high aspect ratio, due to several factors: (1) absorption is 

higher on top of the structures rather than at the bottom, so no perpendicular patterns are 

produced, (2) small amounts of light produced by diffraction effects will have a huge influence 

in the lithography process, causing a lack of resolution, and (3) process times for post-baking 

are really short, so results will be difficult to be repeatable. Then, laser wavelength at 248 nm 

was abandoned for exposure SU-8. 

 

4.1.2.2. Direct writing lithography 

Second laser technique tested for producing periodic arrays of microstructures was direct 

writing lithography. It was used the DPSS UV laser emitting at 355 nm located in the same 

workstation ML-100 at Centro Láser UPM. This maskless technique consists to define a pattern 

in a photoresist using directly a laser beam focused on the resist, as mentioned before in section 

2.4.1.1.2. It is feasible to produce different kind of patterns by moving either the laser beam or 

the substrate. Resolution and quality of the produced patterns depends strongly on the optical 

setup, such as focus lens, energy spatial distribution of the beam and power stability, and also 

on process parameters like thermal processes, writing speed and resolution of the movement. 

First attempt was to fabricate arrays of micropillars by laser irradiation of individual points. It 

was not possible to exposure with a single pulse using this laser, but it was possible to expose 

with a burst of pulses at a fixed time. SEM and confocal images of some micropillar arrays 

produced in this way are shown in Figure 71. First observation on this experiment was the 

heterogeneity of the dimensions obtained. It was produced by the low power needed to expose 

the resist, in which laser works in an instability power regime. Moreover, it was not possible to 

assure the reproducibility in the number of pulses of each burst, due to the high frequency of 

work (15 kHz). Also, the writing time is directly influenced to the speed of the axis, so 

minimum writing speed will be achieved at the maximum speed of the motorized axis, 20 mm/s. 

On the other hand, higher the writing speed, higher the number of defects on the pattern due to 

errors of axis positioning. So, the speed movement in this case is limited to 250 µm/s, so the 

process time for create cells increase dramatically (few minutes per cell). Finally, optical lens 

used has a low NA, which leads to a spot in the micrometer range (~ 20 – 25 µm). 
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These results suggested that this technique, with the available equipment, is not suitable to 

produce the desired optical structures for biosensing. In order to produce high resolution 

structures of high aspect ratio, several improvements on the setup would have been made: (1) 

introducing a neutral filter to attenuate the power laser beam in order to work at a high power 

and then, in a more stable regime, (2) update the motorized axis to get higher resolution, 

repeatability and speed, and (3) change the focal lens to a higher NA, in order to achieve a 

smaller spot and then, a better resolution. Unfortunately, it was not possible to perform these 

updates in this work. 

 

Figure 71. SEM images of obtained micropillars by single exposure of UV laser, where influence of (a) exposure 

dose and (b) problems related to overexposure. (c) Topographical image obtained by confocal microscopy and (d) X 

axis profile, for an array of SU-8 micropillars 9 µm height, 15.4 µm diameter and 25 µm lattice parameter. 

Nevertheless, it was performed a study to know the feasibility to patterning lines on SU-8 by 

direct writing technique, showing better results than exposing pillars. Influence of the focus 

distance on the geometrical dimensions of the lines produced was studied, for two fixed diode 

currents, 42.5 and 45 % (attenuated 97 %), and fR = 15 and 75 kHz, respectively. Then, two 

mean powers were observed, ~ 0.03 and ~ 0.005 mW. Also, it was fixed the writing speed to 

250 µm/s and thermal processes: soft-bake at 60 ºC for 60 s, post-bake at 60 ºC for 60 s without 

a hard-bake. SU-8 was spin-coated on Si substrates with a thickness ~ 10 µm. Characterization 

of the lines produced was carried out by confocal microscopy. Figure 72 shows the results 

achieved in these experiments. It can be seen in Figure 72.A line evolution for 0.03 mW and 15 

kHz, showing an increase of the width line as the focal distance augments, achieving the lowest 

width ~ 22.9 µm and height ~ 9.4 µm, at -50 µm of the focal point. 
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Figure 72. Profiles and topographical images obtained by confocal microscopy of direct writing SU-8 lines. It was 

used 250 µm/s writing speed for different focus distances. 

However, this behaviour is completely different for the case of 0.005 mW at 75 kHz, as can be 

seen in Figure 72.B, where width diminished as the focal distance increased. These results 

suggested that the area of the Gaussian beam that is greater than the exposure dose limit is really 

localized in the centre of the beam. Therefore, only this area will be crosslinked, reducing the 

width to 12 µm in the case of -50 µm of defocusing, which is half the value for the previous 

power used. 

 

Figure 73. Optical and confocal images for a simple microfluidic device developed with this technique, using SU-8 of 

15 µm in thickness. 
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Last parameters (0.005 mW, fR = 75 kHz and -50 µm defocusing) were employed to fabricate 

several examples of microfluidic devices as a proof of concept. Those examples are shown in 

Figure 73 and Figure 74. In order to make water flow through channels by capillary force, SU-8 

thickness was increased above 40 µm. Good quality devices was achieved using this technique, 

producing high aspect ratio structures with spacing around 35 – 40 µm. So, it was demonstrated 

the capability of fabricate such devices using the equipment available at Centro Láser UPM. 

 

Figure 74. (a) SEM image of a microfluidic structure based on a central circular repository and four microchannels 

connected to it. Spacing of the walls is 40, 60, 80 and 100 µm, respectively. (b) SEM image of the detail in 

perspective of the entrance of the 40 µm channel. (c) Topographical images taken from an interferometric 

microscope of the 40 µm channel empty and (d) filled with water from the central repository. 

 

4.1.2.3. Contact lithography 

Both previous fabrication techniques, projection lithography and direct writing, were proved as 

not suitable to produce the micro- and submicrostructures needed to develop the proposed 

optical biosensors. Main problems were related to a lack of resolution, quality of produced 

patterns and high times of processing. Therefore, it was tested other well-known technique in 

microelectronics, called contact lithography, explained in section 2.4.1.1.1. Normally, this 

technique is performed using mask aligner equipment, working at wafer level. However, at the 

moment the work was done, no equipment was available at the Centro Láser UPM, so it was 

developed this technique using the existing laser equipment. Though sample mask sizes were ~ 

10 x 10 mm, it is possible to manufacture hundreds of cells for optical biosensing using one 

reusable mask, improving the fabrication throughput over other fabrication techniques. 
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Figure 75. Schematic process of contact lithography using mask produced by: (a) laser cutting on a polyimide sheet, 

(b) laser ablation of a thin film metal on a glass substrate. 

Two types of masks were developed by using laser technology for contact lithography, as 

summarized in Figure 75: patterns defined by laser cutting on a polyimide sheet and mask made 

of a glass substrate with a metallization layer, so patterns were written by laser ablation of the 

metal film. Mask fabrication and exposure were performed using the workstation ML100 at 

Centro Láser UPM, using both excimer (mask fabrication) and DPSS lasers (mask fabrication 

and exposure). Photomask fabrication and lithography results using both mask type were 

discussed in this section. 

 

4.1.2.3.1. Polyimide masks 

As demonstrated before in section 4.1.2.1, micromachined thin sheets of polyimide are suitable 

as photomask, showing next interesting characteristics: easy to mechanize with UV ns lasers, 

high absorption at DUV and UV wavelengths and easy to handle. Then, results from that section 

are taken as first point to develop these masks. 

Sheets of 50 µm thickness polyimide were used as base material for the mask. DPSS laser at 

355 nm was employed for cutting the polymer. Due to the need to reduce the process time and 
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the reduction of pattern dimensions, cutting parameters were slightly changed, choosing next 

ones: mean power 7.2 mW (50 % current diode, 80 % attenuation, energy density per pulse ~ 

5.8 J/cm
2
), fR = 15 kHz and cutting speed 250 µm/s. Cutting speed is limited again for the 

quality of patterned structures, which main problem is related to errors produced by motorized 

axis. However, process time were improved 2.5 times respect to the former section. Considering 

the achieved dimensions, the rear/front ratio achieved using this parameter is 0.48, similar to the 

value achieved in the former section, but at a higher speed. Width of the line on the front side of 

the mask was ~ 18.6 µm, and on the rear side this value is ~ 9.1 µm. This suggests the 

possibility to fulfil a similar resolution compared with results from projection lithography. 

Moreover, exposition step was performed using the same UV laser. As said in section 4.1.2.2, 

the use of this wavelength improves the quality of the structures due to the low absorption of the 

light at 355 nm in the SU-8 photoresist. This implies the improvement of resolution and aspect 

ratio of developed structures. In order to expose an area of several mm
2
, mask was scanned with 

a defocused laser beam, by writing vertical and horizontal passes separated 0.5 mm. Defocused 

spot laser had a diameter of 1 mm, achieving an overlapping of 50 % between lines. This 

strategy is shown in Figure 76. In order to reduce the exposure time to a few minutes, writing 

speed had to be increased. Therefore, exposure parameters finally chosen were: 46 mW mean 

power (50 % current diode, 50 % attenuation), fR = 15 kHz, writing speed 10 mm/s and 

defocusing 5 mm. 

 

Figure 76. Expose strategy used in this work. UV laser highly defocused illuminates a large area by writing 

overlapped lines. Light passing through the patterns contained on the mask, initiates the crosslinking process in the 

resist. 
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Maximum resolution is achieve when the mask is in full contact to the resist, as is shown in the 

section 2.4.1.1.1. One challenge using polyimide mask is to assure a good contact to the resist. 

To achieve that, several procedures were tried: put some weight on top of the mask or stick it 

with a piece of tape. However, those methods were not capable to make a homogeneous contact 

over the whole mask, so they were discarded. Nevertheless, it was observed that the surface of a 

non-soft-baked resist is sticky, providing a good contact when the mask is placed on top of it. 

Though results from the section 4.1.1.2 suggests the advantages using a soft-bake (improving 

resolution and repeatability of the process), it has been chosen to perform a soft-bake at RT for 

~ 15 min (time needed to prepare the mask and the optomechanical setup). Finally, post-bake 

applied was 60 ºC for 60 s, followed by a development bath for 5 min. After that, mask was 

removed and sample was developed for 2 min more. 

First proof of concept was carried out using a mask 9 x 9 mm with a series of mechanized 

squares of 300 x 300 µm separated by 500 µm. Mask results are shown in Figure 77.A-C, 

illustrating a good homogeneity of the dimension structures. Patterned chips are shown in 

Figure 77.D-E for Si and Figure 77.F for SiO2 substrates. SU-8 patterns developed are ~ 10 µm 

height, ~ 300 x 300 µm in size. SiO2 substrate presented poor adhesion to SU-8, as reflects the 

fact that several squares were moved, presumably during the development step. It is thought that 

a better substrate cleaning, optimization of the process parameters or using a surface promoter 

could improve SU-8 adherence to glass substrate. However, this optimization study for SiO2 

substrates was not done in this work. 

 

Figure 77. (a) Optical image of a polyimide mask 9 x 9 mm with square patterns of 300 x 300 µm. (b-c) details of the 

cut squares.(d - e) Structures ~ 10 µm height reproduced on Si and (f) on SiO2. Last image shows several adhesion 

problems of the resist to the substrates. 

It was defined a new mask 9 x 9 mm, to study the quality and limits of the microstructures 

produced. It contained different types of geometries organized in 144 cells of 300 x 300 µm in 



Fabrication of BICELLs and packaging for PoC devices 

- 103 - 

size, separated 500 µm each other. Geometries used were: squares, lines, crosses, stars, circles 

and each pattern is repeated six times. Using the laser cutting parameters exposed previously, it 

took about 2 hours to manufacture the mask. An overall image of the mask and the different 

geometries fabricated is shown in Figure 78. 

 

Figure 78. (a) Optical image of a polyimide mask 9 x 9 mm showing several kinds of patterns contained in cells ~ 300 

x 300 µm with a total number of 144 cells. 

Lithography proofs were performed using four different SU-8 thicknesses, 0.5, 1.1, 1.8 and 3.8 

µm. SU-8 was spin-coated on Si substrates 10 x 10 mm. Fabrication process was not changed. 

All structures contained in the mask were patterned on the chips, showing a good correlation 

between dimensions of the rear mask and polymer motifs. Figure 79 shows general optical and 

SEM images of a chip produced with patterns of ~ 3.8 µm in height. 

 

Figure 79. (a) Optical image of patterned SU-8 structures ~3.8 µm height on a Si substrate. (b) SEM image showing 

a general view of these structures. 

A general overview of the produced structures indicates a good reproduction of the defects 

contained in the mask to the polymer structures. Those defects are related to vibration generated 

by errors in the movement of the axis during laser ablation, as abovementioned. They were of 

special significance for the lowest feature sizes, as can be seen in Figure 80.A-C, in which an 

array of crosses is presented. Imperfections in the arms of the crosses lead highly non 

homogeneous motifs in the same cell and between them. Therefore, it was not possible to 
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guarantee the homogeneous photonic structures needed to perform the desired bioassays using 

this system. Also, other defect linked to large pattern structures, like the 300 x 300 µm squares, 

is that their height profiles are not completely flat. It has been observed that height in the inner 

of the pattern is higher than in their edge, as shown in Figure 80.D for a triangular pattern 

developed. It can be explained by some infiltration of the resist inside the gap of the mask 

pattern. The phenomenon is more evident as the thickness of the resist increases. 

 

Figure 80. Optical images taken with a confocal microscope, where it is shown (a) the front side of a polyimide mask, 

where laser is focused, and (b) the rear side of the mask. (c) SEM images of structures of 3.8 µm in height, fabricated 

using this mask. (d) Profile of a SU-8 triangle obtained using this lithography technique, 8.5 µm in height. 

Finally, the effect of the thickness of the resist on the developed structures is briefly discussed. 

It is possible to consider micropillar arrays with diameter ~ 12 – 15 µm and spacing of 30 µm as 

control structure (Figure 81). Then, it was observed some overexposure in the pillars with 

height between 0.5 and 1.8 µm. This overexposure can be noticed by the presence of a thin layer 

of polymer around the pillars. Then, it could be necessary to reduce the exposure for this 

thickness in order to remove this undesired effect. This demonstrates the need to optimize the 

fabrication parameters, particularly those related to the pattern resolution as the exposure dose 

and post-bake, to achieve the better resolution results. Pillars fabricated using this technique 

lack of perpendicularity, which could be linked to the soft-bake process. In this way, the use of 

a soft-bake at RT for a fixed time lead to loss on resolution and smoothed patterns as found in 

literature (Keller et al. 2008). However, a high temperature post-bake could have improved the 
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quality of the pillars, so it is not possible to determine exactly the cause this loss on structure 

definition and quality. 

 

Figure 81. SEM images of the details of some micropillars arrays fabricated using polyimide masks. Pillars have a 

diameter ~ 12 – 15 µm and a height of 0.5, 1.1, 1.8 and 3.8 µm. 

Concluding, despite the defects found with this technique, it was demonstrated the capability to 

reproduce hundreds of cells using contact lithography at sample scale. However, the quality 

achieved by using photomasks based on laser cutting of a polyimide sheet was not enough for 

optical biosensing experiments, where it is strongly needed several aspects: (1) homogeneous 

structures over the cell, (2) homogeneous cells over the chip, and (3) resolution in the order of 1 

µm or less. Laser cutting of patterns showing 1 µm or less of spot size at the rear side of the 

mask in a 50 µm thickness sheet of polyimide were not achieved in this work, due to the 

difficulty to optimize the laser cutting process. In this way, patterns achieved with dimensions 

of 10 – 15 µm do not show a good resolution due to problems with vibrations of the motorized 

axis. 

Also, it is necessary to improve the lithography process by introducing a higher temperature in 

the soft-bake, which leads to a better repeatability and resolution. In addition, a better way to 

put in contact the mask with the resist is needed, in order to guarantee the maximum resolution 

over the chip. Some of these challenges were improved using a metal-on-glass mask. 
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4.1.2.3.2. Metal-on-glass masks 

Industrial contact lithography uses normally metal-on-glass photomasks. These photomasks 

show several advantages: mechanical stability, precision of the writing patterns and technology 

available at wafer level. Glass substrate materials normally used are soda-lime or quartz. The 

first option is normally cheaper, but offer high absorption at 248 nm and also a high thermal 

expansion coefficient, so it is not used for high resolution lithography. In contrast, quartz 

substrates show high transparency at 248 nm and low thermal expansion coefficient 

(Compugraphics 2015). Regarding the metallization, metal film deposited on the substrate is 

commonly a thin layer of chrome (Cr) with a thickness in the order of tenths of nanometres. 

Then, light is completely reflected by this metal layer but can pass through the patterns written 

in the metal film by laser or e-beam lithography. 

As polyimide masks were not suitable to produce the photonic structures proposed in this work, 

it was decided to produce a mask similar to the industrial ones, with the equipment available at 

Centro Láser UPM. It was expected that the improvement on mechanical stability and the 

availability to produce smaller patterns by laser ablation of a thin metal layer, could be the key 

to produce the arrays of periodic structures proposed in this work. 

Mask developed consist of a laser cleaved glass slide as a substrate and a thin film of sputtered 

gold-palladium (AuPd) as metal layer. Microscope slide glasses used are made of microcrown 

soda-lime, showing a high transmission down to 300 nm (Schott 2015, Miller et al. 2009). 

Transmission spectra of a glass slide used is shown in Figure 82. Therefore, little absorption is 

expected using the DPSS laser emitting at 355 nm, so same exposure strategy as with the 

polyimide mask was used. 

 

Figure 82. Transmission spectra of the microscope slide Microcrown soda-lime glass of Schott. It was used as a 

substrate for a metal-on-glass photomask (Schott 2015). 
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Mask dimension is influenced by the sputter chamber area in which the deposited thickness can 

be considered homogeneous is less than 25 x 25 mm. Finally, it was implemented mask and 

chip sizes of 10 x 10 mm as a standard dimension, in order to guarantee good thickness 

homogeneity. 

It was considered to dice chips by laser cutting, although the process time using the available 

system would be unacceptable. So, a more clever technique was implemented. By engraving the 

surface of the substrate with a UV laser, it is possible to produce a deep groove inside the 

material. Applying manually force to one extreme of the slide and fixing the other, the 

mechanical stress in the groove increases, provoking the fracture of the material at this line. It 

was called by the group ―laser assisted cleavage‖, and will be further explained for Si substrates 

in chapter 4.2.1. Laser engraving of glass substrates was performed using the laser workstation 

ML100 at Centro Láser UPM. It was compared laser marking processing using both 248 nm 

excimer and 355 nm DPSS laser. Better results concerning to time writing, quality and depth of 

the generated groove, were achieved using DPSS laser at 355 nm using 2 W mean power, fR = 

50 kHz and speed processing 1 mm/s. An example of cleaved 12 x 12 mm glass substrates is 

shown in Figure 83. 

 

Figure 83. Optical images from UV laser marking of a glass slide. If the grooves are deep enough, then the glass 

slide can be broken into chips by applying a manual force. A thin metal film of AuPd will be deposited on top of the 

glass chips to manufacture a photomask. 

Once obtained the glass substrates, they were properly cleaned by piranha etching and a thin 

film of AuPd was deposited by sputtering. It is really important to remove any humidity on the 

surface prior the sputtering, in order to enhance the metal adhesion to the surface. This was 

achieved by heating the glass substrate for 1 hour at 100 – 120 ºC. Some experiments were 

carried out to determine the minimum thickness needed to block UV light. It was found that 

metal thickness higher than 100 nm reflects efficiently light at 355 nm, so it was used metal 

thickness between 100 – 125 nm to produce the masks. 

Patterning of metal film was performed by laser ablation. It was studied laser ablation of AuPd 

using both excimer and DPSS lasers. The objective was to find the better laser source which 
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produces the lowest motif resolution without machining glass substrate. Also, quality of the 

metal laser ablation and time processing were taken into account. Comparison between mask 

fabrication and lithography results are discussed here. 

First experiment for patterning the mask was performed using the DPSS laser at 355 nm. An 

array of holes ~ 15 µm diameter in the X axis and a separation between them of 25 µm was 

machined using ~ 125 nm thickness metal layer using 10 mW mean power (50% current diodes, 

attenuation 90%), fR = 15 kHz and 500 ms of exposition per point. Results are shown in Figure 

84, where the optical image illustrates the presence of some thermal damage to the glass 

surface, seen by dark areas inside the ablated holes. Also, it can be seen an oval shape of the 

ablated hole, presenting ~ 17 µm size at the longest side and ~ 12 µm at the shortest one. 

However, full removal of the metal layer is observed as shown in the profile obtained (Figure 

84.C). 

 

Figure 84. (a) Optical and (b) topographical images from a confocal microscope of a metal on glass mask. It was 

fabricated by laser ablation at 355 nm. AuPd thickness deposited is ~ 125 nm. (c) Ablation profile of the holes in the 

metal, where can be seen the thermal damage on the substrate. 

Samples used to make the proof of concept consisted on 1.8 µm thickness SU-8 spin-coated on 

Si substrates 10 x 10 mm. Resist was soft-baked at 60 ºC for 60 s, and exposure dose parameters 

were 3.3 mW mean power (50 % current diode, 95 % attenuation), fR = 15 kHz, 5 mm 

defocusing and 10 mm/s writing speed, by means of the same exposure strategy as polyimide 

mask used. Exposure dose was reduced in order to not produce overexposure using this resist 
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thickness. In order to improve the contact between mask and resist, pressure applied by a couple 

of tweezers and two slides between the mask and the substrate was applied. This setup, shown 

in Figure 85, was used in further experiments using metal-on-glass mask developed in this 

work. Subsequent post-bake was at 60 ºC for 60 s, followed by development of 2 min. No hard-

bake step was applied in this experiment. As can be seen in Figure 86, good pattern 

reproduction was achieved. Topographical images suggest that the solvent removal after soft-

bake improved the edge perpendicularly of the patterns, obtaining a sharp motif definition. 

 

Figure 85. Setup used to guarantee a good contact between the mask and the resist. 

 

 

Figure 86. (a) Topographical image taken by a confocal microscope where it is shown an array of micropillars. It 

was fabricated using the previous metal-on-glass mask. (b) Profile of the developed micropillars on SU-8. 

By means of this kind of mask was feasible to pattern closed geometries that were not possible 

to produce using polyimide masks, e.g. microfluidics channels or Fresnel lenses. One example 

is shown in Figure 87, where one metal-on-glass mask was micromachined using the previous 
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setup, in order to write a concentric cylinder on SU-8. Though the quality of the mask could be 

improved, it is a proof of concept about the capability to perform this structures and geometries 

with the available setup. 

 

Figure 87. Optical image of a metal-on-glass mask (left) and pattern developed on SU-8 (right). Scale bar represents 

10 µm. 

After that, laser ablation of AuPd layer using KrF excimer laser was studied. Due to the mask 

projection capability in this system, it is possible to reduce the projected beam spot by making 

smaller the mask dimensions. Lowest dimension of the available masks at the workstation is 

250 µm, projecting a laser beam of 25 µm in diameter at focus plane, so a new mask was 

needed. Due to material availability and previous experiences, it has been chosen a 50 µm 

thickness polyimide sheet as mask material. This mask was machined by excimer KrF laser 

drilling using the default steel mask provided in the system. 

Preliminary test was carried out to optimize the size of the polyimide mask. It has been drilled 

holes with three different diameters: 50, 75 and 100 µm (laser beams at focal plane expected 

being 5, 7.5 and 10 µm, respectively); this was achieved by projecting steel mask with 

machined 500, 750 and 1000 µm, respectively. Then, several preliminary ablation tests were 

performed on the same metal-on-glass mask, using ~ 100 – 150 nm AuPd thickness. From that 

experiment, it was observed a relation between energy density and ablated width of the metal 

film as a result of working near the ablation threshold of AuPd. Therefore, it is possible to 

obtain a lower ablated dimension than the expected laser beam projection by reducing the 

energy and selecting properly the mask size. In this way, best result was obtained using the 

mask’s diameter of 75 µm: for 50 µm mask, energy density at focal plane was too low to 

produce ablation without increasing the energy density of the laser beam, which produces a 

larger ablation width in comparison with the other masks and increased the degradation of the 

polymer mask. This effect can be explained as loses due to diffraction effects and imperfections 

on the mask. As mask of 100 µm produces higher ablated width, finally it was chosen the mask 

of 75 µm to explore this technique. 
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Figure 88. (a) Mean diameter (10 holes measured) and standard deviation as a function of energy density per pulse 

for holes machined with excimer laser at 248 nm on 133.47 ± 5.4 nm AuPd in thickness on glass substrate. 

Energy/pulse = 6.5 mJ, fR = 200 Hz and 100 pulses were irradiated per hole. Polyimide mask consisted of a hole of 

75 µm in diameter. Confocal images for 10 x 10 holes array used in this study, for energy density (b) 24.76 mJ/cm2, 

(c) 30.95 mJ/cm2 and (d) 77.38 mJ/cm2. 

Influence of energy density on ablated width was studied. This study was performed by 

machining a matrix of 10 x 10 holes using the selected mask per fabrication parameter. Energy 

per pulse was adjusted to 6.5 mJ, fR to 200 Hz and 100 pulses were given to each point, to 

guarantee a better energy stability between points. Attenuation was varied from 92 to 75 % and 

considering losses around 90 %, energy density at the focal plane varied from 24.76  to 77.38 

mJ/cm
2
 per pulse. Laser ablation process was performed without assist gas, so a post clean step 

by ultrasonication in a bath of acetone for 10 seconds was applied, in order to remove particles. 

Confocal microscopy was used to characterize the produced masks. Particularly, it was 

measured the width (defined as the full width at half maximum, FWHM) of the machined holes 

as a function of the energy density. As holes fabricated were not completely circular but 

elliptical, a statistical study was performed. It was based on the calculated width mean of 10 

holes per matrix (selecting the 5
th
 row from bottom). Dimensions per hole were taken by mean 

of four measurements: x and y axis widths, and the largest and smallest axis widths. Standard 

deviations were also calculated. 
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Results from this study are shown in Figure 88.A. Minimum width achieved was 2.21 ± 0.33 

µm for an AuPd thin-film thickness of 133 ± 5.4 nm. Width results were fitted to a sigmoid 

curve showing a saturation value of around 5.8 µm for the highest energy density. These results 

pointed to that smaller dimension were achieved than the expected ones. However, stability of 

the laser energy is crucial as smaller dimensions are reached, as can be seen in the obtained 

curve, where a small change in energy density produces a higher increase in width. From a 

viewpoint of morphological analysis, it was observed a relatively low homogeneity of the 

ablated holes, as some present problems related to motorized axes stability (stitching effect), as 

can be seen in Figure 88.B-C. However, no studied parameter presents ablation on the glass 

surface but a little thermal damage expressed by a small surface browning of the glass and a 

complete removal of AuPd. Surface was almost completely free of particles after ultrasonic 

cleaning.  

 

Figure 89. (a) Patterns machined by excimer laser ablation on a metal layer of thickness ~ 140 nm. From left to 

right, a show of the different geometries written: square 300 x 300 µm; vertical lines 300 µm length, 9.163 ± 0.703 

µm width and spaced 30 µm (horizontal lines are present also in the mask, with the same parameters); array of holes 

of diameter 11.95 ± 1.326 µm and lattice parameter 30 µm; and finally an array of holes of diameter 3.223 ± 0.673 

µm and lattice parameter 10 µm. (b) Profile of a hole of ~ 12 µm width from the third mask geometry, obtained by 

confocal microscopy. 

Once completed this characterization study, it was fabricated a test mask containing four 

repeated series of patterns of 300 x 300 µm: a square, horizontal and vertical lines (width of 10 

µm and separation of 30 µm) and holes’ arrays (first one, width of 10 µm and separation of 30 

µm; last one, minimum width possible and separation of 10 µm). Fabrication of several patterns 

to the holes’ arrays was carried out using larger masks to project 10 and 50 µm circles and 

squares, respectively. Confocal images of the complete mask patterns are shown in Figure 89. 

Dimension of the patterns were slightly different, especially for the smallest structures where it 
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was ablated holes of 3.22 ± 0.67 µm. These differences can be explained as small energy 

density instabilities, which provoked a sudden change on the ablated hole as it was mentioned. 

Lines presented a high roughness at the edges, so it was expected that it will be transferred to 

the photoresist. This roughness can be explained by the explosive ablation process, 

characteristic of the ns pulse laser interaction with the matter, and a later fracture of the 

surrounding metal film. However, an optimization of the laser ablation parameters could 

increase the edge line quality. 

 

Figure 90. SEM images from a SU-8 micropillar array of lattice parameter ~ 10 µm, height 5.27 ± 0.04 µm and 

diameter 4.67 ± 0.63 µm, showing (a) a general view, (b) one single micropillar, in which can be seen the loss of 

material at the bottom and (c) one of the smaller pillar achieved, 2.73 µm width at the top of the pattern. (d) 

Confocal image of the array, used to measure the diameter and height of the structures. (PCAT35). 

Though these were not the smallest structures achievable, it was performed several lithography 

experiments using this mask. This decision was made because of the longer fabrication time 

which was around 3 – 4 hours to produce a low-density defect mask. Lithography tests were 

performed using the contact setup presented previously in Figure 85 and initiating the 

crosslinking through the laser exposure technique commented at the beginning of this section. 
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Figure 91. SEM images from a SU-8 line array of lattice parameter ~ 30 µm, height 5.27 ± 0.04 µm and width ~ 11.6 

µm, showing (a) a general view, (b) a tilted view of several lines and (c) detail of the lines, in which can be seen the 

defects of the mask transferred to the polymer. These defects are in the order of 1-1.5 µm, as shown in (d). An 

optimization of the laser ablation parameters could improve the quality of the patterns produced. 

After some work done to find some proper lithography parameters (both thermal and exposure 

ones), it was developed several chips using following parameters: (a) soft-bake 90 ºC for 120 s; 

(b) exposure using a grid of vertical and horizontal lines separated 50 µm, defocusing the laser 

beam to 6 mm, and using a fR = 15 kHz, exposure speed of 20 mm/s, output power of 0.98 mW 

(45 % diode current, 95 % attenuation); (c) post-bake at 90 ºC for 30 s; (d) development time of 

5 min and (e) hard-bake at 140 ºC for 5 min. Though several thicknesses and substrate materials 

were tried (Si, glass), results shown correspond to a chip height of ~ 5.3 µm. Several SEM and 

confocal images were taken of an array of micropillars (Figure 90) and from a periodic line 

array (Figure 91). These images show a good pattern transfer from the metal-on-glass mask to 

the developed SU-8 resist. This effect can be seen by the mask’s defects transference to the 

resist, in the particular case of the lines’ array, where the roughness in the edges produced by 

the laser ablation was in the order of 1 – 1.5 µm, and they were almost perfectly reproduced. On 

the other hand, resolution achieved is strongly influenced by the mask fabrication and both 

exposure and thermal conditions. As mask fabrication was produced a holes’ array highly 

heterogeneous, it can be found several small motifs. Then, it was observed a pillar of top 

diameter ~ 2.73 µm and bottom diameter of 1.65 µm, showing an aspect ratio ~ 1.9 (Figure 

90.C), being a promising resolution for this technique. This difference on the diameter from top 

to bottom structures was observed in detail for one pillar in Figure 90.B. 
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However, poor homogeneity of the produced pillars and the high obtained dimensions of the 

pillars make this technique (based on the available equipment) not suitable for BICELLs based 

on structures production. 

 

Figure 92. Application to microfluidics: mask development to produce (a-b) a master of SU-8 on Si (optical and 

confocal images). (c-d) PDMS mold of the inverse SU-8 pattern. Channels produced had 200 µm width and 60 µm 

depth. 

Though this technique is not well suited to mass production of high quality and submicro-

patterns, it can be used for others purposes related also with biosensing technology. This 

developed technique can be useful for the fabrication at laboratory scale of 

polydimethylsiloxane (PDMS) based microfluidic devices. As dimensions for these devices are 

commonly in the range of tenths to hundreds micrometres, laser workstation used in this study 

is well suited to this work. It was produced a simple microfluidic device by imprint lithography 

in order to demonstrate its feasibility. First, a mask containing the microfluidics channels was 

machined on the metal film. After that, pattern was transferred to a SU-8 based master by 

contact lithography. Master defines both the thickness and width of the channels, in this case 

thickness 60 µm (using SU-8 2100) and width of 200 µm (Figure 92.A-B). Once developed the 

master, it was prepared the PDMS polymer Sylgard 184 (Dow Corning 2015) by mixing the 

monomer and the crosslinker reagent (10:1), and degasified by vacuum extraction in order to 

remove any air content inside the mix. After that, polymer is poured into a mould containing the 

SU-8 master structure. Then, polymerization is achieved by heating the resist to 80 ºC for 20 

min. After cooling the polymer and unmoulding, a PDMS replica of the microfluidic channels 
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was obtained, as it is shown in Figure 92.C-D. So, it has been demonstrated the feasibility of 

this workstation to produce this kind of devices using a well-known and used fabrication 

technique. 

 

Concluding, contact lithography is one of the most promising techniques to produce the 

proposed optical biosensors based on BICELLs transducers. However, limitations of the 

available workstation at CLUPM are three mainly: time of fabrication (mask manufacturing and 

exposure), achievable resolution and motorized axis. First one implies the fabrication at sample 

level (usually 10 x 10 mm) and a few samples per day, so medium or mass scale fabrication are 

far beyond its possibilities. Second one affects to the sensitivity and repeatability needed for 

biosensors development. It is mainly referred to the low numerical aperture (NA) lens, which 

enable a poor focus capacity ~ 20 µm. Despite these limitations, it was demonstrated that metal-

on-glass masks offer greater advantages over polyimide based ones, as mechanical stability and 

better pattern resolution. Also, metal-on-glass masks can be used to produce biosensors based 

on Fabry-Perot interferometers, as BICELL dimensions are not critical. This offers a great 

design freedom of different mask layouts and BICELLs dimensions, which can be used in 

different measurements systems or platforms. 

 

4.1.2.4. Direct laser interference patterning 

Last laser based fabrication technique to develop BICELLs is based on direct laser interference 

patterning (DLIP). The fabrication experiments related to this technique, developed during this 

thesis, were carried out during the months of March to May of 2014 in the Department of 

Surface Functionalization, from the Fraunhofer Institut für Werkstoff und Strahltechnik (IWS) 

in Dresden, Germany, within the group lead by Andrés F. Lasagni, in the framework of a three 

month stage. This work was done with the help of Dr. Denise Langheinrich, Jana Berger and 

Sophie Dani. The objective of the work was to pattern, into periodic arrays of pillars, several 

polymeric based samples: crosslinked SU-8, optical resonators and polyethylene terephthalate 

(PET): 

Crosslinked SU-8: those samples were fabricated at Centro Láser UPM by spin-coating and 

crosslinking the resist onto substrates of 10 x 10 mm of Si and glass. Three different thicknesses 

were fabricated: 150, 200 and 850 nm. Optical responses of this thin-film were measured 

(Figure 93.A). 
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Optical resonators of gold and SU-8: it was fabricated several resonators on Si and glass 

substrates of 10 x 10 mm. The resonators had two reflectors of Au and a resonant cavity of 

crosslinked SU-8. Au layers were deposited by sputtering and SU-8 cavity by spin-coating, with 

thicknesses of ~ 40 nm and 150 – 200 nm, respectively. Optical responses for two cavity length 

resonators were measured (Figure 93.B). 

Polyethylene terephthalate (PET): it was considered of interest the patterning of this 

thermoplastic polymer, used as a flexible substrate for biosensors (Caramori, Fernandes 2004, 

Yan et al. 2007) and imprint lithography (Hwang et al. 2009). Sheets of ~ 200 µm in thickness 

were used. 

 

Figure 93. Reflectance optical response of some produced samples at CLUPM: (a) thin-film of 850, 200 and 150 nm 

thicknesses of SU-8 on Si; (b) optical resonators of Au/SU-8/Au on Si, thickness of Au ~ 40 nm and SU-8 150 and 200 

nm, respectively. 

As it was commented section 2.4.1.1.2, DLIP technique consists in the patterning of periodic 

structures by the formation of an interference pattern on a surface. In this work, only the 

interference of two laser beams was used, producing in this way a patterning of lines on the 

material, using the setup shown in Figure 94. It consisted in one laser beam divided in two 

beams by a beam-splitter. A set of three mirrors is adjusted to achieve the desired angle of 

incidence on the material. 

Laser source used was a commercial high power lamp-pumped solid-state laser, in concrete a 

Quanta Ray PRO 290 laser from Spectra Physics. It is a Nd:YAG laser pumped by flash lamps 

able to work at a pulse repetition frequency of 10 Hz, with pulse duration ~ 4 ns. It is possible to 

work with other wavelengths by adding a non-linear crystal, in order to duplicate, triplicate or 

quadruplicate the frequency of the laser beam (Spectra Physics 2015). Output power is adjusted 

by means of a polarizer and it is possible to select singles shots or trains of pulses by a 

mechanical shutter synchronized with the laser source. 266 nm wavelength was used in these 

experiments. 
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Figure 94. Diagram of the typical setup used in DLIP during the work performed in Fraunhofer IWS internship 

(Lasagni, Menéndez-Ormaza 2010). 

It is desirable a defined area for measurement purpose, in order to have a reference during the 

characterization of the biosensing response of a certain BICELL. Fabrication methods based on 

lithography usually permit to define directly the areas with patterns directly, typically in the 

form of square cells from 60 x 60 µm to 1000 x 1000 µm, but it is not so obvious to perform the 

same with the configuration used in this experiment. In this way, it was proposed two 

alternatives to achieve square/rectangular BICELLs: (1) irradiate the whole sample with one 

pulse through a polyimide machined mask in contact with the surface (Figure 95.A), and (2) 

change the iris diaphragm to an adjustable square mask, remove the polyimide mask and define 

the cells by single shots, projecting the square beam into the sample (Figure 95.B). As two 

beams define a patterning of lines, in order to produce pillars it is needed a second laser 

irradiation after the 90º rotation of the sample (two steps irradiation). Therefore, both 

procedures to define BICELLs were valid with this scheme. 

 

Figure 95. Optical schemes proposed to define square cells by: (a) polyimide machined mask in contact with the 

sample and (b) beam projection through an adjustable square mask. 

During the internship in Fraunhofer IWS, it was performed next experiments: (1) a proof of 

concept for crosslinked SU-8 and resonator samples, (2) fabrication parameters parametrization 

for one step exposure of crosslinked SU-8 and (3) patterning of pillars by two step exposures on 

different samples. Process results were characterized by optical, confocal and electron 

microscopy. 
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4.1.2.4.1. Proof of concept 

The objective of this experiment was to demonstrate the feasibility of the patterning process on 

crosslinked SU-8 based samples, which it was never performed before using this technique, to 

the best of our knowledge. Therefore, it was chosen two chips: a thin film of SU-8 and a 

resonator, both of them on Si substrate. Setup used for this experiment is as follows: wavelength 

266 nm, line separation Λ = 2 µm (angle of incidence respect to the normal α = 2.38 º) and 

power output of the laser ~ 600 mW. No iris diaphragm neither focus lens were used in this 

experiment, so the irradiated area was a spot of 8 mm diameter. Due to temporal instabilities in 

the non-linear crystal, the spatial energy density was not homogeneous for both samples. In the 

case of the crosslinked SU-8 film, only an outer ring of the spot has enough energy to pattern 

the polymer, as shown in Figure 96.A. It has been observed areas of different colours, which 

suggest geometrical differences between structures produced, related with the energy density. It 

was analysed the structures produced by means of confocal microscopy of two different areas 

showed in Figure 96.B, (1) corresponding to a homogeneous colour zone, and (2) a 

heterogeneous colour zone. 

 

Figure 96. (a) General image of the patterned sample of crosslinked SU-8 850 nm in thickness. It can be seen the 

outer areas of the spot where patterning has been achieved. (b) Detail of the bottom right area in which has been 

marked two zones: first zone shows a homogeneous high energy density, instead the second one can be considered a 

heterogeneous energy density area. 

Results corresponding to the first area in Figure 97.A revealed a high homogeneous pattern of 

lines with a width of ~ 890 nm, height ~ 565 nm and separation of 2 µm. SU-8 thickness in this 

sample was higher than height of lines, so it suggested that patterning was not capable to reach 

the substrate. 
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Figure 97. Topographical images and profiles of (a) zone 1, homogeneous energy density and (b) zone 2, 

heterogeneous energy density. Line separation is 2 µm and height of the lines in zone 1 is ~ 565 nm and width of ~ 

890 nm. 

However, topographical image of zone 2 (shown in Figure 97.B) points out the energy density 

reduction effect on the material patterning. This reduction involved the height and width 

diminishing of patterned lines, though obviously separation between lines was not affected. A 

later examination by SEM showed that process parameters were not capable to remove 

completely the SU-8 between lines, as confocal images suggested (Figure 98). 

 

Figure 98. SEM images of the patterned structures by DLIP on crosslinked SU-8 of 850 nm thickness: (a) general 

view and (b) detail. 

Finally, it was carried out the same experiment with one optical resonator, with a SU-8 cavity 

thickness of 150 nm, and two Au reflectors of ~ 40 nm. One laser pulse removed completely the 

whole resonator structure, so this suggests that the absorption at 266 nm is higher for Au than 
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SU-8 material. Therefore, a reduction on the energy density or select another wavelength is 

needed in a future experiment on this type of samples. 

 

4.1.2.4.2. Process parametrization for one step irradiation 

Once it was proved the feasibility of the process, it was studied the influence of energy density 

and number of pulses for one step irradiation on crosslinked SU-8 on Si substrate. The objective 

of this study was to find a proper set of fabrication parameters for a later double step irradiation 

on several samples, in order to produce pillar patterning cells. Optical setup used in this 

experiment was as follows: wavelength λ = 266 nm, line separation was reduced to Λ = 1 µm 

(angle of incidence α = 4.77 º) in order to achieve a high density lattice of lines, a diaphragm iris 

was used in order to adjust the beam, and also it was added a lens to focus the beam on the 

sample. Using this configuration it was possible to use only one sample for the whole study, as 

the spot diameter was reduced to ~ 870 µm. Power ranged from 94 to 650 mW, and considering 

loses ~ 97.96 % and a top hat beam profile, calculated energy density range from 32.2 to 222.7 

mJ/cm
2
. One, three and five pulses were performed for each energy density. 

 

Figure 99. Effect of one, three and five pulses on a crosslinked SU-8 film on Si, using 222.7 mJ/cm2 per pulse. 

Quality of patterns was drastically reduced for three and five pulses, due to the high amount of removed material for 

high energy densities. 

As can be seen in Figure 99, more than one laser pulse produced a high amount of material 

removal for high energy densities, and it increased the heterogeneity of the processed area for 

low energy densities per pulse. Therefore, only one laser pulse was selected for further analysis 

and processes. Results for the influence of energy density for one pulse are shown in Figure 

100. It was observed a lack on homogeneity of the spatial energy density profile that leads to 

different zones on the same spot. This can be easily observed for the lowest energy densities 

(32.2 and 48 mJ/cm
2
), where only three areas had enough energy to pattern the resist. As it was 

pointed previously out, the effect of different energy densities affects the height and width of the 

patterned lines. Also, it might induces line deformation of the lines, as can be seen in Figure 



Chapter 4 

- 122 - 

101, where zone (a) showed homogeneous and straight lines, but zone (b) showed bent lines 

probably due to thermal effects. 

 

Figure 100. Optical images of the processed areas as a function of energy density per pulse. It can be identified 

different areas inside each pulse, which suggests a heterogeneous intensity distribution. It was chosen energy density 

188.5 mJ/cm2 due to its balance between homogeneity of the processed area. 

 

Figure 101. Detail of a crosslinked SU-8 on Si sample patterned with 188.5 mJ/cm2.Optical image at the left shows 

two different zones analysed later by SEM: (a) no defect zone and, (b) bent lines zone due to thermal effects. 

Finally, it was studied the topographical profile of the patterned areas as a function of energy 

density. It is shown in Figure 102 results concerning energy densities of 164.5, 188.5 and 205.6 

mJ/cm
2
. It was tried to take a common area for measurements between different spots but, 

unfortunately, it was not possible to assure that the measured areas are exactly the same. 

However, it is possible to extract some conclusions from this study. Height of lines was reduced 

drastically for energy densities below 164.5 mJ/cm
2
, from height higher than 800 nm (813.8 and 

873.3 nm for 188.5 and 205.6 mJ/cm
2
, respectively) to below 300 nm (285.5 and 278.5 nm for 

143.9 and 164.5 mJ/cm
2
, respectively). Then, height of lines is approximately the thickness of 

the SU-8 film (~ 850 nm), suggesting that the process removed most of the resist at the 

maximum interference zones, though it was not possible to reach the Si substrate. However, it 
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was not possible to assure that profiles are homogeneous over the processed area, due to the 

heterogeneous energy density spatial distribution. 

 

Figure 102. Topographical images and profiles for different energy densities per pulse: (a) 164.5 mJ/cm2, (b) 188.5 

mJ/cm2and (c) 205.6 mJ/cm2, with heights of approximately 278.5, 813.8 and 873.3 nm, respectively. It was observed 

smaller heights of the lines for energy densities below188.5 mJ/cm2. 

Concluding, it was decided to use the energy density value of 188.5 mJ/cm
2
 as a starting point 

for the double exposure experiment. Results obtained using this energy density shows a height 

of lines near the substrate thickness with a relatively colour homogeneity, meaning that the 

patterning is more homogeneous than for other energy densities.  

 

4.1.2.4.3. Sample patterning using two steps exposure 

The objective of this experiment is to pattern the surface of the samples previously mentioned 

using two exposures, rotating 90º the sample the second exposure, in order to produce pillars in 

a square lattice. It was defined a line separation of Λ = 1 µm, taking the parameters obtained in 
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the previous parametrization as start point: energy density of 188.5 mJ/cm
2
 and only one pulse 

per exposure. 

As discussed in a previous section, measurement of the optical response is more reproducible 

and easier to do if the processed areas are delineated in some way. Typically, these structures 

are manufactured in square areas called "cells". Two different techniques were studied to define 

square cells, as abovementioned: (a) by a polyimide mask in direct contact with the sample and, 

(b) using an adjustable rectangular mask to cut the beam and project it directly onto the sample. 

Crosslinked SU-8 samples with thickness of 850 nm on the Si substrate were used to compare 

the two methods. 

Results obtained using the polyimide mask, are summarized in Figure 103. Since it was not 

possible to expose the entire mask with a single laser pulse, it was decided to adjust the beam 

size to the area that would cover at least four cells. The positioning system of axes did not allow 

a perfect alignment, leading to significant errors when performing exposure, as shown in Figure 

103.A-B. The cells thus defined, clearly showed different processed areas, as shown in Figure 

103.C-D, so they were not comparable between them. Moreover, the placement of the mask 

presented problems because it was not in perfect contact with the resin, as mask bent over the 

sample. This led to the appearance of double images at the edges of the cell. However, an 

examination of the structures showed the appearance of a square lattice of pillars in the 

processed parts. 

 

Figure 103. (a) Polyimide mask thickness of 125 µm machined by laser cutting at CLUPM. Mask was used to define 

square cells in the patterned samples. (b) Processed sample using this mask (crosslinked SU-8 of ~ 850 nm 

thickness). (c-d) Examples of two different cells where can be seen the related alignment problems of the laser spot 

and the mask, which results in cells that are not fully exposed and are different from each other. 

Due to the problems presented by this method, it was chosen to define cells without using 

polyimide mask. Instead, the iris diaphragm was replaced by an adjustable rectangular mask, 

with the idea of projecting a beam of rectangular shape. It was projected an array of 4 x 4 cells 

per sample, as shown in Figure 104.A. The advantages of this method were the possibility to 

define the cell size by appropriately adjusting the size of the mask and the possibility of 

defining the number of cells and spacing per sample. In this way, the problems related to the 

alignment of the beam were reduced, and the reproducibility of the process from cell to cell was 

increased. However, the rectangular mask produced diffraction effects causing a poor cell 
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border definition, as shown in Figure 104.B. Cell sizes of ~ 865 x 1003 µm were obtained, so 

that the energy density per pulse used was 202.3 mJ/cm
2
, slightly higher than the previously 

selected value. Finally, the presence of periodic structures on the surface was found as shown in 

Figure 104.C.As there was a sample of SU-8 the same thickness on glass substrate, the 

experiment using the same parameters, obtaining similar results (Figure 104.D-F). 

 

Figure 104. Samples of crosslinked SU-8 (thickness 850 nm) patterned by two steps exposure on substrates of (a-c) Si 

and (d-f) glass. 

As happened in the previous experiments, it was observed different colours on the surface of the 

cell, corresponding to areas where the width and height of the pillars were not homogeneous. In 

order to analyse the morphology of these structures, SEM images of several zones on the same 

cell were taken (Figure 105). As shown, the lateral dimensions of the structures were not 

uniform due to the lack of homogeneity of the energy density profile of the laser beam. They 

have been measured rectangular pillars with lateral dimensions from 455 x 535 nm to 570 x 

802.5 nm. It can be observed in the pictures taken perpendicularly to the surface of the sample 

(Figure 105, left), that they show dark areas between the pillars, only in one direction. Tilted 

images (Figure 105, right) show that these areas correspond to gaps between the walls on the 

vertical lines. This suggests the possibility that the walls are formed due to thermal effects, 

instead by ablation process. One hypothesis is that at the area of maximum interference resin 

was melted and then could flow toward the lower temperature zone (minimum intensity 

interference). According to this hypothesis, the material was not removed as an ablation process, 

but would flow from one zone to other forming hollow lines. The results suggested that in the 

second exposure step, the top layer of the hollow lines was removed, leaving bare the walls. 

However, to confirm this hypothesis it was necessary to better analyse the area corresponding to 

the column to determine if it was hollow or solid. However, the appearance of these 

submicrostructures would have a beneficial effect on the sensitivity of the biosensor, as it will 
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significantly increase the effective area per unit area, and possibly increase the evanescent field 

in such regions due to their small dimensions. 

 

Figure 105. SEM images of different patterned zones of crosslinked SU-8 (850 nm) on Si. All the images belong to the 

same cell. Lattice parameter of the periodic pillar array is 1 µm showing pillar dimensions: (a) 530 x 522.5 nm, (c) 

570 x 802.5 nm, (e) 455 x 535 nm and (g) 475 x 685 nm. 

Also, it was taken transversal cuts of the samples to determine whether the previous hypotheses 

were right, Figure 106. From them, it can be deduced that previous hypotheses were not entirely 
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right, because it can be clearly seen that it existed a material removal process as structures do 

not possess higher thickness than the SU-8 thin-film. It is worthy to note that these images were 

taken after acid catalyst, which was removed those small structures presented previously. 

 

Figure 106. SEM images of transversal cuts done in the thin film SU-8 patterned with two exposure steps: (a) border 

area with transition between low and high material removal; (b) central area of the BICELL and (c) detail of the 

penetration depth (~ 186 nm) and SU-8 thickness (~ 805 nm) (Sanza et al. 2015). 

Also, it was tried to patterning thin film crosslinked SU-8, with thicknesses of 150 and 200 nm. 

Only Si substrates were used in this experiment. A general view of the samples processed can 

be seen in Figure 107. 

 

Figure 107. Images of the thin film SU-8 patterned with two exposure steps. (a-b) Sample of 150 nm thickness, 

patterned using ~ 202.3 mJ/cm2 per pulse and (c-d) sample of 200 nm thickness, using ~ 156 mJ/cm2. Both samples 

were crosslinked SU-8 on Si substrates. 

The first sample of 150 nm thickness was treated with the same energy density than previous 

samples (~ 202.3 mJ/cm
2
). The general picture (Figure 107) shows areas which were completely 

removed and areas where crosslinked resin still remains. Examining these areas in more detail 

(Figure 108.A-C), it was observed that areas where there was completely removed the material 

between pillars. Also, it seems that the diameter of the pillars was reduced as the energy density 

increased, until pillars were completely removed. It was decided therefore to reduce the pulse 

energy density to ~ 156 mJ/cm
2
 for the sample with 200 nm in thickness. It was reduced the 
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removed area (Figure 108.D-F), although it was observed the same phenomenon of diameter 

reduction and removal of the polymer pillars. 

 

Figure 108. Details of the samples of the patterned SU-8 pillars, for the thicknesses of (a-c) 150 nm, with a pulse 

energy density of ~ 202.3 mJ/cm2 and (d-f) 200 nm, with an energy density of ~ 156mJ/cm2, where it is shown three 

zones of different energy densities per sample. 

Using this configuration it was conducted a test with a sample of Au/SU-8/Au resonator on Si, 

where Au reflectors had a thickness of ~ 40 nm and the resonant cavity of SU-8 was ~ 200 nm 

thick. The pulse energy density was reduced to ~ 107.9 mJ/cm
2
 to avoid full removal of the 

resonator. The results obtained are shown in Figure 109. They show that the first shot 

completely removed the upper reflector of Au, but did not remove neither produced an 

interference pattern on the SU-8. It was the second laser pulse that produced a pattern of lines 

on the SU-8 surface (Figure 109.B). Also it can be seen in the overall cell picture, how areas of 

higher energy density remove the bottom layer of Au in an explosive way. 
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Figure 109. DLIP patterning results on an optical resonator of Au/SU-8/Au on Si substrate (Au ~ 40 nm, SU-8 ~ 200 

nm), using two steps exposure, wavelength 266 nm and energy density per pulse ~ 107.9 mJ/cm2. 

Finally, tests of pillars patterning on a polyethyleneterephtalate film (PET) of ~ 200 µm 

thickness were prepared. Effect of three different energy densities per pulse was studied, ~ 34.7, 

57.8 and 104 mJ/cm
2
, respectively (Figure 110). It was observed the same effects related to the 

spatial uniformity of energy in the case of SU-8 processing. Processed area was small for the 

lowest energy density. However, patterned area increased markedly for ~ 104 mJ/cm
2
, while 

appearing areas in which the pillars were fully degraded. Therefore, it was considered that the 

energy density ~ 57.8 mJ/cm
2
 offered the best results, although the processed area remained less 

homogeneous. 

 

Figure 110. DLIP results on PET film using 266 nm and different pulse energy densities: (a) ~34.7 mJ/cm2, (b) ~57.8 

mJ/cm2, (c) ~ 104 mJ/cm2. It is shown a detail of the patterned surface, below each image. 

This sample was studied by using confocal microscopy and SEM. The first technique showed 

how the structures have a maximum height of ~ 510 nm in the measured area. Analysing the 

SEM images (Figure 111), it was observed that in this case walls did not appear as in the resin 

SU-8 case. Instead, the different areas of the laser interference pattern interaction with the 

material were easily distinguishable, as described in Figure 111.B: the pillars were products of 

minimum interference for the two exposures; zones where interference maximum first exposure 
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occurred, produced a middle depth, being areas where coincident interference maxima of the 

two exposure steps that caused the deepest areas. Moreover, as shown in Figure 111.C, there 

was a change on dimensions of the pillars produced depending on the area to be examined in a 

single cell, due to lack of homogeneity of the interference pattern projected on the sample. 

 

Figure 111. SEM image of patterned PET films by two exposure steps using DLIP technique, wavelength 266 nm and 

energy density per pulse ~ 57.8 mJ/cm2: (a) general view; (b) tilted view where it is shown different laser interference 

pattern interaction with the material and (c) other area in the same cell. 

 

4.1.2.4.4. Conclusions from DLIP technique 

Concluding, there were produced submicrostructures (lattice parameter 1 µm, width ~ 500 nm, 

height ~ 400 – 800 nm) using the DLIP technique with a wavelength of 266 nm on crosslinked 

SU-8 and PET films, patterning lines and pillars in those samples. However, it was not achieve 

a patterning of resonators using this setup. Main drawback is the lack of homogeneity of the 

spatial energy density of the projected beam. Line and pillar dimensions (width and height) 

strongly depend on the energy density, so patterned areas were not completely homogeneous. In 

order to have a stable measurement during a biorecognition process, it will be needed to mark in 

some way (e.g. laser marking) a micro domain inside the cell. 

Results concerning the cell defining showed that the exposure through the mask of polyimide, in 

contact with the surface, was not satisfactory. It was not possible to properly adjust the mask to 

the surface, producing an inclination on the substrate and, then, defining the cell incorrectly. 

Moreover, because it was not possible to irradiate the entire mask by a single laser pulse, it was 

needed to reduce the size of the spot and expose several overlapping pulses. Due to 

misalignment problems, the cells were not properly defined, so this method was discarded. 

The projection of the beam through a square mask produced certain diffraction effects, so it was 

not possible to project the image of a perfect square/rectangular cell. However, cell by cell 

exposures were equivalent, so it was chosen this procedure for the definition of 4 x 4 cells per 

sample. 
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As for the results obtained in patterning crosslinked SU-8 pillars, they showed great 

heterogeneity in the dimensions obtained as well as the formation of unexpected structures such 

as the appearance of zones similar to walls and hollow areas in these samples. However, it is 

expected that this cavities might induce an increase on sensitivity due to their lower dimensions. 

Finally, results for PET manufacture presented the same problem heterogeneity in the 

dimensions of the structures. However, the removal of material showed the expected behaviour, 

where can be differentiated three areas. 

An immunoassay for aBSA detection was developed using structures made by DLIP, in order to 

prove the technique. Large area patterning of submicrometre structures on different materials 

could lead to a low-cost BICELL manufacturing. However, homogeneous patterning should be 

achieved in order to produce high quality and reproducible biosensors.  

 

4.1.3. E-beam lithography 

This technique can be included in those related to direct writing lithography, as it consists in an 

electron beam exposing certain area of a resist. Capability to focus the electron beam to spots in 

the nanometre range is the key for both research and industrial use of this technique in the 

production of nanostructures, as it was explained in section 2.4.1.1.3. Though control on the 

beam, repeatability and large area fabrication have increased in the last years, speed processing 

is still low compared with other systems working at wafer level (e.g. EUV lithography), being 

the major drawback of this technique. However, maskless exposure provides a powerful and 

quicker way to develop devices based on nanostructures, from a design point of view. Previous 

work using this technique (López-Romero et al. 2010) showed its potential as a tool for 

nanopillar fabrication, so it was used this technique for BICELL production in this thesis. 

E-beam lithography fabrication was performed at Instituto de Sistemas Optoelectrónicos y 

Microtecnología (ISOM, Optoelectronics Systems and Microtechnology Institute) of UPM. This 

work was done by requesting the use of ICTS (Instalación Científico-Técnica Singular), 

approved by the university. This work was under the supervision of Dr. Carlos A. Barrios with 

the help of David López-Romero. Topographical characterization of the structures was 

performed at CLUPM. Objective of the work was to fabricate BICELLs of several lattice 

parameters on different substrates for a later study on their suitability as biosensors. Pillar 

networks were fabricated using SU-8 2000.5 with a thickness ~ 400 – 450 nm using mainly Si 

substrate with a SiO2 film of 1 µm thickness. 
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Figure 112. (a) High resolution SEM image of a periodic lattice of SU-8 pillars and (b) a detail of one pillar with a 

scheme of a BSA/aBSA immunoassay.(c) Optical images (obliquely illuminated) of different cells with several lattice 

parameters. (d) Topographical image taken with a confocal microscope and a 150X objective of the previous cell 

characterized by SEM, with a lattice parameter of 800 nm (Holgado et al. 2010). 

It is necessary to adjust the fabrication parameters in order to achieve HAR structures on a high 

compacted lattice, depending on the lattice parameter, substrate type (conductive or not) and the 

resist. E-beam lithography parameters are: dose per pillar, focus distance of the e-beam and 

thermal treatments of the resist. SU-8 coating were deposited at ISOM facilities and the 

substrate cleaning performed at CLUPM. Soft-bake used for all the samples was 90 ºC for 1 

min. 

Figure 112 shows several images and details of some pillar networks on SU-8 produced. 

Fabrication details can be found in the works of (López-Romero et al. 2010) and (Holgado et al. 

2010), where pillars of ~ 400 nm height, 200 nm diameter and lattice parameter 800 nm have 

been done. Also, it was produced networks of pillars on transparent substrates of SiO2/ITO 

(Indium Tin Oxide), where it was possible to study BICELLs of lattice parameters 700 and 800 

nm (Sanza et al. 2011a). In this case, the ITO layer was chosen to be 310 nm, acquired to 

Präzisions Glas & Optik GmbH. This layer of transparent conductive oxide had a double 

purpose: it served as an interferential layer, facilitating the optical response, since the contrast of 
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refractive indices between the SU-8 and glass is not as high as that between the ITO and 

polymer. On the other hand, including a conductive material on the surface where the 

photoresist is deposited should allow better fabrication lithography process using electron beam, 

thereby reducing their lattice constant. 

Now, it is explained the work of characterization of such pillar networks performed in the 

CLUPM. It is focused on those manufactured pillar networks on Si/SiO2 substrates, since 

similar results have been found in both types of cells. Special emphasis is done on the problems 

that occur in such networks, which were characterized by electron microscopy (SEM) and 

confocal microscopy.  

 

4.1.3.1. Problemsrelated to this fabrication technique 

It could be possible to classify the main problems with these types of structures in four types: 

melting, central overexposure, fallen pillars and scratches.  

 

Figure 113. Confocal images, using a 100X objective (left side), and SEM images (centre and right side) of two cells 

with lattice parameters of 400 and 500 nm, respectively. It can be seen that the pillars are melted and thus, not 

defined. 

In the first case, pillar network achieved shows a mess of melted pillars, as shown in the images 

of Figure 113, and in more detail in Figure 114.A. This phenomena usually appears during the 

step of hard-bake at about 120-150 °C. According to (Rath et al. 2004) the glass transition 

temperature (Tg) of a photoresist was linked to the manufacturing process of the structures by 

electron beam lithography, both specifically defined as the exposure dose at which the 

temperature is subjected during the post-bake as shown in Figure 114.B. It is possible that the Tg 
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reached during the exposure and crosslinkage is too low for the hard-bake temperature used, and 

then it provokes the melting of the resist. 

 

Figure 114. (a) SEM image of a detail of a periodic lattice of pillars melted after the hard-bake treatment at 120 ºC. 

(b) Evolution of the Tg as a function of post-bake temperature and the e-beam dose (Rath et al. 2004). 

Moreover, it is very common and is widely reported in the literature the problem of central 

overexposure, also called proximity effect. It can be seen in these cases a darker area in the 

centre of the cell (using optical and confocal microscopy) but some order is appreciated. 

Looking in SEM, the pillars that are at the edges are well defined, which is not found in the 

central area, which pillars are partially or wholly attached to each other, as shown in Figure 115 

and Figure 116. This effect is produced by the transmission of the beam passing the photoresist, 

since once the electrons are away from the focal point they move randomly. Since in the central 

region the electron density that will be reflected is greater than on its sides, it appears zones with 

sufficient dose to initiate crosslinking of the polymer. 

 

Figure 115. Confocal images, using a 100X objective (left side) and SEM images (centre and right side) of two cells 

with lattice parameters of 400 and 600 nm, respectively. It can be seen that the pillars show higher diameter and 

links between pillars in the middle of the cell, but they are perfectly defined in the edge of the cell. It occurs as an 

overexposure effect in the centre of the exposure field using e-beam lithography. 
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Figure 116. Detail of pillar zones showing overexposure in the centre of the cell. 

Another of the most common defects is fallen pillars Figure 117, which in optical and confocal 

microscopy may be identified as columns of different colour. It can be caused by areas of poor 

adhesion of SU-8 to the substrate. 

 

Figure 117. Confocal images, using a 100X objective (bottom left and right) and SEM images (centre and top 

images) of two cells with lattice parameters of 700 and 800 nm, respectively. Images show fallen pillar, probably due 

to their bad adhesion to the substrate and a poor crosslinking. 

Finally, the most common of the defects are due to scratches on the BICELLs produced by 

handling with tweezers, particles, washing steps during an immunoassay, etc. An example of the 

state of a BICELL with broken areas is shown in Figure 118. 
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Figure 118. Confocal images, using a 100X objective (left side), and SEM images (centre and right side) of a cell 

with lattice parameter of 700 nm. Pictures show the effect of a scratch on the structures. Normally, a clear area of 

pillars is removed, remaining some fallen pillars. 

 

4.1.3.2. Conclusions 

It was demonstrated the suitability of this technique to produce BICELLs based on nanopillar 

networks. Minimum pillar diameter achieved was ~ 200 nm, height ~ 400 – 450 nm and lattice 

parameter 700 nm. Though smaller lattice parameters are feasible to obtain, problems related 

with melting, central overexposure and adhesion problems lead to non-homogeneous structures 

invalid as proposed BICELL concept. 

Several immunoassays were developed using structures made by e-beam lithography, in order to 

prove the technique (Holgado et al. 2010, Ortega et al. 2012, Sanza et al. 2011a). Design 

freedom (maskless lithography) and small resolution are the keys in this lithography technique. 

However, bioapplications usually need many BICELLs and chips to study and optimize the 

optical response for the immobilization, blockage and recognition steps during an immunoassay. 

So this technique is only used for proof of concept experiments due to its time-consuming and 

low throughput fabrication. 

 

4.1.4. Contact lithography at wafer level by lamp exposure 

It was above presented some fabrication results of contact lithography using laser technology 

for both mask fabrication and sample exposure. That was done using the same laser workstation 
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for both processes but different lasers (excimer and DPSS lasers). Resolution best results were 

achieved using metal-on-glass masks, achieving a resolution of 2 – 3 µm and aspects ratios ~ 2. 

However, available equipment limited this technique for BICELL fabrication due to three main 

reasons: (1) low numerical aperture (NA) of the lens, so the focus diameter could not be lower 

than ~ 20 µm, (2) motorized axes did not provide enough resolution and accuracy, and (3) 

manufacturing time and exposure were too long, so medium or mass production were out of 

scope. 

Despite that, contact lithography was still considered a convenient fabrication technique due to 

the next advantages, as introduced in section 2.4.1.1.1: (1) technique is available for wafer level 

fabrication achieving a submicrometre resolution, (2) commercial equipment is relatively low-

cost, and (3) mask fabrication can be outsourced. However, as any fabrication technique also 

possess several disadvantages that have to be taken into account: (1) resolution is limited to 0.5 

µm for lamp exposure systems, so it is not possible to produce the highest sensitive optical 

biosensors, (2) mask must be designed carefully due to its relatively high cost, (3) the mask is 

degraded and soiled over time, due to the continuous contact of it to the resist, and (4) the 

optimization of the fabrication process is more complex at wafer level than at sample scale, 

been mainly related to problems of homogeneity. 

 

Figure 119. MA6: mask aligner equipment for contact lithography at 6” wafer level, used in this work. Equipment 

was purchased to Süss MicroTec GmbH. 

During this work, it was acquired a commercial mask aligner equipment for contact lithography 

at wafer level fabrication. Equipment chosen was a MA6 from Süss MicroTec GmbH (Figure 

119). Its main characteristics are summarized here: 

 Exposure based on a high pressure vapour Hg lamp: it is a standard light source used in 

optical lithography. This source produced several emission peaks suitable for 

microlithography: 435.8 nm (g-line), 404.7 nm (h-line) and 365.4 nm (i-line). Small 

emission from 300 nm peak was also observed. 
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 Theoretical achievable resolution of 0.5 µm, depending on the photoresist, fabrication 

parameters and environment. 

 Wafer size of 6‖ (150 mm) of diameter. It was possible to work on smaller wafer sizes 

or at sample level, but special chucks were needed. 

 Operation modes available: flood exposure (no mask), soft-contact, hard-contact and 

vacuum contact (using a special chuck). These contact modes offered higher contact 

pressure, respectively. Projection mode was not available as extra tools were not 

acquired.  

 No spectral filter applied due to budget limitations. 

In this chapter is exposed the fabrication work done with this equipment. First, it is considered 

the mask design and its outsourced fabrication. Finally, fabrication results and encountered 

problems using the designed masks are described. 

 

4.1.4.1. Masks designs and fabrication 

The design of a photomask should consider several points: minimum dimension offer by the 

mask manufacturer, minimum dimension achievable by the equipment, defect density 

allowable, size and materials of the photomask, format file and CAD software, and of course, 

cost and time of fabrication. Also, it must be decided the die dimensions, and also the BICELLs 

size and their distribution on the die. Depending on the further use of the mask, could be 

designed only one die repeated throughout the whole mask or different dies. 

Software used was ―CleWin 4‖, specific mask design software which can manage different data 

formats as GDSII, an industrial format used for mask fabrication. This software supports the 

definition of unity cells called ―symbols‖, hierarchy integration and matrix function, so the 

definition of BICELLs of different dimensions was greatly simplified. 

During this thesis, two masks coded by the names―GEN0‖ and ―GEN1‖, were designed and 

fabricated with the help of two manufacturers. Though both designs were quite different from 

each other, they shared several common characteristics: (1) they were test masks for fabrication 

process characterization and for the experimental development of different BICELLs geometries 

and sizes, and (2) masks were intended to expose 6‖ wafers, so 7 x 7‖ masks were designed 

(normal thickness for this size is 3 mm). The characteristics of both masks are shown below. 
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4.1.4.1.1. Mask GEN0 

First, it is necessary to explain the objectives for the BICELLs production using this mask: (1) 

to test the contact lithography equipment and to find the limits and problems of this technique, 

and (2) to produce enough BICELLs for their experimental study and comparison as optical 

transducers for biosensing purposes. 

Research group has no previous experience on the photomask design at wafer level. Therefore, 

it was necessary to develop the whole mask, BICELL’s geometries, and size and die distribution 

over the mask. Geometries used were described in section 3.3, and the complete list of 

geometries and their dimensions for this mask can be found in Annex 3. 

 

Figure 120. Different approaches for die design: (a) one BICELL repeated over the die or (b) different types of 

BICELLs with no repetition on one die. 

First design consideration was how many different types of BICELLs will be per die. What is it 

better: to repeat the same BICELL or to have different types of BICELLs. By repeating the 

same BICELL on a die (Figure 120.A), it is easier to perform a statistical analysis of a certain 

photonic transduction configuration during an immunoassay or, in the case of defects during 

fabrication, BICELL repetition on a die offer a back-up. On the other hand, it is possible to 

define many different photonic sensing cell configurations on a single die by defining only one 

BICELL configuration per die, and then, repeat the die over the mask to distribute 

homogeneously the different BICELL geometries (Figure 120.B). First point of view is valid 

once you know the fabrication limits and the optimal BICELL configuration, and the only 

interest is to provide as much same chips as possible, so die design is more robust against 

defects, e.g. for industrial production case. In contrast, second point of view is focused on 

optimization processes for both fabrication and BICELL development. However, unique 

definition of BICELL per die has the great inconvenient that any defect during the lithography 

can produce the lack of several geometries on a single die, making it less robust against defects. 
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Therefore, it was taken a compromise option: to divide a die, defined to be 10 x 10 mm, into 

four equal sub-dies of 5 x 5 mm, shown in Figure 121. Each sub-die contained a set of different 

BICELLs so each type of them was repeated four times in the whole die, so it was more robust 

against defects and leads a small statistics analysis if necessary. Also, this design permited the 

use of two die’s dimensions, so packaging implementation could be more compact if needed 

and reduce the fabrication cost per die. Also, it was added some marks to define the edges of the 

dies and sub-dies. 

 

Figure 121. Designed die distribution for development of GEN0 and GEN1 masks. 

Second design issue was the BICELL size selection. This decision affect to several facts: (1) 

BICELL size will influence directly on the SNR of the optical measurement, higher the 

monitored area, higher the amount of light collected, (2) small BICELL areas lead to lower 

robustness against defects, as any fallen pillar or series of them will cause a great change on the 

optical change, (3) size of the BICELL must be enough large to assure that the optical beam is 

always focused inside the photonic cell, and (4) BICELL’s size will determine the available 

number of them at the wafer, which reduces the cost per device and improve the available 

number of measurements if smaller BICELLs are used. Previous work was performed on 

BICELLs of different dimensions: 60 x 60 µm, 300 x 300 µm, 1 x 1 mm or 2 x 2 mm are some 

examples. BICELLs below from 100 µm are considered too small due to SNR problems during 

measurement, and also the mechanics needed to focus on the right BICELL must be special. On 

the contrary, BICELLs higher than 1 mm are considered two large, as the number of available 

cells per die diminishes too much. Finally, it was considered to implement three different 

BICELL sizes: 200 x 200 µm, 500 x 500 µm and 1 x 1 mm, where the first two ones will be 

used for experimental purposes and the largest one was intended to be used on a future PoC 

device under development. 
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Figure 122. Final layout distribution per BICELL sizes: 200, 500 and 1000 µm. 

Consequently, final die layouts were distributed by cell size as shown in Figure 122. It was used 

a nomenclature to define the dies: a capital letter, which indicates what sorts of BICELLs 

geometries were found in the die, followed by the first number of the BICELL size. For 

example, A5 will be the first chip with cells of 500 x 500 µm, but B10 will be the second die 

that contains cells of 1000 x 1000 µm. Geometries distribution over the dies is made by 

designed order, so pillars arrays can be found in a die with crosses or stars geometries. Die’s 

code name was indicated at the top left corner of the die, inside a mark for chip orientation. 

Also, the distribution of dies was oriented to a homogeneous one, so repeated dies cover the 

whole mask. 

Mask GEN 0 – Compugraphics Intl. Ltd. 

# Dies 10x10 mm 157 

# Sub-dies 5x5 mm 

(BICELL 200 x 200 y 500 x 500 µm) 
628 

#Dies by BICELL size:  

      200 x 200 µm 37 (23,56%) 

      500 x 500 µm 100 (63,69%) 

      1000 x 1000 µm 20 (12,73%) 

#BICELLs:  

      200 x 200 µm 37x100x4 = 14800 

      500 x 500 µm 100x25x4 = 10000 

      1000 x 1000 µm 20x4x4 = 320 

TOTAL 25120 BICELLs 

Table 5. Designed mask GEN-0 statistics: number of dies, sub-dies and BICELLs contained on the mask. 

Following these consideration, it was calculated the number of available devices on the mask, 

achieving a total of 25120 BICELLs with the current design, as it is shown in Table 5. Number 

of devices could be improved by selecting only a cell size of 200 x 200 µm, so a total of 62800 

BICELLs could be fabricated in a non-optimized mask design. 

Finally, a commercial provider of photomasks was searched, finding a multinational company 

called Compugraphics Intl. Ltd., based on Scotland. It was defined a series of mask parameters, 

shown below: 
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 Critical Dimension (CD): it is called the minimum dimension capable to be measured 

during the mask production, in order to check the process. As the theoretical resolution 

was 0.5 µm, CD was defined to this value with a CD tolerance of ± 0.1 µm. 

 Minimum Feature Size (MFS): it is the minimum feature which can be resolved on a 

mask. It is depends on the technology available for the manufacturer. Lower the value, 

higher the cost of the mask. It was chosen the lower value of the offer, MFS > 0.8 µm.  

 Material mask: there are several options to take into account. For the flat displays 

technologies, polymer based mask are normally used, but they are not suitable for our 

equipment. For this equipment, soda-lime or quartz substrates can be used. Soda-lime is 

cheaper and offer good transmission spectra down to 300 nm. When DUV lithography 

is used, quartz masks are needed. Therefore, soda-lime substrate material was selected. 

 Defect density: it is defined as number of permitted defects of a certain size per unit 

area. It was not considered any defect density test for this test mask due to the high 

density of patterns and budget limitation. 

 Time of fabrication and delivery: once approved the CAD design, this process takes 

normally one week. Semiconductor industry highly demands these products as 

industrial lines depend critically from the availability of these tools, so production of 

these devices is really short. 

 

Figure 123. (a) Fabricated GEN0 mask. (b) First lithography at wafer level performed at CLUPM. 

After design approval and production, the final mask is shown in Figure 123. Although a 

preliminary validation of the mask showed no failures, a posterior lithography demonstrated that 

the lowest resolution geometries were not resolved on the mask. Minimum resolved feature was 

~ 1.5 µm holes, as can be seen in Figure 124. One of the problems found in the design was to 

define BICELLs with dimensions lower the MFS and CD, e.g. the distance between patterns. 
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Moreover, MFS of the mask was not accomplished, so a defect density and inspection of the 

mask must be included in the production process. Therefore, a new mask design was needed. 

 

Figure 124. Mask images from a hole array of (a) diameter d = 1 µm and lattice parameter a = 1.5 µm, where holes 

were not resolved, and (b) d = 1.5 µm and a = 2 µm, where holes were totally defined. SEM images from developed 

pillar structures using hard-contact mode, exposure of 5 seconds with a power density of 40 mW/cm2 (energy density 

200 mJ/cm2) and post-bake of 60 ºC during 60 seconds. Structures developed correspond to the mask arrays of holes 

with parameters: (c) d = 1.5 µm and a = 2 µm, and (d) d = 2 µm and a = 3 µm. Pillars developed had diameters of 

1.2 µm and 1.52 µm, respectively. 

Though the target resolution below 1 µm was not achieved in the GEN0 photomask, it has been 

used this mask for the first fabrication tests at wafer level, while a new mask design was being 

developed.  

 

4.1.4.1.2. Mask GEN1 

The objectives for the new mask named ―GEN1‖ were: (1) to search a new mask provider who 

guarantees a MFS of 0.5µm, (2) to remove patterns with dimensions lower than the MFS, (3) to 

add new pattern geometries that could improve the sensitivity of the BICELL, (4) to test the 

contact lithography equipment, and (5) to produce enough BICELLs for their experimental 

study and comparison as optical transducers for biosensing purposes. Geometries used were 

described in section 3.3, and the complete list of geometries and their dimensions can be found 

in Annex 4. 
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BICELLs size was not changed, so 200, 500 and 1000 µm were used in the new design. 

Distribution of the BICELLs on the die layout changed a little due to the increased in the 

number of the designed patterns. More BICELLs were added to the die layout of 500 x 500 µm: 

each sub-die contained 6 x 6 BICELLs, instead of 5 x 5. The die layout for 1 mm was 

completely changed to only one functional die of 5 x 5 BICELLs, for application to the new 

PoC device under development (Figure 125). A new die including test structures was defined, 

including several patterns and geometries for future fabrication control. As the previous mask, a 

homogeneous distribution of dies was performed, in order to increase the robustness of the 

design against defects. 

 

Figure 125. Final layout distribution per BICELL sizes: 200, 500 and 1000 µm. 

 

Mask GEN 1 – Photronics 

# Dies 10x10 mm 47 

# Dies 10x10 mm with BICELLs 42 

# Sub-dies 5x5 mm with BICELLs (200 x 

200 y 500 x 500 µm) 
120 

# Dies by cell size:  

      Test 

      200 x 200 µm 

5 (10,64%) 

10 (21,28%) 

      500 x 500 µm 20 (42,55%) 

      1000 x 1000 µm 12 (25,53%) 

# BICELLs:  

      200 x 200 µm 10x100x4 = 4000 

      500 x 500 µm 20x36x4 = 2880 

      1000 x 1000 µm 12x25 = 300 

TOTAL 7180 BICELLs 

Table 6. Designed mask GEN-1 statistics: number of dies, sub-dies and BICELLs contained on the mask. 

It was found a new mask provider: Photronics MZD GmbH located in Dresden (Germany) that 

guarantees a MFS and CD of 0.5 µm with a tolerance of ± 0.15 µm. Also, a defect density 

inspection of 0.1 defects/cm
2
, with defects greater of 2 µm. Finally, it was chosen quartz 

material for substrate due to its thermal expansion coefficient, lower in an order of magnitude 

compared with soda-lime, 0.5·10
-6

 ºC
-1

 to 9.4·10
-6

 ºC
-1

, respectively. So, it was considered 
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important to use quartz substrates when pattern dimensions are below 1 µm (Photonik 

Singopore Pte Ltd 2013). 

During the approval process of the photomask design, number of dies where changed due to an 

unacceptable fabrication time for the mask (nearly one week). So, dies were reduced from 157 

to 47 chips on the mask. Statistics of the mask and its number of BICELLs are shown in Table 

6. 

 

Figure 126. (a) Fabricated GEN1 mask. (b) Lithography performed on a 6” wafer using this mask. 

Finally, after design approval and fabrication mask was received and tested (Figure 126). In this 

case, holes of 0.5 µm pattern were not defined, but lines of this width were perfectly defined, as 

can be seen in Figure 127. However, holes of 0.6 µm were correctly defined. Though achieved 

MFS was not 0.5 µm, patterns developed were in the tolerance range, so mask fabrication was 

accepted. 

 

Figure 127. Set of holes arrays contained on the test die of the GEN1 mask as a function of lattice parameter and 

hole diameter. Holes of diameters of 0.6 µm have been defined, but diameters of 0.6 µm were not resolved in the 

whole mask. Image has been horizontally rotated for a better visualization. 
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4.1.4.2. Fabrication results: problems and discussion 

After receiving the first mask designed, GEN0, several fabrication tests were performed on 6‖ 

Si wafers in order to find suitable fabrication parameters. Objective of the fabrication process 

was to achieve the lowest pattern dimension and to develop structures feasible for biosensing.  

Work in a clean environment is crucial when passing from sample to wafer fabrication. Any 

particle in the air is susceptible to degrade the fabrication process, and then, losing devices in 

the wafer. This can happens at the wafer cleaning, spin-coating, exposure and at the 

transportation or storage of both wafer and mask. So appropriate facilities, e.g. clean-

environments and handling protocols should be considered. No clean-room was available at 

CLUPM during this work, although it was implemented a series of protocols in order to 

minimize the contamination: work with gloves and lab gown (also mask could be needed), 

cleaning of the work surfaces, transportation of the wafer in a closed container or immersed in 

water, handle the bare wafers under a clean air flow or blowing the resist wafer and the mask 

immediately before the exposure step, were some of the protocols developed during this thesis. 

It is common that the mask gets soiled after several exposures, especially if the force applied to 

the mask is too high that entire areas of the resist were detached from the wafer and stuck to the 

mask. It was observed this situation after removing the edge bead to assure a higher contact 

between mask and resist, as can be seen in Figure 128. In those cases, a proper cleaning of the 

mask was required in order to avoid air spaces. Also, it was observed the defects that can occur 

during the spin-coating process in the section 2.4.3.1. Spin-coating defects were minimized by 

assuring a good clean environment, purity of the resist and cleanliness of the wafer. However, 

planarization of the deposited resist must be optimized yet. 

 

Figure 128. Detached resist can occur as a result applying a high contact force between mask and wafer. Images 

show this problem where resist has been stuck to the mask (a) from the spin-coated wafer (b). Edge bead was 

previously removed from the wafer in order to assure the highest contact. 
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Different operation modes can be programmed in the MA6 equipment, in order to optimize the 

force applied to the wafer by the mask during exposure step. They are the next, ordered from 

lower to higher pressure: flood-exposure (no mask is applied), soft-contact, hard-contact and 

vacuum-contact. Last one offers the highest resolution achievable by the equipment, but needs a 

special wafer chuck. As it was acquired later, so the first lithography tests were performed using 

only hard-contact mode. Figure 129 shows the difference on the obtained structures for several 

patterns (pillars and stars) using both contact modes with no changes on the fabrication 

parameters. This demonstrated the need of the highest contact, especially for complex 

geometries like crosses and stars, where diffraction effects at the corners deteriorated patterning 

resolving. 

 

Figure 129. Structures obtained using hard-contact and vacuum-contact operation modes on MA6. Images show the 

differences obtained for both geometries (a) pillars and (b) stars. A lack of force applied between the mask and the 

resist provoke an air spacing, so light diffraction degrade the perpendicular shapes and the closest patterns were 

exposed and crosslinked. 

Finally, it was performed several lithography tests using this equipment, taken into 

consideration previous comments and actions. First structures were produced using metal-on-

glass masks fabricated using laser ablation, described in section 4.1.2.3.2. It was machined a 

special mask containing several squares, in order to produce BICELLs based on FP 

interferometers. Mask designed was 10 x 10 mm and the AuPd thickness ~ 125 – 150 nm. 
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Several examples of masks and chips of different resist thickness were fabricated in this way, as 

shown in Figure 130. Most notable advantages of this method against the laser exposure were 

the exposure time needed, only a few seconds using MA6 equipment, against ~ 15 – 20 min 

using the laser system, and the homogeneous energy dose exposure. Therefore, it was chosen to 

produce all the BICELLs based on FP chip layout using the laser manufactured mask and the 

MA6 exposure equipment. These chips were used later for testing some immunoassays and also, 

a special packaging was designed for them. As an example, FP interferometers of 450 – 500 nm 

in thickness were fabricated using next parameters: spin-coating of SU-8 2000.5 at 3000 RPM 

for 60 s, soft-bake during 30 s at 70 ºC, exposure during 10 s (energy density 400 mJ/cm
2
), post-

bake during 60 s at 70 ºC, development during 120 s and rinse with IPA and blown with dry 

compressed air. 

 

Figure 130. (Left) Metal-on-glass masks 10 x 10 mm fabricated by ~ 125 – 150 nm AuPd sputtering on glass 

substrates and machined by laser ablation. (Right) Chips developed with different thicknesses and exposed by lamp 

exposure. 

After this work, designed masks were used to develop BICELL at a wafer level. Some work 

finding proper fabrication parameters was performed. It was found a set of parameters which in 

combination with the GEN1 mask and the vacuum contact wafer chuck produced the lowest 

resolution achieved with this technique for a SU-8 thickness of ~ 0.9 – 1.2 µm. Spin-coating of 

1.5 mL of SU-8 2010:CP (1:2) vol. was performed using three steps: (1) 500 RPM – 2 s, (2) 

1000 RPM – 2 s, (3) 1500 RPM – 30 s. It was followed by a soft-bake during 30 s at 70 ºC, 

exposure during 10 s (energy density ~ 400 mJ/cm
2
) using vacuum contact-mode, post-bake 

during 60 seconds at 70 ºC, development during 120 seconds and rinse with IPA and blown 

with dry compressed air. Finally, a hard-bake was performed during 10 min at 70 ºC in order to 

harden the polymer. Arrays of structures produced in this wafer were used for a later 

comparison of their sensitivity as biosensors based on BICELLs. It is discussed below the 
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fabrication results per geometry: pillars, crosses, stars, hollow cylinders, concentric cylinders 

and combination of fractal structures. 

 

4.1.4.2.1. Pillars 

Though lowest mask dimension was hole diameter of 0.6 µm, pillars fabricated using these 

mask dimensions were not resolved. Pillars developed using the 0.7 µm mask were resolved but 

pillars had not enough mechanical robustness and they fell or collapsed each other, as it is 

shown in Figure 131 for lattice parameters of 1.2 and 3 µm, respectively. However, they 

presented the lowest diameter dimensions achieved, that it was between 500 to 600 nm. In order 

to avoid pillar collapsing during the development step, it could be needed to optimize both 

exposure and thermal treatments. 

 

Figure 131. SEM images of pillars arrays not fully resolved and fallen. Mask dimensions: (a) d = 0.7 µm and a = 1.2 

µm; (b) d = 0.7 µm and a = 3 µm. In the last case, pillars showed a top diameter ~ 500 nm and a bottom diameter of 

~ 610 nm. 

Pillars were correctly defined for higher masks diameter, as can be seen in Figure 132. 

However, some over crosslinking was observed when spacing between pillars reached 0.5 µm, 

appearing some ―resist bridges‖ between pillars, as shown in Figure 132.D. These ―resist 

bridges‖ showed dimensions in the order of hundreds of nanometres in width and height. 

Though these patterns were not designed, they might contribute to enhance the biosensor 

sensitivity as they increased the effective surface. Also, the lowest dimensions may contribute to 

electric field confinement effect. 
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Figure 132. SEM images of pillars arrays. Mask dimensions: (a) d = 0.8 µm, a = 1.5 µm; (b) d = 0.8 µm, a = 2 µm; 

(c) d = 0.9 µm, a = 1.5 µm; and (d) d = 1 µm, a = 1.5 µm. Lowest resolution was achieved by (b), where pillar 

diameter ~ 700 nm was found. 
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Figure 133. Measured pillar diameter as a function of lattice parameter for several mask holes diameters: 0.8, 0.9, 1 

and 1.1 µm. 

Lowest resolution and highest compactness was achieved for a pillar array of diameter of 0.7 

µm, lattice parameter of 2 µm and a height of ~ 1.2 µm, using a mask diameter of 0.8 µm 

(Figure 132.B). Dimensions achieved are below the mask diameter, so it cannot be guarantee 

that the optical resolution corresponds with total contact. It has to be taken into account that 

dimensions are given not only by both exposure and post-bake thermal treatment, but also by 

the diffraction effects of the patterning. This phenomenon can be seen by plotting the measured 

diameter for every mask array as a function of the lattice parameter, shown in Figure 133. For 

lattice parameter 1.5 µm the diameter was always higher than the expected value and was lower 

for 2, 2.5 and 3 µm lattice parameters. It could be explained as a higher contribution of the 

electrical field by diffraction of the neighbour holes. Also, as the mask diameter increased, the 

spacing decreased as the lattice parameter remains constant, so the proximity between holes in 

the mask provoked a higher electrical field contribution to the final exposure of the diameter.  

This can be seen as an increased of the measured diameter in comparison with the target 

diameter contained in the mask. 

 

4.1.4.2.2. Crosses and stars 

Periodic arrays of crosses and stars were fabricated attending to the previously described 

designs (section 3.3). Lowest mask dimension was defined on the width of the cross/star arm, 

and it was denoted by L. Arm’s length is denoted by R. Three different L were designed: 0.5, 
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0.75 and 1 µm, and R ranged from 2 to 8 µm. Fabrication results for both structures are detailed 

in this section, due to its similarities. 

 

Figure 134. SEM images correspond to crosses with width arms L = 0.75 µm (on the mask design), several length 

arms (R) and lattice parameters. Measured L dimension were approximately: (a) 1.1 µm, (b) 1.06 µm, (c) 0.97 µm, 

(d) 0.96 µm and (e-f) 1.02 µm. 

Smallest resolved crosses were found for L = 0.75 µm, R = 3 µm and a = 4 µm, but the shape 

depends strongly on the dimensions and design of the mask pattern, assuming a lower air 

spacing. Figure 134 shows a series of crosses with several R and lattice parameters values. It 

can be seen that there exists some over crosslinking when spacing between patterns was around 

0.5 µm. It is obvious that this phenomenon also affects the area closed to the intersection of the 

two arms of the cross. Therefore, this overexposure due to diffraction effects degraded the shape 

of the pattern as the R/L ratio decreases. Diffraction effect on the developed pattern can also be 

seen at the end of the arms, where a rounded one is observed instead of a square ending. This 

leads to a shortening of the arm’s length, depending on the lattice parameter. In order to obtain 

better shape definition, experts on lithography were developed a computational lithography 

technique known as ―optical proximity correction‖ (OPC) in the 1980s. This technique is widely 

used in industry and consists in a change on the mask pattern design taken into account 

diffraction effects. Algorithm predicts where the diffraction field effect will be higher and 

removes some pixels (transparent area) near the area to reduce the diffraction contribution. On 

the other hand, it will be added some pixels at the ending of the lines to contribute to a better 

shape definition (these structures are known as ―dog-bone‖ endcaps). Also, this technique can 

take into account other shape degradation effects, e.g. optics effects, for projection lithography, 
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or field effects on e-beam lithography. Future application of this technique to the mask design 

could improve the quality of these patterns. 

 

Figure 135. SEM images corresponding to stars with width arms L = 0.5 µm (on the mask design), several length 

arms (R) and lattice parameters. Measured L dimension were approximately: (a) 0.6 µm for octagonal side, (b) 0.77 

µm for octagonal side, (c-d) not possible to measure, and (e-f) 0.9 µm. 

Similar results were observed for stars fabrication. In this case, better results were found for L = 

0.5 µm instead of 0.75 µm, probably produced by two effects: lower air spacing in the 

monitored area and lower L value. Figure 135 shows several patterns developed using mask 

parameters from R = 2 to 8 µm, and lattice parameters from 2.5 to 10 µm. It can be seen that 

different patterns were formed due to light diffraction: octagonal shapes, knurled circles and star 

like patterns. However, as the lowest dimension star resolved in this case is for mask design L = 

0.5 µm, R = 8 µm and a = 10 µm, achieving L ~ 0.9 µm and R ~ 7.66 µm, due to the above 

mentioned diffraction effects, that could not imply that developed patterns were not interesting 

from a biosensing point of view. Knurled patterns should increase the effective surface and 

create forms with size in the order of hundreds of nanometres. 

Finally, in order to achieve high resolution stars, OPC designed masks fabrication process 

optimization are needed. 
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4.1.4.2.3. Hollow and concentric cylinders 

Periodic arrays of hollow and concentric cylinders were fabricated attending to the previously 

described designs (section 3.3). Lowest mask dimension for hollow cylinder was defined 

cylinder width that it is the external diameter (dext) minus the internal diameter (dint) divided by 

two. Hollow cylinders with designed cylinder width equal to 0.5 µm were not fully resolved. 

They showed a cavity ~ 200 – 300 nm in depth, indicating an overexposure area. However, 

those with cylinder width of 1 µm were correctly resolved, as it can be seen in Figure 136. 

Therefore, lowest and compacted resolved hollow cylinders achieved was for the parameters dext 

= 4.06 µm, dint = 1.7µm and a = 5 µm. 

 

Figure 136. SEM images corresponding to hollow cylinders with measured parameters: (a) dext = 1.96 µm, dint ~ 0.85 

µm and a = 3 µm, not resolved; (b) dext = 4.06 µm, dint = 1.7 µm and a = 5 µm; and (c) dext = 4.07 µm, dint = 1.75 µm 

and a = 7.5 µm, both fully resolved. 

In the case of concentric cylinders, the lowest dimension was defined as the inner pillar 

diameter (dpillar) and this dimension is related to the external and internal diameter of the 

surrounding hollow cylinder following next relation: dext = 5·dpillar and dint = 3·dpillar. Three 

different dpillar were designed: 0.5, 0.75 and 1 µm. Fabrication results showed that no inner 

pillars were defined for dpillar = 0.5 µm, appearing only a hollow cylinder or a filled one. 

However, structures with dpillar of 0.75 and 1 µm were resolved (Figure 137), showing dpillar ~ 

0.7 – 0.9 µm and ~ 1 – 1.3 µm, respectively. 
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Figure 137. SEM images corresponding to concentric cylinders measured parameters: (a) dext = 3.9 µm, dint = 2.5 

µm, dpillar = 0.78 µm and a = 4.25µm; (b) dext = 3.9 µm, dint = 1.95 µm, dpillar = 0.85 µm and a = 4.5µm; (c) dext = 

3.85 µm, dint = 1.9 µm, dpillar = 0.72 µm and a = 5 µm; (d) dext = 5.3 µm, dint = 2.8 µm, dpillar = 1.3 µm and a = 5.5 

µm; (e) dext = 5.15µm, dint = 2.73µm, dpillar = 1.05 µm and a = 6.5 µm. 

 

4.1.4.2.4. Combination of fractal structures 

Periodic arrays of fractal structures and combinations of them, using the above presented 

structures, were fabricated attending to the previously described designs (section 3.3). Results 

corresponding to resolution achievement and problems related to overexposure effects occurred 

in the same way for these patterns. It is needed to mention that third fractal order (m = 3) was 

accomplished on fractal pillars, where lowest measured dimensions were: dm1 = 3.22 µm, dm2 = 

1.62 µm and dm3 = 0.79 µm, for am1 = 10 µm, am2 = 5 µm and am3 = 2.5 µm. Several examples 

corresponding to the three main developed geometries are shown in Figure 138: fractal based on 

pillars, hollow cylinders and crosses/stars combinations. 
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Figure 138. SEM images corresponding to fractal pattern based on: (a) pillars, third fractal order (b) hollow 

cylinders, third fractal order and (c) crosses/stars combinations, second combination order. 

 

Concluding, it has been demonstrated the feasibility of a fabrication process at wafer level, 

based on contact lithography, for BICELL production. Several patterns were replicated from the 

designed photomask: pillars, crosses, stars, hollow cylinders, concentric cylinders and fractal 

and combinations of the previous geometries. Lowest resolution achieved was pillars of 

diameter ~ 0.7 µm and height of ~ 1.2 µm. However, an optimization of the fabrication 

parameters at wafer level must be carried out, in order to reduce the pattern resolution, 

homogeneity over the wafer, stability of the parameters on the reproduced structures, among 

others. Also, it is recommended to apply an OPC algorithm to the next mask design, in order to 

avoid diffraction effect on complex patterns and enhance their shape, e.g. stars or crosses. 

 

4.2. Packaging development for PoC devices 

Once BICELLs are produced, next step is to provide a simple and reliable way to handle them. 

Simplest way is to cut a wafer into dies or chips and use a set of tweezers to handle it. Though 

this handling is mainly preferred at a laboratory scale, a main drawback come from chips 

fragility and their exposure to scratches, particles and loses. So it is mandatory the design and 

fabrication of a suitable packaging to handle these chips. 
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Also, it is necessary to consider that this packaging could be suitable for working out of the 

laboratory, e.g. in a portable measurement device. So it must be designed for a specific device 

and use. During this thesis, I was involved in several projects for the development of PoC 

devices for IVD in close collaboration with both industrial and research partners (―INNBIOD‖, 

from national funding INNPACTO programme, and ―ENVIGUARD‖, from European funding 

7
th
 framework programme). Several results from these developments in this thesis were adapted 

by BIOD S.L., a spin-off of the UPM, so technology transfer to industry was performed. 

This section is devoted to the development of packaging design for the biosensing chips 

considered in this thesis. First, it is necessary to cut a wafer into chips for single evaluation. It 

was explored different techniques and experimented several problems. Moreover, different 

packaging designs were tried, taking into consideration the developed PoC devices constraints. 

Finally, it is shown the technology transfer to a company of this packaging concept. 

 

4.2.1. Wafer dicing 

Semiconductor industry is based on the mass manufacturing principle to reduce the cost per 

device: as fabrication processes are usually extremely expensive, it is required to produce as 

many functional devices as possible per process step. This was achieved working at wafer level, 

and scaling progressively the size of the wafer. Actually, these diameters range from 4‖ (100 

mm) to 300 mm. 

The process to cut a wafer into dies or chips is known as ―wafer dicing‖. It can be done by 

several ways: 

a) Manual dicing (cleaving): applied to wafers or samples, it consists in scribing the 

surface with a diamond tool. After that, applying a mechanical stress cause a break on 

the sample that begins at the scribed area. Also, it is possible to produce a small groove 

with the diamond tool at one edge of the wafer and then, applied a mechanical force in 

this place, so wafer will break at the corresponding crystallographic plane. This 

technique is also known as wafer cleaving. Quality achieved is strongly dependent on 

the operator ability, so repeatability and homogeneity of the process is not guaranteed.  

b) Blade dicing: applied to wafers. This technique needs the use of a saw that 

mechanically cuts the wafer in a programmed pattern. It is necessary the use of some 

lubricant to optimize the cutting process, clean the sample and reduce the heating. 

However, high amount of debris is generated in this process, so subsequent cleaning 
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steps are needed. Moreover, as mechanical vibration and stress can occur during dicing 

process, cracks and chipping can occur to the chip. 

c) Laser ablation dicing: applied to wafers or samples. This technique replaces the saw by 

a high power laser beam, where material removal is performed by laser ablation. Main 

advantages of this method are the reduction of process times (higher cutting speeds) and 

the removal of expensive tools for machining (e.g. saw). However, this technique also 

creates a high amount of debris so cleaning steps are needed after the cutting. This can 

be avoided by adding a water jet collimated with the laser beam (Richerzhagen et al. 

2004, Richerzhagen et al. 2006), but making more complex the system. Depending on 

the thickness of the wafer and the laser system, two methods can be employed: (1) 

ablation of the upper layer of the wafer, which will be the initial zone of the crack 

propagation through material, and (2) total ablation of the substrate, leading to a cutting 

process. First one has the disadvantage that the crack propagation might not follow the 

desirable line, depending on the crystallographic planes and depth of the ablation. 

d) Thermally induced stress dicing: applied to wafers or samples. This relatively novel 

technique consists in the generation of local mechanical stresses due by localized 

heating using a high power laser. This can be generated by different means: (1) a laser 

beam focused inside the material, so thermal stress is created inside the material 

(―Stealth Dicing‖, developed by Hamamatsu Photonics K.K. (Ohmura et al. 2008)), (2) 

a laser beam focusing on top of the material with a power lower the ablation threshold, 

so only thermal effects can occur (Haupt et al. 2008), (3) also, it is possible to generate 

almost linear thermal stresses, and therefore a crack propagation, by repeated laser 

ablation of a certain line. This technique was developed at CLUPM by Dr. Rafael 

Casquel and Juan José García-Ballesteros and was applied mainly to the precise dicing 

of photonic devices (Casquel et al. 2011). Amount of generated debris depends on the 

technique used, but generally these thermal processes generate a low amount of debris 

compared with the other ones. 
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Figure 139. Schemes of the main wafer dicing techniques: (a) manual dicing, (b) blade dicing, (c) laser ablation 

dicing and (d) thermal induced stress dicing. 

Blade dicing for 6‖ wafers was not available at CLUPM, so no experiments were performed 

with this technique. Though some experiments were done using the thermal induced stress 

technique (repeated laser ablation and crack propagation), it was only used for small photonic 

chips developed in the framework of other projects. Time needed for the propagation of the 

crack was not feasible for a wafer dicing. However, the so called ―stealth dicing‖ could be an 

interesting technique, due to the lower amount of debris generated, which becomes a great 

problem as it will be shown later. It was not investigated in this thesis due to time constraint. 

Finally, it was chosen the laser ablation technique for wafer dicing, as it was available at 

CLUPM for wafer dicing during this work. Following are detailed the obtained results and 

problems encountered. 

Objective of the process was to generate an array of lines, by laser ablation, to define the dies on 

a wafer. After this laser marking, wafer is cleaved by applying manually a mechanical stress, so 

crack propagation follows the line marked by laser. So, it was desirable that process achieve 

next considerations: 
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a) Process must preserve the integrity of the structures: as wafer contains delicate 

structures, it is desirable that the process generates low or no amount of particles, 

avoiding a post cleaning step that could damage those photonic devices. Also, it must be 

analysed carefully any element that could induce any damage to the structures, e.g. 

assist compressed air pressure and quality. 

b) Maximize laser ablation penetration: if penetration of the initial crack is too low 

compared to the wafer thickness, crack propagation would not follow the laser marking 

and may destroy the chip. Also, force needed to cleave the wafer will be higher. So it is 

preferred a high penetration of the laser ablation into the material to minimize both the 

risk of chip damage and force applied. 

c) Precise alignment of the laser beam at wafer level: wafer patterning should contain a 

series of alignment marks to define the chip edges. It is important to follow this marks 

in order to avoid future misalignments of the BICELLs position in a packaging and, 

therefore, in the detection system. 

It was used ML100 workstation based on DPSS laser working at 355 nm in a pulse mode 

operation (ns range). This workstation is described in section 4.1.2. Though axes range of this 

workstation is smaller than a wafer size used, this equipment was demonstrated to be suitable 

for this task, as it possess a UV laser able to machine Si substrates, it is possible to work with or 

without assist gases and combination of TTL focusing on the sample with high resolution 

motorized axes, permits a precise alignment at wafer level. 

Three different experiments on bare Si substrates, thickness ~ 600 µm, were performed in order 

to define the best: (1) no assist gas, (2) compressed air at 1 bar as assist gas and (3) immersion 

in water. First two ones are normally used for laser ablation processes, and they were wide used 

in the beginnings of this work for bare and patterned wafers, and also this technique is valid for 

glass substrates as UV lasers are used. Several examples of wafer dicing at CLUPM are shown 

in Figure 140. However, these techniques produce a high amount of particles, so several 

cleaning steps involving ultrasonication were needed, which involved a high probability of 

structure damaging. 
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Figure 140. Different wafers diced at CLUPM using different micromachining UV laser workstations at CLUPM 

without assist gas: (a) 6” Si wafer with BICELLs based on nanopillars fabricated by IMS Chips and designed by our 

group. This wafer was diced into 15 x 15 mm dies, using laser ablation without assist gas, as can be seen in the right 

picture, using ML100 workstation and 355 nm DPSS laser. (b) 6” Si wafer with BICELLs designed and fabricated at 

CLUPM during this work. It was diced into 10 x 10 mm dies, using a newer workstation with a similar laser system 

but motorized axes with enough range for this size. (c) Glass slide for microscopy used as substrate for both BICELL 

development and mask manufacturing. It was diced into 12.5 x 12.5 mm dies using ML100 workstation. (d) Si bare 

dies of 10 x 10 mm diced using ML100 workstation. 

Immerse the wafer on water is not a standard process, though some proofs of concept can be 

found in literature (Choo et al. 2004, Kruusing 2004, Wang et al. 2012, Mak et al. 2011). Its 

major benefits come from a higher ablation penetration and cleaner process. As the water acts as 

a confinement media of the plasma, so ablation process is more efficient and therefore, higher 

ablation penetration is achieved. Also, laser ablation in water generates bubbles which help in 

the material removal, as it is shown in Figure 141.A-B. Moreover, water works as a particle 

trap, so particles generated remain in the water volume. This is also a great disadvantage as 

particle concentration in water rise quickly, and it becomes to a point where water is so 

saturated of particles that UV light was completely absorbed by water/particle mixture. It can 

easily be solved by renovating periodically the water of the container. 
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Figure 141. (a) Bubble generation during laser ablation of Si wafer immersed in water. (b) Detail of the working 

setup used. 

It was chosen next parameters (no optimization study was carried out): laser power 2 W, 

frequency repetition 50 kHz and cutting speed 200 µm/s. Results are shown in Figure 142, 

where can be easily seen that effect of no assist gas produced a high number of Si particles over 

the surface of the substrate. Use of an assist gas reduced the amount of particles, but did not 

remove them completely. Also, it was mandatory a high quality compressed air, free of 

condensed water, particles and oil, in order to not contaminate the wafer surface. Moreover, it 

was observed that immersion technique generated the best results for both laser penetration and 

surface cleaning, but processing speed was limited due to undesired flowing of the water in the 

container, which produced the refraction of the laser beam. However, all these techniques 

presented a length around the groove ~ 20 – 50 µm, which was affected by laser interaction, 

making it useless. Finally, it was necessary to take into account the crystallographic plane of the 

Si wafer. Though the laser penetration will be great, crack propagation will follow the 

crystallographic plane. Therefore, crack propagation in Si wafer <111> orientation was not 

perpendicular to the surface but oblique, as it is shown in Figure 142.C. Removal of this 

deleterious effect must be accomplished by choosing other wafer orientation, e.g. <100>, or by 

a subsequent mechanical polishing. This consideration must be taken into account in the design 

of a packaging for these chips. 

 

Figure 142. Optical images of the grooves produced by laser ablation using next configurations: (a) no assist gas, (b) 

immersion in water. (c) Detail of a die obtained using immersion technique in which can be seen the effect of 

crystallographic planes during crack propagation on <111> Si substrate. 

Immersion technique was tested because chips diced with the other two techniques presented 

several problems related with the surface cleaning. Concretely, immobilization of BSA proteins 
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was not possible in those chips. After discarding possible immunoassay degradation, it was 

examined BICELLs surface on chips diced by assist gas and by immersion technique. SEM 

images showed a huge amount of micro and nanoparticles over the BICELLs surface using gas 

assist (Figure 143.A), and no particles were observed when immersion technique was applied 

(Figure 143.B). Performing a new immunoassay on these structures demonstrated that 

biosensing response was only achieved using the immersion technique for wafer dicing. Further 

study on this topic must be carry out for a better comprehension of this phenomena, but a first 

hypothesis is that micro- and nano-particulate would passive the surface of the BICELLs, so 

surface is almost blocked for any biomolecule. 

 

Figure 143. Detail of SEM images of one cross structure of SU-8 on a Si substrate. Wafer dicing was applied (a) by 

assist gas and (b) by immersion in water. 

Concluding, it was developed a functional method for wafer dicing which accomplishes the 

specific needs for the optical biosensors analysed in this work. However, it is needed a major 

study on the immersion technique, parameter optimization and the development of a tool for 

working in a continuous flow of filtered water, as schematized in Figure 144, so process time 

would be dramatically reduced. Also, it will be interesting the future study of ―stealth dicing‖ 

technique, in order to reduce the complexity of the setup (no use of water) and improve the 

cleaning of the surface. 
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Figure 144. Tool scheme proposed for laser ablation dicing by wafer immersion in water. 

 

4.2.2. Packaging fabrication 

Chips containing BICELLs must be placed in some packaging in order to fulfil next points: (1) 

handle them in a proper, safe and standard way, (2) protect the BICELLs against unwanted 

external influences, e.g. particles or manipulation, (3) ensure the mechanical, optical and 

biological integrity and functionality of the biosensor, and (4) provide an interface of the 

biosensor with mechanical, optical and electrical components contained in the detection device. 

It was suggested during this work the design and implementation of a packaging for the 

proposed biosensors based on BICELLs. First works on BICELLs were performed with no 

packaging, so continuous manipulation of the chip damages greatly the biosensing structures, 

e.g. during an accumulative immunoassay. Therefore, main motivation were to provide a 

comfortable way to use the biosensors, minimizing the contact of the user with the chip and 

then, improving the integrity of the BICELLs. Also, it was important to have an interchangeable 

packaging, which means that chips were not permanently attached to it. 

Taking these considerations into account, first proposed packaging consisted in a simple 

machined sheet of polyimide of thickness 125 µm attached to a microscope glass slide. 

Polyimide was machined by 355 nm laser cutting (using ML100 workstation, previously 

detailed) to accommodate four Si chips 10 x 10 x 0.6 mm. It was necessary to increase the 

height of the polyimide sheet with double face stick of ~ 0.3 mm thickness, in order to attach 
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correctly the chip to the packaging. Though chips were fixed to the packaging, when 

compressed air was applied during the cleaning step of an immunoassay chips normally flew, 

usually provoking their total damage. Therefore, it was mandatory to fix chips to the polyimide 

with a piece of stick. Figure 145 shows the final result, with four SiO2/Si based chips. 

 

Figure 145. First packaging for BICELLs developed in this work. 

Though this packaging is functional and covers all the needed characteristics, it presents several 

disadvantages: (1) mechanical instabilities using compressed air for cleaning purposes, (2) it is 

not fitted for transportation, (3) it does not protect effectively from external manipulation or 

contamination, and (4) chips are not protected from falls or mechanical shocks. Such 

considerations, together with the start of a new project for development of a PoC device using 

BICELL technology, led to a new packaging design. 

The new design of the packaging considered not only the previous experience but the 

integration on a PoC device designed in parallel. Then, PoC’s design was conditioned to the 

packaging design and vice versa. In this case, it was decided to define first a functional 

packaging, and therefore, define the way to work with it in the PoC device. Feedback from the 

PoC’s design contributed to redesign the packaging. PoC’s design and fabrication was 

developed by Gonzalo Guadaño (LASING S.A.) in close collaboration with CLUPM in the 

framework of project ―INNBIOD‖, from national funding INNPACTO programme. 

Detection system proposed in the project consists in the development of a PoC device based on 

vertical characterization of BICELLs. Optical response was evaluated by spectrometry in the 

visible spectral range, with capability to measure either reflectance or transmittance BICELLs’ 

response. On the other hand, one of the objectives in the project was the evaluation of five 

biomarkers, at maximum, in order to improve the diagnostic of the ophthalmologic disease 

known as ―dry eye‖ (Soria et al. 2013). It was also referred to in the project automatic 

measurement, which enables the capability to measure multiple BICELLs in the same 
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experiment. Taking into account these factors, together with the previous mentioned, it was 

defined next packaging’s characteristics: 

1. Packaging must permit both reflectance and transmittance measurements. 

2. It will contain several chips for different biomarkers. 

3. Dimensions will not be greater than a conventional microscope glass slide (75 x 25 

mm). 

4. Materials used must provide good mechanical stability from falls and shocks. Also, they 

must be standard and cost-effective materials. 

5. Fabrication process must be as simple, standard and cost-effective as possible. 

6. Chip assembly must guarantee a good stability and protect BICELLs from external 

manipulation. 

7. Packaging will have a mark to define the correct orientation of the chips. 

According with these requisites, it was designed a packaging that fulfil most of them, and it is 

shown in Figure 146.A. It consists of two poly(methyl methacrylate) (PMMA) sheets, machined 

by CO2 laser cutting, and bonded by adding trichloromethane (chlorophorm) between them. 

Laser cutting define several chip containers for both sheets, though chip container of the bottom 

sheet will be smaller than the top container. This led to an area in which chip can be firmly 

attached and bonded with an adhesive (ethyl cyanoacrylate). PMMA thickness of 2 mm was 

chosen, so packaging has a total thickness of 4 mm. Mechanical properties of PMMA together 

with the total thickness of the packaging led to a strong mechanical stability and guarantee 

protection from falls and shocks. Chips used have a thickness ~ 0.6 mm, and therefore the 

container provides some security to the chip due to the height difference between the chip and 

the external face of the PMMA sheet. Thereby, it is also achieved an incubation well in the 

packaging, in which it is possible to add a volume of analyte during an immunoassay. 

Machining the bottom PMMA sheet finds its motivation in the transmission measurements. It is 

preferred to have only the transparent substrate interface instead of a substrate/PMMA or 

substrate/glue/PMMA, so it was defined a hollow area for this type of measurement. It was also 

added one mark per chip at one edge of the packaging. Those marks are engineered to provide a 

mechanical alignment of the packaging in the PoC device. The idea was as follows: PoC device 

had two motorized axes in order to automate the measurement process. It was designed a system 

to automate measurements on one chip, but a mechanical shift between chips, in order to make 

the demonstrator as simple as possible. Mechanical alignment proposed was a ball spring 
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plunger inside a two metallic guide. Finally, it was added a chamfer to one corner, for a correct 

orientation of the packaging and to serve, in a future, as a poka-yoke system. A final device 

containing four transparent chips with BICELLs based on Fabry-Perot interferometers can be 

observed in Figure 146.B. After design and fabrication, it was compared the developed 

packaging with others commercialized ones (Figure 146.C), finding that dimensions, materials 

and aspects were quite similar, so the idea it was not far from the real market. Scheme of 

packaging’s fabrication is exposed in Figure 147. Fabrication of these packaging was performed 

at CLUPM with the help of Alberto Cuesta. 

 

Figure 146. (a) First packaging designed for ophthalmologic diseases diagnostic, consisting on six chip containers of 

5 x 5 mm. Packaging is made on Poly(methyl methacrylate) (PMMA) of thickness 2 mm per sheet. (b) Photo of a final 

packaging for four transparent chips 10 x 10 mm, based on Fabry-Perot resonator BICELLs. (c) Comparison of the 

developed packaging with other commercial packagings. From left to right: a lateral flow from 77 Elektronika Kft. 

for Prostatic Specific Antigen (PSA) detection, which is a biomarker of prostatic cancer; lab-on-a-chip biosensor; 

and packaging containing different reagents for C-Reactive Protein (CRP) from Alere Ltd. 
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Figure 147. Scheme of packaging’s fabrication based on CO2 PMMA laser cutting and bonding. 

During the project development, we realized it was needed to change the design of the 

packaging. Alignment marks were totally useless due to the high force needed to change the 

position between chips. As alignment marks were too deep, the ball spring plunger contained in 

the metallic guide pressed too much the packaging, so force required moving it provoke a non-

comfortable way to handle it. This situation can be easily improved changing the alignment 

mark geometry: (a) it can be reduced the deep of the circular marks or, (b) selecting a new 

geometry based on a thin rectangular cut perpendicular to the edge packaging (as proposed G. 

Guadaño). These proposals are shown in Figure 148.A, where it can be seen final prototypes 

produced in order to test them. On the other hand, PoC device under development was changed 

from a full automatic movement to a manual selection of the BICELL under test, in order to 

make the PoC demonstrator simpler (from both mechanical and software development point of 

views). Thus, it was added one alignment mark per BICELL’s row for each chip. BICELL’s 

columns were selected manually using a micropositioner, so all BICELLs can be measured. 

Moreover, a reusable packaging was preferred to optimize both time and material consuming. 

Therefore, it was added two small semi-circles to the chip container, so it would allow some 

tweezers to add and remove any chip. After attaching the chip to its container, it can be locked 

into it by adding a tiny ball of Parafilm into the semicircle. It provided a cost-effective way to 

reuse any packaging. Finally, proposal B was adopted due to the low force needed to move 

between marks and its high precision compared to proposal A. Also, it was removed the bottom 

sheet container machining because reflectance measurements were chosen. As no transmittance 

measurements were needed, it is no necessary to cut the bottom container, so time processing 

was saved. 
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Final PoC prototype can be observed in Figure 148.B. Left image shows the system without the 

external housing, in which can be seen the optical components and the metallic two guides with 

several ball spring plungers for manual alignment. Packaging was inserted in those guides and 

the alignment marks define the BICELL position. Right image shows an example of optical 

measurement of one BICELL using this prototype. 

 

Figure 148. (a) Original packaging design developed for PoC device and its evolution. Examples on fabrication for 

four chips per packaging and attached chips are shown. (b) PoC prototype device developed by LASING in close 

collaboration with our research group. Left image shows the system without the external housing, in which can be 

seen the optical components and the metallic two guides with several ball spring plungers for manual alignment. 

Right image shows an example of optical measurement of one BICELL using this prototype. 
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Figure 149. (a) Final packaging produced by means of rapid prototyping techniques. It is shown the procedure to 

introduce the chip by using an internal rail. (b) 3D printer used to fabricate several packaging at the same time. (c) 

First PoC prototypes designed and manufactured by BIOD S.L., Centro de Electrónica Industrial (CEI) UPM and 

our research group. PoC devices are based on a technology patented by our research group during this work, in 

which the author is co-inventor (Holgado et al. 2012). 

Following this concept, it has been implemented a modified version of this packaging design by 

the company BIOD S.L. in the framework of several projects with industrial clients, being the 

first step towards the commercialization of this low cost packaging for optical biosensors. This 

packaging is shown in Figure 149.A. Several changes have been added to the packaging: (1) 

fabrication process is based on rapid prototyping techniques, using a commercial 3D printer. 

This technique consists in the direct 3D writing of a defined structure by the controlled 

extrusion of a thermoplastic wire (Figure 149.B). This technology provides a high design 

freedom combined with low cost production. (2) It has been changed the chip container, by 

adding an internal guide to introduce the packaging. (3) Material was changed to PLA polymer, 
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but it can be selected any other thermoplastic, e.g. to ABS polymer, which can provide better 

mechanical stability. 

New PoC prototype devices are based on a new technology patented by our research group 

during this work, in which the author is co-inventor (Holgado et al. 2012). These new PoC 

devices are being under actual development by BIOD in close collaboration with Centro de 

Tecnología Industrial (CEI) from UPM and our research group. 

 

4.3. Conclusions: fabrication development 

Through this chapter it was exposed the fabrication results concerned to both BICELL and 

packaging development. Main conclusions for both topics are referred here: 

 

BICELL fabrication: 

 It was proved different available fabrication techniques for BICELL fabrication, based 

on laser, e-beam or lamp exposure technologies. Availability of fabrication processes 

came from two factors: available and purchased equipment at CLUPM and 

collaboration with other institutions, ISOM-UPM and Fraunhofer IWS (Dresden, 

Germany). 

 Characterization of the SU-8 was performed in order to understand the fabrication 

process and the influence of several parameters on the material. Morphological and 

chemical characterization of spin-coated SU-8 resists was done. 

 Best fabrication results were achieved using lamp exposure technology, due to next 

characteristics: lithography at wafer level, small exposures time and relatively small 

resolution (~ 0.7 µm) with aspect ratios > 1 for the developed structures. 

 

Packaging development: 

 New designs for packaging of chips containing BICELLs were developed, fabricated 

and improved. 



Chapter 4 

- 172 - 

 Packaging design provided a high mechanical stability, protection to the biosensors, 

incubation wells and permitted the optical read-out by several developed PoC devices. 

 Fabrication technologies used are standard and cost-effective. Materials used are low 

cost and common in industry: PMMA and thermoplastics. 

 It was implemented a modified version of the developed packaging by the company 

BIOD S.L. in the framework of several projects with industrial clients, being the first 

step towards the commercialization of this low cost packaging for biosensors based on 

BICELLs. 

 

As a general conclusion, it was studied different approaches to develop and integrate the optical 

biosensor technology proposed in this work. It was always taken into consideration that 

fabrications must be industrial oriented, so mass fabrication and cost-effective technologies 

were preferred. Though several proofs of concept and prototypes were performed, it was 

demonstrated that this biosensing technology is in the way to industrial exploitation, so 

technology transfer from applied research to final product was achieved. 
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5. MEASURED BIOAPPLICATIONS 

Different immunoassays and experiments were performed using developed BICELLs presented 

in the previous chapter. As the nature of the structures (dimensions, quality) depends strongly 

on the fabrication process, it was decided to organize this chapter by the fabrication technique 

used, following next order: contact lithography, projection lithography, DLIP and e-beam 

lithography. A complete scheme of the results shown in this chapter is provided at Figure 150. It 

was not chosen a chronologic order, but a relevance one. Results from geometry and dimensions 

influence on the biosensing response are shown, concluding with a helpful qualitative model to 

predict the behaviour of structured BICELLs. 

 

Figure 150. Scheme summarizing the measured bioapplications results presented in this chapter. 

Several immunoassays or bioapplications were measured. BSA/aBSA immunoassay was used 

as a standard assay. Also, real bioapplications were tested, in order to demonstrate the suitability 

of this technology for detection of a wide variety of biochemical agents: Gestrinone hormone, 

PLAA protein (involve in ophthalmologic disease) and Dengue virus were measured. Though 
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reflectivity measurements were usually performed, it is presented results comprising first 

transmission measurements using transparent substrates. 

 

5.1. BICELLs produced by contact lithography at wafer level 

BICELLs based on different geometries and sizes were proposed previously in section 3.3. 

Main hypothesis is that increasing the effective surface of the structures (by minimizing both 

dimensions and lattice parameter) should improve their sensitivity. Also, geometry influence 

can change the evanescent field distribution, which could enhance sensitivity of a certain 

BICELL. It was used the photonic structures developed by contact lithography at wafer level to 

perform this study. This technique offered the best quality developed structures and the high 

resolution with the available equipment at Centro Láser UPM. 

In order to study the influence of the geometry on the biosensor performance, a comparison 

between BICELLs was carried out using two techniques: biolayer simulation by an ultrathin-

film deposition and BSA immunoassay. It was used previously defined standard BICELL to 

compare the enhancement of geometries with a non-structured BICELL. Optical and biological 

sensitivities and LOD values were analysed in function of effective surface using some of the 

parameters described previously. A detailed overview of the parameters used in this study is 

shown in Figure 151. Derived from this study, a qualitatively model to predict the biosensing 

response of a certain BICELL is proposed, based on the effective surface and the optical 

sensitivity. Results obtained in this section will be object for publication in JCR scientific 

journals. 

 

Figure 151. Diagram showing the parameters chosen for biosensing performance comparison between BICELLs 

based on different geometries. 
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5.1.1. Optical biosensing response characterization by ultrathin-films deposition 

Performance comparison between different optical biosensors based on affinity detection can be 

carried out by different ways, as it was explained in section 2.2.1: (1) by computer simulation, 

(2) by adding liquids of different refractive index and (3) by measuring the response of a well-

known immunoassay. First option is low-cost as no biosensor neither reagent is needed, but 

simulations are usually time-consuming and simplifications have to be taken. Second option has 

the advantage of being a fast and low cost technique to compare optical biosensors, and it is 

widely used for continuous flow measurement systems. However, it does not represent a real 

analyte/bioreceptor interaction at the biosensor surface, as only one interface is considered: 

surface-liquid. A good characterization technique should simulate the real behaviour of a 

biosensor, where two interfaces can be observed: surface-biomolecule and biomolecule-

medium. Therefore, three different materials must be considered. 

Third option improves previous limitation by performing a real immunoassay on the biosensor, 

so the measured response corresponds directly with the analyte/bioreceptor interaction. 

However, it is difficult to extrapolate the results obtained between biosensors, as the bioreceptor 

immobilization could greatly differ: e.g. different material surfaces could lead to several 

functionalization routes to attach the bioreceptors, so its antibody orientation, area density and 

stability could be different. In this situation, a sensor that theoretically possesses greater 

sensitivity, it could generate a lower signal due to a poorer surface functionalization. Also, it is 

important to consider the high cost on time and reagents needed to quantify the response of a 

single biosensor using this technique. 

Thus, it could be defined the characteristics of an ideal response characterization of a biosensor, 

as commented in 2.2.2: (1) good simulation of the analyte/bioreceptor interaction at the surface, 

(2) response independent on the material surface or bioapplication target of the biosensor, (3) 

low cost, (4) fast analysis, (5) reproducible and (6) reliable. 

In this work it was developed a novel technique, to the best of our knowledge, for characterize 

the optical response of label-free optical biosensors. It consists in the deposition of an ultrathin-

film (tenths of nanometres) on the surface of the biosensor, simulating a biofilm layer. 

Therefore, it can be measured the sensitivity of the biosensor as a function of the ultrathin-film 

thickness by using the sensing quality factor (SQF). It is also thought that this technique can be 

used to compare different mass change based biosensors, as optical (e.g. SPR, Mach-Zehnder, 

Young Interferometers), mechanical (e.g. cantilever based biosensors, QCM) and electrical (e.g. 

SAW, ISFET) label-free biosensors. Though comparison must be carried out between devices 
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that share same units, it could be a powerful tool and a forward step towards the standardization 

in the field of biosensing metrology. 

First experiments were carried out in the development of this novel technique. Two deposition 

techniques were tested to simulate the biofilm layer: spin-coating of a high diluted resist and 

chemical vapour deposition (CVD). Morphological characterization was made in order to 

evaluate the quality of the film. Also, this method was used to compare the sensitivity of 

BICELLs based on different geometries. Finally, some conclusions about this technique were 

extracted. 

 

5.1.1.1. Spin-coating: SU-8 deposition 

Proposed technique is summarized in Figure 152, where a resist is spin-coated on a chip 

containing BICELLs. If the thickness of the resist is in the range of tenths of nanometres and it 

covers homogeneously the BICELLs, the ultrathin-film can simulate a biofilm attached to the 

biosensor surface. By measuring the optical response before and after the deposition and 

knowing the resist thickness, it can be calculated the SQF of a certain BICELL. 

 

Figure 152. Description of the schematic process used for ultrathin-film deposition of high diluted resist and its 

characterization by optical means. To be published. 

It was commented previously that spin-coated thickness is mainly controlled by two factors: 

spin speed and resist viscosity. Therefore, two alternatives can be applied in order to reduce the 

deposited thickness: increase the spin speed or/and reduce the viscosity of the resist. It is not 

possible to reduce indefinitely the thickness by increasing the spin speed. This phenomenon is 

due to the viscosity increase as the resist is dried during spin-coating process. In this case, only 

a change on the viscosity of the resist can reduce significantly the thickness of the deposited 
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polymer. Then, a high diluted resist was employed to achieve thicknesses in the range of tenths 

of nanometres. 

The resist chosen to perform the proof of concept of this technique was a dilution of SU-8 in 

cyclopentanone (CP). SU-8 2000.5 was diluted with CP at a ratio of 1:20 at 4000 RPM in order 

to achieve ~ 15 nm on a chip of 10 x 10 mm, using previous results (Figure 57). Chips were 

immersed on H2SO4 for 10 s to opening the epoxy groups at the surface by acid catalyst process. 

Then, a higher hydrophilic surface is obtained, and this leads to a better resist adherence to the 

patterns and increases the deposit homogeneity over the chip. The thickness calculation was 

made by measuring the optical response of a FP interferometer contained on the chip before and 

after the SU-8 deposit. Due to the low thickness, it is not possible to measure the real thickness 

on the patterns using the available SEM at CLUPM, but it was possible to obtain an image 

showing a piece of ultrathin-film ~ 30 nm detached from the surface (Figure 153), 

demonstrating the film deposition. 

 

Figure 153. SEM images of a cleaved chip containing structures with an ultrathin-film deposit of SU-8. A piece of the 

ultrathin-film SU-8 layer (~ 30 nm) has been detached from the surface, (a) general view and (b) detail. To be 

published. 

However, morphological characterization of the spin-coated structures showed that SU-8 was 

not homogeneously deposited on the structures. As it is shown in Figure 154 for both pillars and 

stars geometries, it can be appreciated that at the bottom of the structures there is more amount 

of resist than in the top of the structures. This resist increase at these areas can be explained as a 

result from the polymer spread during the spin-coating. As chip rotates, resist is expelled from 

it, so resist flows on the surface and between the structures. In this movement, the structures act 

as barriers and more resist is attached to the bottom corners of the structures, acting like 

―mechanical traps‖. 

Though it is not possible to consider that the resist spin-coated on the BICELLs simulates a 

biofilm layer with enough precision, this technique could be a cheap technique to evaluate the 

biosensing response of certain optical biosensors, with a probably use on SPR, Mach-Zehnder, 

Young interferometers and QCM, among others. 
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Figure 154. SEM images show two geometries without and with an ultrathin-film of SU-8: (a) pillars and (b) stars. 

SU-8 is not completely deposited uniformly over the structures, where resist accumulates mainly at the bottom of the 

geometries. Inlets show confocal images from the top of the chip for both situations. To be published. 

 

5.1.1.2. SiO2 Chemical Vapour Deposition (CVD) 

Other proposed technique employed was SiO2 CVD on top of the BICELL under test. The 

objective was to deposit a homogeneous ultrathin-film of SiO2 which simulates a biofilm layer. 

SiO2 CVD technique used in this experiment, consists in the controlled reaction of SiCl4 with 

H2O, creating SiO2 and HCl at RT, as it is shown in Figure 155.A. Vapour phase is achieved by 

bubbling using N2 for both reagents, and chemical reaction is achieved in two steps: (1) 

bubbling H2O on the BICELL surface, so surface is humidified; (2) bubbling SiCl4, provoking 

in this way the reaction at the BICELL’s surface and producing the SiO2 ultrathin-film. 

Thickness can be controlled by controlling the N2 flow and the time of flow exposure 

(Hernández 2005).  

 

Figure 155. (a) Setup for CVD deposition based on SiCl4 and H2O reaction: (1) N2 flow control, (2) arm for SiCl4, (3) 

arm for H2O, (4) reaction chamber and (5) exhaust pipe. (b) Schematics of the deposition process. To be published. 
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CVD equipment was implemented by Dr. Beatriz Hernández Juárez (IMDEA Nanociencia 

institute) and Dr. Marifé Laguna Heras. Different parts can be appreciated at Figure 155.B: (1) 

N2 flow control; (2) arm for SiCl4 bubbling consisting in a reagent deposit and valves; (3) 

counterpart for H2O bubbling; (4) reaction chamber, where a chip of a maximum size of 12 x 12 

mm can be allocated; and (5) exhaust pipe immersed on a dilute NaOH (sodium hydroxide) for 

HCl neutralization. 

 

Figure 156. SEM images show two geometries without and with an ultrathin-film of SiO2: (a) pillars (~ 45 nm SiO2) 

and (b) crosses (~ 72 nm SiO2). SiO2 covers the shape of the structures homogeneously, although it can be seen some 

aggregates for pillar structures. (c) Fractal BICELL with ~ 50 nm SiO2 deposited in which several structures were 

accidentally removed. Dark areas reveal Si substrate where SU-8 pillars should be. (d) Detail of the previous image. 

To be published. 

Some proofs of concept were performed to analyse the morphological SiO2 CVD on BICELLs. 

Chips 10 x 10 mm containing different types of SU-8 BICELLs were used in this experiment. 

Thickness control was performed by measuring the thickness of a FP interferometer allocated 

on the chip before and after the SiO2 CVD. SU-8 and SiO2 thickness was measured using a 

commercial spectrometer on the visible and NIR range, Filmetrics F20-UV, and proprietary 

software to analyse the spectral data and to correlate it to a certain thickness value. CVD 

parameters were: N2 flow was adjusted to 50 mL/s and exposure time was 5 seconds per 

reagent. It was achieved a SiO2 thickness ~ 45 – 75 nm, and results of fabrication are shown in 

Figure 156, where pillars and stars were characterized by SEM, before and after the deposition. 

It was observed that SiO2 covered uniformly the structures though some roughness due to 

aggregates was obtained in some structures. SiO2 was deposited on the entire surface, as shown 

in Figure 156.C, where several pillars were accidentally removed. Area underneath them 

showed Si substrate in a dark colour, as no metallization was done. 
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Preliminary experiments to evaluate the homogeneity of the film thickness showed poor 

thickness homogeneity over a whole chip 10 x 10 mm (13.8 % uniformity), as can be seen in 

Figure 157. Therefore, die size of 5 x 5 mm was chosen for BICELL comparison to improve the 

ultrathin-film homogeneity (3.22 % uniformity). 

This technique is faster and at a relatively low cost, offering good homogeneity results in areas 

of a few millimetres square. Taken into account these points, it is considered SiO2 CVD a better 

approximation to simulate a biofilm, so it was chosen finally this technique instead of SU-8 

spin-coating to obtain the SQF of a BICELL experimentally. SQF estimation was based on the 

hypothesis that SiO2 was deposited homogeneously on the structures, and its thickness was 

estimated using standard BICELLs: FP interferometer optical response was evaluated by 

spectrometry before and after SiO2 deposition. Therefore, SiO2 thickness can be more accurately 

measured. 

 

Figure 157. CVD homogeneity thickness results: (a) and (c) show FP thickness distribution, and (b) and (d) show 

SiO2 thickness distribution on top of the FP. 

 

5.1.2. BSA immunoassay 

BSA/aBSA immunoassay consists of the initial covalent binding of the BSA biomolecule to the 

SU-8 surface due to the opening of the epoxy rings at the surface of the structure, which ease 

the direct adsorption of the protein. An acid catalyst was performed in order to increase the 

hydrophilicity of the surface by opening the epoxy rings and improve the BSA immobilization. 
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SU-8 epoxy groups were partially open and ready to immobilize the BSA antigens on the 

surface by liquid infiltration. Immobilization was performed in two steps: first 20 µg/mL of 

BSA for 30 min and a second incubation of 50 µg/mL of BSA for other 30 min. It was 

performed based in other results obtained by the research group showing better immobilization 

performance. No blockage step was performed in this experiment. Finally, different 

concentrations of aBSA were added (0.5 – 100 µg/mL) to the biosensing cell and recognize 

BSA protein. BICELLs were incubated for 30 min in aqueous solution of BSA or aBSA, rinsed 

with ultrapure water and blown with compressed N2, which permits to characterize the 

biosensor response without liquid flow. All the incubations were made under a wet atmosphere 

in order to avoid solvent evaporation and at 37 ºC. 

 

Figure 158. Optical setup used for the BSA immunoassay using BICELLs produced by contact lithography at wafer 

level. 

It was measured the optical response of the BICELL after each washing/incubation step. Optical 

characterization of biosensing cells was accomplished by means of a Fourier Transform Visible-

Infrared (FTIR-VIS) spectrometer (Bruker Vertex 70 adapted to visible range) and capable of 

analysing the spectral response at micro-domains by the microscope Hyperion 1000. 

Measurements of the spectrum response were carried out in reflection mode with a 15X optical 

condenser with NA = 0.4, which leads to a 15 – 22 º angles range of collected light. Figure 

158.A shows the optical setup used in this experiment. The spectral range analysed was from 

20000 to 9000 cm
-1

 (500 – 1111 nm) and the measurement area was reduced to the size of the 

biosensing cell by a set of edge apertures to an area of 500 x 500 µm. Experiments were carried 

out at RT controlled at 20 ± 1 ºC. Resolution equipment was set to 4 cm
-1

, so spectral resolution 

was ~ 2 cm
-1

. Five repetitions of the same measurement were performed for better LOD 

calculation. 
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Data was post-process by a two steps Savitzky-Golay smoothing filter in order to remove the 

noise. Span values of the filter algorithm were fitted manually per each resonance peak in the 

spectrum.  

 

5.1.3. Results and discussion 

BICELL responses of different geometries are discussed individually: pillars, crosses, stars, 

hollow cylinders and concentric cylinders. Fractal structures are briefly discussed. It was 

studied an estimation of the real effective surface per geometry based on the topographical 

characterization (SEM and confocal microscopy), using image analysis software for 

calculations. Height of structures was around 950 – 1100 nm. This height range was chosen to 

produce clear resonance peaks on the reflectivity spectrum. 

Two resonance peak positions were monitored: 700 and 900 nm, in a range of ± 50 nm, to study 

its influence on sensor performance. Though BSA immobilization was measured, discussion is 

only referred to aBSA recognition. Different parameters were observed: optical and biological 

sensitivity, recognition total displacement and LOD values. These values are obtained by the 

analysis of the peak displacement curves in the immunoassay. Some examples are shown in 

Figure 159 for BICELLs based on FP interferometer ~ 1.2 µm in thickness and an array of 

pillars with diameter d = 0.93 µm and lattice parameter a = 2 µm. Recognition curves are fitted 

to sigmoidal curves, usually Hill1 function. Biological sensitivities were obtained by a linear 

fitting of the measured points located on the linear range. Concentration linear range was 

adjusted per each experiment. Recognition total displacement was calculated using the 

sigmoidal fitting curve. LOD value is referenced to the smallest concentration of the analyte that 

can be detected by the biosensor. It is defined as the ratio between the mean total expanded 

uncertainty of the linear region (Utot) and the sensitivity (LOD = Utot/ms). Utot was calculated 

following the guide to the expression of uncertainty in measurement (GUM 2012), and it was 

calculated as Utot = k·(ures
2
 + uexp

2
)

-0.5
, using a coverage factor of k = 3, being ures

2
 = λres

2
/12 the 

resolution uncertainty, with λres the spectral resolution of the measurement; uexp is the 

experiment uncertainty and it was calculated as the uexp
2
 = ζ

2
/N, being ζ the standard deviation 

and N the number of experiment repetitions, in this study N = 5. 
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Figure 159. Immunoassay responses of BICELLs based on (a) FP interferometer ~ 1.2 µm in thickness and (b) pillars 

d = 0.93 µm and a = 2 µm. Peak position ~ 700 nm. To be published. 
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5.1.3.1. FP interferometers 

Structures were distributed on five different chips. Each one contains one standard BICELL 

based on FP interferometer same thickness as the structures height. They were used for 

comparison with the performance of structured BICELLs. Mean and standard deviation results 

from these five FP interferometers are shown in Table 7. Values follow the theoretical 

wavelength behaviour: higher the wavelength resonance peak position, higher both optical and 

biological sensitivity, meaning higher wavelength shift. Theoretical calculation for SQF of SiO2 

for a FP of 1200 nm thickness and 18º light’s angle of incidence (simulating the FTIR objective 

used) are similar to those measured by SiO2 deposition. 

Wavelength 

range (nm) 

Theoretical 

SQF SiO2 

Experimental 

SQF SiO2 

ms 

(nm/µg·mL-1) 

Recognition 

Δλsat (nm) 
LOD (µg/mL) 

700 ± 50 0.43 0.45 ± 0.04 0.26 ± 0.14 4.51 ± 2.03 2.05 ± 1.23 

900 ± 50 0.59 0.61 ± 0.06 0.44 ± 0.28 6.47 ± 2.85 1.15 ± 0.73 

Table 7. Measured parameters of biosensing performance for BICELLs based on FP interferometers. To be 

published. 

 

5.1.3.2. Pillars 

Different diameters and lattice parameters of networks of pillars were used as BICELLs. Lowest 

measured diameter was d ~ 0.83 µm with lattice parameter a = 3 µm. Pillar diameter of 0.7 µm 

did not present a clear resonance peak to monitor. Figure 160 shows the recognition curves of 

the BICELLs based on pillars compared with a FP interferometer. All structures showed an 

increase on both sensitivity and recognition total displacement compared with FP. However, it 

was observed two main points. First, uncertainty values observed are higher for structured 

BICELLs than for FP interferometer. It is derived from the higher FWHM peaks on structured 

than non-structured BICELLs, which produces higher resonance peak position instability as 

demonstrated in section 3.1. Second, an increase on the effective surface did not produce higher 

sensitivities, but clearly decreased both sensitivity and total displacement. These results did not 

correspond with the premises of this thesis, formulated in chapter 3. 
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Figure 160. aBSA recognition curves for different BICELLs based on pillars of different effective surfaces in 

comparison with a FP interferometer. To be published. 

A detailed view of the results obtained as a function of effective surface is shown in Figure 161. 

SQF values calculated with a CVD SiO2 ultrathin-film showed an increase trend, in contrast 

with sensitivity values (ms) for aBSA recognition in the 700 nm resonance peak. Better 

correlation between SQF and ms was found for resonance at 900 nm. This can be explained as a 

problem in uniformity of the SiO2 deposition along some structures. Also, it was observed a 

clear trend of decreasing recognition displacement values as effective surface is increased. It can 

be understood taking into consideration that biosensitivity affects the total displacement. 

Finally, it was not possible to see a correlation on the LOD with effective surface, as LOD takes 

into account not only biosensitivity but also the total uncertainty value. As it was mentioned, 

this value is in general higher for structured BICELLs due to wider resonance peaks. 

Unfortunately, this uncertainty increase follows no trend and it will depend on the reflectivity 

spectrum. Lowest minimum LOD value for the evaluated BICELLs based on pillars is 0.18 

µg/mL and is performed for pillars with d = 0.89 µm and a = 3 µm (eff.surf. = 1.89, peak 900 

nm). Sensitivity achieved by this configuration is ms = 1.70 nm/(µg·mL
-1

) and it corresponded 

with the highest sensitivity of the measured BICELLs. 
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Figure 161. Results corresponding to BICELLs based on pillars as a function of estimated effective surface. 

Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) 

Total recognition displacement and (d) LOD values for both peaks. To be published. 

 

5.1.3.3. Crosses 

Results obtained from lattices of crosses are shown in Figure 162. SQF and ms presented a clear 

correlation with a decreasing trend as effective surface increase, for both 700 and 900 peaks. 

Similar SQF and ms values were found for both peaks. Total recognition displacements 

presented neither a clear tendency, nor the LOD values. Lowest minimum LOD value for the 

evaluated BICELLs based on crosses is 0.87 µg/mL and was performed for crosses with arm 

width L = 1.64 µm, arm length R = 1.64 µm and a = 2.5 µm (eff.surf. = 4.42, peak 700 nm). 

Sensitivity achieved by this configuration is ms = 0.36 nm/(µg·mL
-1

). Configuration with the 

highest sensitivity of the measured BICELLs, ms = 2.60 nm/(µg·mL
-1

), and show a LOD = 1.18  

µg/mL. It corresponded with L = 1.09 µm, R = 3.99 µm and a = 10 µm (eff.surf. = 1.36, peak 

900 nm). 
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Figure 162. Results corresponding to BICELLs based on crosses as a function of estimated effective surface. 

Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) 

Total recognition displacement and (d) LOD values for both peaks. To be published. 

 

5.1.3.4. Stars 

Results obtained from lattices of stars are shown in Figure 163. SQF presented a clear 

decreasing trend as effective surface increase, for both 700 and 900 peaks. This tendency is not 

clear for ms values for the 700 nm range, and trend is inverted for the 900 nm range, where 

higher ms are found for 900 nm range. Total recognition displacements did not present a clear 

tendency. However, in this case LOD values seemed to reduce as effective surface increased. 

Lowest minimum LOD value for the evaluated BICELLs based on stars is 1.03 µg/mL and was 

performed for stars with arm width L = 0.75 µm, arm length R = 1.88 µm and a = 3 µm 

(eff.surf. = 2.98), in the 900 nm range. Sensitivity achieved by this configuration is ms = 0.68 

nm/(µg·mL
-1

), being the highest value for the measured structures. It is interesting to note the 

lower ms and thus, recognition displacements presented by these structures. 
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Figure 163. Results corresponding to BICELLs based on stars as a function of estimated effective surface. Calculated 

SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) Total 

recognition displacement and (d) LOD values for both peaks. To be published. 

 

5.1.3.5. Hollow cylinders 

Results obtained from lattices of hollow cylinders are shown in Figure 164. SQF correlated with 

ms showing a clear decreasing trend as effective surface increased, for 700 nm range. SQF 

followed this trend for 900 nm range but not for ms. Similar results were observed for total 

recognition displacements: 700 nm showed a decreasing trend, which is not presented by the 

900 nm peak range. Lowest minimum LOD value for the evaluated BICELLs based on hollow 

cylinders was 0.97 µg/mL and it was performed for hollow cylinders with d1 = 4.4 µm, d2 = 

1.47 µm, a = 5 µm and effective surface = 3.09, in the 700 nm range. Sensitivity achieved by 

this configuration is ms = 0.10 nm/(µg·mL
-1

), being the lowest value for the measured 

structures. Highest ms achieved by this structures is 0.99 nm/(µg·mL
-1

), showing LOD = 1.99  

µg/mL , and it corresponded with parameters d1 = 4.25 µm, d2 = 1.55 µm, a = 7.5 µm, and 

effective surface = 1.94, in the 900 nm range. 
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Figure 164. Results corresponding to BICELLs based on hollow cylinders as a function of estimated effective surface. 

Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) 

Total recognition displacement and (d) LOD values for both peaks. To be published. 

 

5.1.3.6. Concentric cylinders 

Results obtained from lattices of concentric cylinders are shown in Figure 165. SQF and ms 

showed good correlation for both peak ranges. Also, a decreasing trend was observed for both 

parameters, as effective surface increase. Sensitivity values were two times higher at 900 nm 

than in 700 nm range, but SQF it was not so affected. No clear tendency was observed for total 

recognition displacements, which were significantly lower than previous measured structures. 

Lowest minimum LOD value for the evaluated BICELLs based on concentric cylinders was 

1.3415 µg/mL and it was performed for structures with d1 = 3.98 µm, d2 = 1.92 µm, d3 = 0.84 

µm, a = 5.25 µm and effective surface = 3.20, in the 900 nm range. Sensitivity achieved by this 

configuration was ms = 0.35 nm/(µg·mL
-1

), but the highest measured ms was 0.40 nm/(µg·mL
-

1
), showing LOD =  2.43 µg/mL. It was achieved with parameters d1 = 5.25 µm, d2 = 2.7 µm, 

d3 = 1.15 µm, a = 7.5 µm, and effective surface = 2.51, in the 900 nm range. 
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Figure 165. Results corresponding to BICELLs based on concentric cylinders as a function of estimated effective 

surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 

nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be published. 

 

5.1.3.7. Fractal based structures 

Two types of fractal based BICELLs were studied: pillars and combinations of pillars and 

hollow cylinders. 

Results obtained from lattices of fractal pillars are shown in Figure 166. SQF and ms showed 

good correlation for both peak ranges. Also, a decreasing trend was observed for both 

parameters, as effective surface increased and also, their values were similar for both peaks, 

though ms values were higher than other types of structures. A decreasing trend was observed 

for total recognition displacements, which were significantly higher than previous measured 

structures. Lowest minimum LOD value for the evaluated BICELLs based on fractal pillars was 

0.2683 µg/mL and it was shown for patterns with d1 = 3.12 µm, d2 = 1.49 µm, a = 10 µm, 

fractal order m = 2, and eff. surf. = 1.70, in the 900 nm range. Sensitivity achieved by this 

configuration was ms = 1.6342 nm/(µg·mL
-1

), but the highest measured ms was 3.30 

nm/(µg·mL
-1

), showing LOD = 0.75 µg/mL. It was achieved with parameters d1 = 2.04 µm, d2 

= 0.76 µm, a = 10 µm, fractal order m = 2, and effective surface = 1.45, in the 700 nm range. 
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Figure 166. Results corresponding to BICELLs based on fractal pillars as a function of estimated effective surface. 

Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for peaks at (a) 700 nm and (b) 900 nm. (c) 

Total recognition displacement and (d) LOD values for both peaks. To be published. 

In other way, results obtained from lattices of fractal pillars and hollow cylinders are shown in 

Figure 167. Similar results than fractal pillars were observed, though greater values of SQF and 

ms were obtained here. However, lower values for total recognition displacements were 

observed. Lowest minimum LOD value for the evaluated BICELLs based on fractal pillars and 

hollow cylinders was 0.1819 µg/mL and was performed for patterns with d1 = 2.09 µm, d2 = 

0.69 µm, a = 10 µm, fractal order m = 2, and effective surface = 1.35, in the 900 nm range. 

Sensitivity achieved by this configuration was ms = 4.70 nm/(µg·mL
-1

) and it corresponded with 

the highest sensitivity of the measured BICELLs. 
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Figure 167. Results corresponding to BICELLs based on fractal combination of pillars and hollow cylinders as a 

function of estimated effective surface. Calculated SQF using CVD SiO2 and biosensitivity of aBSA recognition for 

peaks at (a) 700 nm and (b) 900 nm. (c) Total recognition displacement and (d) LOD values for both peaks. To be 

published. 

 

5.1.3.8. Discussion and proposed model for qualitative biosensing response 

In general terms both SQF and ms did not improve as effective surface increases, as it was 

considered previously. However, sensitivities were higher when effective surface reached value 

one. It means that compacting structures on the micrometre range do not improve their 

sensitivity. Also, SQF values and ms usually correlated their behaviour, though the units were 

not comparable. Moreover, it was observed that LOD values were strongly influenced by the 

experimental uncertainty rather than by sensitivity. So, peak width plays an important role in the 

real limit of detection by affecting the experimental uncertainty as mentioned in section 3.1. 

Most relevant results from immunoassay comparison are shown in Table 8. It is presented the 

structures showing minimum LOD and the highest ms values. It was found that pillar lattice of d 

= 0.89 µm and a = 3 µm showed the minimum LOD value (0.18 µg/mL) but fractal lattice of 

cylinders improve the biosensitivity with a ms = 4.70 nm/(µg·mL
-1

). SEM images of the 

measured structures are show in Figure 168. It is worth to mention that fractal cylinders were 

not well resolved and they were in fact a BICELL based on fractal pillars. 
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Figure 168. SEM images of the BICELLs with (a) lowest LOD value and (b) highest ms value from the BSA 

immunoassay. To be published. 

 

 LOD – min ms – Max 

Structure Parameters Eff.surf. 
ms 

(nm/µg·mL-1) 

LOD 

(µg/mL) 
Parameters Eff.surf. 

ms 

(nm/µg·mL-1) 

LOD 

(µg/mL) 

FP - 1 0.44 1.15 - 1 0.44 1.15 

Pillars 
d = 0.89 µm, 

a = 3 µm 
1.89 1.70 0.18 

d = 0.89 µm, 

a = 3 µm 
1.89 1.70 0.18 

Crosses 

L = 1.64µm, 
R = 1.64 µm, 

a = 2.5 µm 

4.42 0.36 0.87 
L = 1.09 µm, 
R = 3.99 µm, 

a = 10 µm 

1.36 2.60 1.18 

Stars 

L = 0.75 µm, 
R = 1.88 µm, 

a = 3 µm 

2.98 0.68 1.03 
L = 0.75 µm, 
R = 1.88 µm, 

a = 3 µm 

2.98 0.68 1.03 

Hollow 

cylinders 

d1 = 4.4 µm, 

d2 = 1.47 

µm, a = 5 µm 

3.09 0.10 0.97 

d1 = 4.25 

µm, d2 = 
1.55 µm, a = 

7.5 µm 

1.94 0.99 1.99 

Concentric 

cylinders 

d1 = 3.98 
µm, d2 = 

1.92 µm, d3 

= 0.84 µm, a 
= 5.25 µm 

3.20 0.35 1.34 

d1 = 5.25 
µm, d2 = 2.7 

µm, d3 = 

1.15 µm, a = 
7.5 µm 

2.51 0.40 2.43 

Fractal 

Pillars 

d1 = 3.12 

µm, d2 = 
1.49 µm, a = 

10 µm, m = 2 

1.70 1.63 0.27 

d1 = 2.04 

µm, d2 = 
0.76 µm, a = 

10 µm, m = 2 

1.45 3.30 0.75 

Fractal 

Cylinders / 

pillars 

d1 = 2.09 

µm, d2 = 
0.69 µm, a = 

10 µm, m = 2 

1.35 4.70 0.18 

d1 = 2.09 

µm, d2 = 

0.69 µm, a = 

10 µm,m = 2 

1.35 4.70 0.18 

Table 8. Most relevant results from geometry comparison in the immunoassay response. Green and red cells show 

the structures that improve or worsen respect to FP interferometers. To be published. 

Results suggest that formulated hypothesis based on increasing effective surface failed for 

dimensions near 1 µm or higher, as it was demonstrated that for dimensions in the order of a 

few hundred nanometres this hypothesis is valid. Therefore, a new model was formulated to 

predict the response of a biosensor, taking into consideration next points: optical sensitivity, 

effective surface, bioapplication and dimensions of the structures. 
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Let’s consider three different BICELLs, seen in Figure 169: (A) FP interferometer, effective 

surface (effsurf(A)) = 1, (B) structured BICELL with high lattice parameter and (C) other 

structured BICELL highly compacted. Therefore, effective surface inequalities are: effsurf(A) < 

effsurf(B) < effsurf(C). In order to saturate the surface with bioreceptors (e.g. antibodies), 

structure (A) needs a lower number of Ab than (B) and (C). It could be translated to different 

saturation concentrations (satC), where satC(A) < satC(B) < satC(C). 

 

Figure 169. Three different BICELLs based on (a) FP interferometer, (b) low compact structured BICELL and (c) 

high compact structured BICELL. Same height is considered. To be published. 

Considering previous modelling work by research group, it was discussed previously that a 

structured photonic BICELL can be modelled as an equivalent FP interferometer based on a 

thin-film (Holgado et al. 2010, Lavín et al. 2013, Casquel 2013). It was possible to fix the film 

thickness and change its effective refractive index or fix the refractive index and change the film 

thickness. In order to simplify the problem, it is considered the second option and it is applied to 

the proposed structures. Then, (B) structure can be modelled as a FP interferometer with a 

cavity thickness lower than (A) and (C), and (C) structure will be lower than (A) but higher than 

(B), as described in Figure 169. As it was defined previously in section 3.1, considering the 

same wavelength range and cavity material, the lower the cavity thickness the higher the optical 

sensitivity defined as SQF. Therefore, optical sensitivity of different structures presents 

different values: SQF(A) < SQF(C) < SQF(B). 

Also, it is important to remark that ideal biolayer saturation can be simulated by a uniform and 

compact thickness biofilm, so in the saturation point all the structures can be simulated by a 

uniform biolayer of the same thickness. Then, if the biolayer thickness at the saturation point is 

the same and the SQF are different, the total wavelength displacements at saturation point 

(Δλsat) are different, being: Δλsat(A) <  Δλsat(C) < Δλsat(B). 
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Taking into consideration a simple model derived from previous work by (Casquel 2013), 

biosensing response can be fitted to a piecewise-defined function, where Δλmax = Δλsat and 

[Analyte] refers to the concentration of analyte (Equation 31): 

              

{
 

 
     
    

   [       ]       

       [       ]      

 Equation 31 

This function shows a linear range followed by a constant value at saturation. Considering this 

function, it is possible to predict the biosensing response for different structured BICELLs 

considering their SQF and effective surface. Figure 170 shows a schematic diagram of the 

expected biosensing responses for the three structures. 

 

Figure 170. Model proposed for biosensing response prediction using structured biosensors. To be published. 

Based on this model, it is possible to predict the behaviour of different parameters related with 

the biosensor: SQF, ms, total wavelength displacement and LOD values as a function of 

effective surface, presented in Figure 171. SQF will decrease their value as effective surface 

increases reaching near the SQF due to a FP interferometer. A similar behaviour is found for ms 

and total wavelength displacement, but ms can reach lower values than FP interferometer, as can 

be deduced from Figure 170. LOD curve is obtained under the assumption that experimental 

uncertainty is constant. It produces a LOD increase as effective surface rises. This is the 

contrary behaviour produced by the ms curve. Though asymptotically curves are theoretically 
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expected, maybe other physical phenomena could produce saturation in these values, so no 

infinite SQF or ms could be obtained. 

On the other hand, if a non-optimized immobilization surface is considered, it will produce a 

lower saturation concentration. This fact will provoke that total wavelength displacement will 

be significantly lower. 

 

Figure 171. Hypothetical predicted SQF, ms, Δλsat and LOD behaviour as a function of effective surface. To be 

published. 

It is possible to compare the predicted curves with the whole results obtained using CVD SiO2 

deposition and aBSA recognition assay. Experimental data are shown in Figure 172. Though 

data was noisy, it can be seen that experimental results followed the predicted trends for SQF, 

ms and recognition wavelength displacement. LOD did not behave as expected due to the 

abovementioned randomness in the experimental uncertainty related with the peak width, 

different in each geometric configuration. SQF values of structures generally fall under the SQF 

value of FP. It can be explained by a not homogeneous SiO2 film on structures and/or over the 

chip, especially for high effective surface geometries. Further analysis should be done in order 

to optimize the process, assuring good ultrathin-film uniformity on structures. There are many 

factors involved in the noise of results: non-optimized data post-processing filtering, BSA or 

aBSA degradation over time, BSA immobilization offered no uniform values, effective surface 

calculation errors, optical measurement variability, or non-optimized washing steps are some of 

them. It is far beyond the scope of this thesis a full immunoassay optimization, but it will be 

necessary to study the influence of these parameters in order to improve the stability and 

repeatability of biosensing response using structured BICELLs. 
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Finally, results found in literature correlate with the proposed model for biosensitivity. It is the 

case of a porous silicon biosensor, where an increase of porosity (higher effective surface) 

reduced the sensitivity (Jiao, Weiss 2010). 

 

Figure 172. SQF, ms, recognition wavelength displacement and LOD results for CVD SiO2 deposition and aBSA 

recognition as a function of effective surface, considering all geometries. Red line shows the measured reference 

value for FP interferometer. Inset graphs show theoretical expected response. To be published. 
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This prediction model works only for structures showing no or little evanescent field 

confinement effect. This phenomenon takes place when structures are down to ~ 500 – 700 nm 

in the visible range. However, it is possible to formulate a hypothetical behaviour considering 

this effect. As it was simulated by 3D FDTD and correlated with previous experiments (Casquel 

2013, Holgado et al. 2010), evanescent field confinement effect introduces an enhancement on 

optical sensitivity. Considering the equivalence to FP interferometers, the effective refractive 

index will be lower due to an amount of light between the structures due to the evanescent field. 

This is equivalent to a lower effective cavity thickness which corresponds with higher 

sensitivity. Then, BICELLs based on highly compact and with high effective surface showing 

evanescent field confinement effects will present a high sensitivity and a high linear range of 

concentration. Though further study should be done to demonstrate this effect, sudden changes 

on both SQF and ms observed in the experiment could be produce by evanescent field 

sensitivity enhancement. Simulations and more experiments must be carried out in order to 

understand these changes. 

Also, it is possible to think that there will be a limit to this model. It is suggested that this limit 

will be found when distance between structures will be in the order of tenths of nanometres. 

Microfluidic behaviour of the structure could produce non-wetting surfaces, so immobilization 

and recognition could not take place. Also, interactions between analytes in these volumes could 

greatly differ from macrodomains, as analyte size is in the same order as space between 

structures. It is thought that the qualitative model will be no valid at these dimensions. 

 

5.1.4. Conclusions: BSA measurement and BICELLs comparison 

Several conclusions are extracted from this experiment: 

 Structured BICELLs improve FP interferometers of the same thickness. 

 Initial effective surface effect on biosensing response was not as expected. Considering 

only the effective surface as figure of merit to optimize biosensing response is not 

correct. 

 Description of a qualitative model for biosensing response prediction. It is based on 

effective surface, optical sensitivity, bioapplication and dimensions of the structure. 

 Further study is needed to reduce the data noise. 
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5.1.5. Other immunoassays: PLAA protein and Dengue Virus 

In the course of this thesis, other bioapplications were measured by using BICELLs produced 

by contact lithography at wafer level. These bioapplications focused on real diseases under the 

framework of collaboration with two Spanish companies, Bioftalmik S.L. and Vircell S.L. 

These two companies work on the development and production of diagnostic systems. It 

presented a good opportunity to test the capabilities of the technology developed for the 

research group and the work performed in this thesis. 

It was measured PLAA protein and dengue virus. PLAA protein is a biomarker for dry eye 

disease detection and dengue virus causes a dangerous infectious illness transmitted by 

mosquitoes. Experiments carried out for detection of these applications were explained below. 

 

5.1.5.1. PLAA protein 

Diagnosis and management of dry eye has been a source of frustration to clinicians for a lack of 

correlation between signs and symptoms. Recently five biomarkers have been validated: 

S100A6, annexin A1 (ANXA1), annexin A11 (ANXA11), cystatin-S (CST4) and phospholipase 

A2-activating protein (PLAA) with an area under ROC curve (AUC) ≥ 97.9% (sensitivity ≥ 

94.3%, specificity ≥ 97.6%) capable of discriminating among dry eye, meibomian gland 

dysfunction and control individuals (Soria et al. 2013, Lemp et al. 2012). Particularly, the 

PLAA protein has an interval of 0 – 131 ng/mL of concentration as control, and 209 – 2703 

ng/mL of concentration on dry eye, according with the protocol of clinical diagnosis. 

BICELLs produced by contact lithography at wafer level were used in order to detect aPLAA. It 

was compared the biosensing performance of two types of BICELLs: one based on a FP 

interferometer and the other on a rhombic array of pillars. Results from this study were 

published in (Laguna et al. 2014b). A review of the published results was made in this thesis. 

 

5.1.5.1.1. Experimental 

In this work, one lithography step to manufacture BICELLs was employed. In concrete, it was 

used UV contact photolithography in order to replicate patterns contained on a mask to a SU-8 

photoresist. SU-8 2010 diluted in CP (ratio 1:2 vol.) on 6‖ Si wafer was spin-coated. SU-8 

thickness from 400 to 800 nm can be straight forwardly obtained. Process steps were the 
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following: Si wafer cleaning by immersion on Piranha solution (H2SO4:H2O2, 2:1 vol.) for 20 

min; rinse with DI–H2O and blown with clean compressed air followed by 1 h at 100 ºC to dry 

the surface. Then, a spin-coating of SU-8 on Si at 3000 RPM for 3 min was performed. Finally, 

a soft-bake thermal process at 70 ºC for 30 s is applied before the UV exposure. Replication of 

the photomask to produce SU-8 patterns was performed by UV exposure in vacuum mode by 

using the mask aligner MA6, with dose of energy ~ 150 mJ/cm
2
). These fabrication parameters 

permit to obtain smaller diameters than the patterns fabricated in the mask. The photomask was 

purchased to Compugraphics Co. This mask contained several patterns written in chromium on 

soda-lime glass of 3 mm thickness. Crosslinking of SU-8 patterns were achieved through the 

following post-bake at 70 ºC for 30 s. Non-crosslinked resist was removed by immersion into 

SU-8 developer for 2 min, followed by isopropanol rinse and clean air compressed blown. 

Finally, SU-8 patterns on Si were hard-baked at 70 ºC for 10 min in order to guarantee the 

mechanical stability previous to the acid catalyst step. The most characteristic dimensions of 

BICELL based on pillars are 3 µm lattice parameter with a value of height and diameter 

approximately of 712 nm and 531 nm (confocal image shown in Figure 173). FP interferometer 

thickness corresponds with the pillar height. 

 

Figure 173. Topographical image of the BICELL based on SU-8 pillars (Adapted from (Laguna et al. 2014b)). 

The indirect immunoassay between PLAA (from Antibody Bcn S.L.) and aPLAA (from 

Epitomics EP5385) was carried out by a covalent binding of the PLAA protein onto the SU-8 

sensing surface of BICELLs until saturation. The structures were incubated for 30 min in a 

solution of 25 µg/mL of PLAA protein in PBS (pH 7.4). Then, surfaces were rinsed with (DI)–

H2O and blown with N2 under clear environment. After, it was observed the immobilization 

curve of aPLAA (MW = 80 kDa) for different concentrations over FP interferometer and the 

BICELL based on pillars biosensors. The structures were incubated with aPLAA concentrations 

of 1 – 100 µg/mL. Optical characterization of the biosensors was accomplished by the FTIR-

VIS spectrometer used previously, after each incubation/washing step. Experiments were 

carried out at a controlled temperature of 20 ± 1 ºC. In order to analyse a single BICELL it was 
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employed an optical condenser of numerical aperture of 0.4 that provides a magnification of 

15X. 

 

5.1.5.1.2. Results and discussion 

Figure 174 shows the measured interference dip wavelength displacement for both BICELLs 

based on FP interferometer and pillars for different aPLAA increasing concentrations. It is 

observed that the use of a given geometry (BICELLs based on pillars) significantly improves 

the sensitivity respect to a FP interferometer: ms FP = 0.16 nm/(µg·mL
-1

) and ms PILLARS = 1.50 

nm/(µg·mL
-1

) (ms FP = 3.6 cm
-1

/(µg·mL
-1

) and ms PILLARS = 26.9 cm
-1

/(µg·mL
-1

)). The peaks 

monitored were: ~ 770 nm (13000 cm
-1

) FP interferometer and ~ 680 nm (14700 cm
-1

) for the 

BICELL based on pillars. Moreover, the saturation limit for the BICELL based on pillars (712 

nm height and diameter of 531 nm) happens to 20 µg/mL with a dip wavelength displacement 

Δλ ~ 14 nm (Δw ~ 300 cm
-1

) and for FP interferometer 60 µg/mL with a dip wavelength 

displacement Δλ ~ 6 nm (Δw ~ 100 cm
-1

). Although it could be expected a higher value of 

saturation for the BICELL based on pillars, considering the hypothesis exposed previously in 

section 5.1.3.8, the low saturation concentration could be explained by the previous 

immobilization process. If we consider a lower surface immobilized with PLAA in the case of 

BICELL based on pillars, it is reasonable to think that the Ag-Ab reaction will saturate quicker 

than for a complete surface immobilized with bioreceptors. Thus, a deeper study is needed in 

order to demonstrate this point. 

 

Figure 174. Wavelength shift due to aPLAA recognition by PLAA bonded to SU-8 surface of the measured BICELLs. 

Adapted from (Laguna et al. 2014b). 
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In order to estimate the smallest concentration of the analyte that can be detected (limit optical 

detection, LOD), it has to be considered the wavelength standard uncertainty (uλ) during the 

optical interrogation process, being in this case the wavelength resolution the main source of 

uncertainty. A probability distribution with constant probability density for the interferometer 

wavelength resolution (λres), uλ
2
 = (λres)

2
/12 was considered. The expanded uncertainty 

corresponding to a coverage probability of 99% is obtained by multiplying uλ by a coverage 

factor k = 3 (Uλ = 3·uλ) as it is recommended by the International Union of Pure and Applied 

Chemistry (IUPAC). In this case, for evaluating the experimental LOD (Uλ/ms), the resolution 

employed for the experiments was λres ~ 0.24 nm for the FP and λres ~ 0.19 nm for the BICELL 

based on pillars (wres = 4 cm
-1

). Therefore, the expanded uncertainties were: Uλ FP = 0.21 nm and 

Uλ PILLARS = 0.16 nm. 

The result shows that BICELLs based on pillars improves in ~ 9.4 times the sensor sensitivity 

with respect to a FP interferometer. This sensitivity enhancement can be explained by the higher 

sensitivity of the equivalent FP of the BICELL based on pillars. The LOD experimental value is 

1.28 µg/mL for the FP interferometer and 106 ng/mL for the BICELLs based on pillars. If these 

results are compared with the values of concentration for control (0 – 131 ng/mL) and dry eye 

(209 – 2703 ng/mL), the pillar BICELLs allows detecting PLAA protein in control and dry eye, 

while this FP interferometer is limited. 

 

5.1.5.1.3. Conclusions: PLAA measurement 

The development of cost-effective label-free immunoassay using advanced optical label-free 

technology for dry eye diagnostic with a biomarker validated in clinical diagnosis is 

demonstrated. 

Therefore, the proposed sensor could be susceptible to be used for measuring other proteins 

associated with dry eye disease (ANXA1, S100A6 and CST4), because the small volume of 

sample required and because the LOD can be easily improved by improving the BICELLs 

sensitivity or by reducing the uncertainty during the interrogation process. 

 

5.1.5.2. Dengue virus recognition using IODM technique 

It was performed a direct immunoassay for detecting dengue virus by means of a label-free 

Interferometric Optical Detection Method (IODM), a novel measurement technique developed 
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by the research group during this thesis. A short explanation of the measurement technique can 

be found in Annex 5. Note that this technique was patented (Holgado et al. 2012) and published 

(Holgado et al. 2014). 

Dengue is an endemic viral disease affecting the human population in tropical and subtropical 

regions around the world. The number of dengue virus cases has grown dramatically in recent 

decades: 2.5 billion people in more than 100 countries are at risk of acquiring dengue viral 

infection. There are more than 50 million new infections annually, with a number of deaths 

ranging between 20000 and 25000, mainly in children (Guzman et al. 2010). 

It was used BICELLs based on FP interferometers to perform this study. It was also 

demonstrated how it is possible to optimize this sensing response by adding a blocking step able 

to significantly enhance the optical sensing response. The blocking reagent used for this 

optimization is dry milk diluted in PBS. The recognition curve of dengue virus over the 

proposed BICELL demonstrated the capacity of this method to be applied in PoC technology. 

Results from this work were published in (Laguna et al. 2014a). 

 

5.1.5.2.1. Experimental 

For this experimental work it was used as photonic transducer a BICELL based on SU-8 FP 

interferometers of a square size of 1 cm
2
 BICELLs were fabricated with SU-8 2000.5 diluted 

1:8 in CP; this SU-8 was deposited by spinning 5000 RPM for 60 s on SiO2/Si substrates (SiO2 

1012 nm in thickness) and then soft-baked at 80 ºC for 1 min. It was fully crosslinked through 

UV exposure using MA6 for 30 s (dose ~ 40 mW/cm
2
) and a post-bake of 80 ºC for 1 min. 

AuPd on glass mask was used to define BICELLs of 500 x 500 µm. It was followed to a 

development step for 1 min. Resist was dried by compressed air blowing and a hard-bake step at 

80 ºC for 4.5 min was applied to harden the polymer. SU-8 thin film of ~ 28 nm in thickness 

was achieved. Finally, an acid catalyst step was carried out in order to increase the 

hydrophilicity of the film by epoxy rings opening. The label-free optical biosensing is carried 

out by monitoring the changes in the optical mode response provoked by the occurrence of both 

the immobilization of the anti-dengue bioreceptors and the recognition of dengue virus antigen. 

Optical read-out of the biosensor is based on the IODM technique, an advantageous optical 

label-free biosensing interferometric read-out. This IODM is characterized by the use of two 

interferometric signals, which allows for the optical reading system to convert the changes 

caused by the optical transduction into a unique, sensitive variable of detection (Holgado et al. 

2014). Thus, by means of two BICELLs, one employed as interferometric reference and other 
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used for monitoring the presence of biomolecules, we optically characterized the biosensing 

response. A further explanation of this technique can be found at Annex 5. It was employed a 

Bruker Vertex 70 FTIR-VIS for the optical interrogation. It was followed the well described 

procedure very recently reported in the literature (Holgado et al. 2014). Experiments were 

carried out at a controlled temperature of 20 ± 1 ºC. 

The Ab-dengue/dengue direct immunoassay (from Vircell, Granada, Spain) was carried out on 

the SU-8 polymeric sensing surface of the BICELLs, allowing label free detection by the 

accumulation or recognition of biomolecules. Since it is important to avoid nonspecific 

adsorption, the biosensing response was tested against two types of blocking agents for this 

immunoassay from Vircell: 5% BSA and 5% skim milk. Incubating the antibody dengue onto 

the sensing surface until saturation permitted carrying out the recognition experiments and 

assessment of the blocking step performance. Thus, in a second phase, the two types blocking 

agents were studied. After the blocking step we proceeded to make a direct immunoassay with 

the samples of dengue virus without purification containing other types of proteins and 

biomolecules provided by Vircell. All the incubations were performed at 37 ºC during 60 min in 

a wet atmosphere. 

 

5.1.5.2.2. Results and discussion 

Several steps were carried for the optimization of the dengue immunoassay: firstly dengue 

antibody was incubated onto the sensor surface until saturation, and then it was performed and 

studied the blocking agent to avoid nonspecific adsorption to optimize the immunoassay. The 

blocking agents studied were BSA and skim milk, being the latter the one which offered a better 

response. 

The study of the two types of blocking agents on the proposed sensor allowed us to select the 

most suitable one for our immunoassay. In Figure 175 the blue signal corresponds to dengue 

antibody immobilization and the red signal is the blocking agent plus dengue antibody. It can be 

observed that the 5% skim milk signal is greater than the corresponding BSA signal. Therefore, 

the use of skim milk as the blocking agent achieves a better sensitivity and specificity in the 

antigen-antibody reaction of virus dengue for an optimal detection. In fact, for the same anti-

dengue signal, the dengue recognition increases with a skim milk blocking step. Therefore, 

since 5% skim milk was the most suitable blocking agent for our immunoassay it was study the 

response of dengue virus without purification over the surface sensor with and without the 

blocking agent of skim milk. 
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Figure 175. Comparison of two different blocking reagents for detecting dengue virus: BSA (5%) and skim milk (5%) 

(Laguna et al. 2014a). 

Figure 176shows these recognition curves of dengue virus with and without blocking agent. The 

reference signal is a BICELL based on FP without Dengue antibody. The biosensing dengue 

virus recognition response was significantly improved using the selected specific blocking agent 

(5% skim milk). In fact, the sensitivity defined as the slope of the transducing signal (Increased 

Relative Optical Power, IROP) as a function of the antigen concentration, was 2.5 times better 

in comparison with the recognition without any blocking step. We attribute this to the fact that 

skim milk was the best agent to block the sites and avoid the adsorption of non-specific 

components onto the sensing surface. 

 

Figure 176. Comparison of sensing curves for dengue recognition with and without blocking step, where the skim 

milk reagent significantly improves the biosensing response. Adapted from (Laguna et al. 2014a). 
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5.1.5.2.3. Conclusion: Dengue measurement 

It was used a BICELL based on FP interferometer to detect dengue virus through a novel optical 

label-free biosensing technique. The optical read-out for the characterization of the biosensor is 

based on the IODM. Also, it was improved the immunoassay by choosing a convenient 

blocking agent (5% skim milk), thus avoiding non-specific absorption, and therefore obtaining a 

high affinity reaction between antigen and antibody. 

Finally, the response curve of the dengue Virus shows that the proposed sensing system it is a 

good alternative for cost-effective in-vitro dengue diagnostics as a good approach for optical 

PoC technologies, as the IODM does not need costly optical dispersive elements such as 

gratings for the read-out, implying a lower cost for the biosensors optical readers. Also, the 

BICELLs proposed are cost-effective. This technology is under development to bring a new 

PoC device into the market by BIOD S.L. in close collaboration with the research group. 

 

5.2. BICELLs produced by projection lithography 

It is presented below the biosensing results using BICELLs produced by DUV projection 

lithography. In this case the BICELLs consist of SU-8 low aspect ratio micro-structure square 

lattice, as a first approach to a micro-pillars lattice. It was the second experiment carried out 

using the BICELLs produced in this work, and these results were published at (Sanza et al. 

2011b). A review of the obtained data was performed in this thesis. 

 

5.2.1. Experimental 

BSA/aBSA immunoassay consists of the initial covalent binding of the BSA biomolecule to the 

SU-8 surface due to the opening of the epoxy rings at the surface of the structure, which ease 

the direct adsorption of the protein. An acid catalyst was performed in order to increase the 

hydrophilicity of the surface by opening the epoxy rings and improve the BSA immobilization. 

It was incubated 100 µg/mL of BSA for 60 min. Then, a blockage step with ethanolamine 0.1 M 

was performed to deactivate the remaining NH2 and OH groups, preventing aBSA unspecific 

adsorption. Finally, different concentrations of aBSA were added (0.5 – 100 µg/mL) to the 

biosensing cell and recognize BSA protein. BICELL was incubated for 60 min in aqueous 

solution of BSA or aBSA, rinsed with ultrapure water and blown with compressed N2, which 
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permits to characterize the biosensor response without liquid flow. All the incubations were 

made under a wet atmosphere in order to avoid solvent evaporation and at RT. 

 

Figure 177. Optical setup used for the BSA immunoassay using BICELLs produced by DUV projection lithography. 

It was measured the optical response of the BICELL after each washing/incubation step. Optical 

characterization of biosensing cells was accomplished by means of a Fourier Transform Visible-

Infrared (FTIR-VIS) spectrometer (Bruker Vertex 70 adapted to visible range) and capable of 

analysing the spectral response at micro-domains thanks to the microscope Hyperion 1000. 

Measurements of the spectrum response were carried out in reflection mode with a 15X optical 

condenser with NA = 0.4, which leads to a 15-22 º angles range of collected light. Figure 177.A 

shows the optical setup used in this experiment. The spectral range analysed was from 9000 to 

20000 cm
-1

 (1111-500 nm) and the measurement area was reduced to the size of the biosensing 

cell by a set of edge apertures to an area of 130 x 130 µm. Experiments were carried out at RT 

controlled at 20 ± 1 ºC. 

Fabrication details of these BICELLs can be found in section 4.1.2.1. BICELLs used in this 

immunoassay consist of a square array of micro-mesas ~ 9 x 9 µm with ~ 400 nm in height, 

with a pitch of 15 µm. It was measured an area of 130 x 130 µm per BICELL. It is shown some 

BICELLs used in the experiment in Figure 177.B. 

 

5.2.2. Results and discussion 

The biosensing cell response to the BSA/aBSA immunoassay was studied on the dip located on 

13800 cm
-1

 (~ 725 nm), and the results are shown in Figure 178. LOD of this photonic structure 

was calculated as the inverse slope of the fitted aBSA recognition process (ms) multiplied by the 
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expanded uncertainty of the resolution (Ures) of the equipment at this wavelength, using a factor 

of coverage k = 3 (99%). Sensitivity obtained in the linear region of the curve was ms = 1.39 

nm/(µg·mL
-1

) (ms = 24.07 cm
-1

/(µg·mL
-1

)). For wres ~ 1 cm
-1

 resolution, the λres ~ 0.052 nm for 

the dip selected and thus, Ures = 0.03 nm (0.58 cm
-1

), which leads into a LOD of 32.7 ng/mL, 

high enough for many biosensing applications such as detection of cortisol hormone (LOD = 30 

ng/mL) (Padova et al. 1991) and insulin-like growth factor I (IGF-I, LOD = 150 ng/mL) (Yakar 

et al. 1999), considering the label-free working format. 

 

Figure 178. (a) Reflectance spectrum (arrow indicates the monitored dip) and (b) aBSA recognition curve for 

BICELLs produced by projection lithography. Structure corresponds to a square lattice of micromesas ~ 9 x 9µm and 

~ 400 nm in height, with a pitch of 15µm (Adapted from (Sanza et al. 2011b)). 

 

5.2.3. Conclusions 

It was demonstrated that BICELLs based on microstructures are suitable as optical biosensor 

using a BSA immunoassay achieving equal or higher sensitivities in comparison with 

submicron structures (leading to a LOD of 32.7 ng/mL). Also, it was produced BICELLs using 

248 nm excimer laser projection lithography of SU-8, developing a novel type of photomask for 

optical projection lithography based on commercial polyimide Kapton manufactured in the 

same laser workstation where lithography step is performed. However, the high absorption of 

248 nm on SU-8 and the diffraction effects induced by the photomask produce several 

disadvantages: non-homogeneous BICELLs, problems controlling the exposure dose due to the 

low energies needed and it is not possible to produce HAR structures using this wavelength.  
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5.3. BICELLs produced by DLIP technique 

Structured areas by using DLIP technique were tested using a BSA/aBSA immunoassay in order 

to study their biosensing response. Also, they were compared to a non-structure area, 

corresponding to a FP structure, used as a control BICELL to determine the suitability of the 

technique to produce higher sensitivity sensors. Results of this study were published in (Sanza 

et al. 2015). 

 

5.3.1. Experimental 

Biosensing characterization was performed at UPM and is described below. After DLIP 

processing, BICELLs were immersed in sulphuric acid 95% for 10 s plus a wash in (DI)-H2O at 

RT, the SU-8 epoxy groups are partially open and thus, improving the immobilization of BSA 

antigens on the surface. Antigen immobilization was performed with two consecutive 

incubations of BSA for 20 min into Phosphate Buffered Saline (PBS), pH 7.4 solutions, using a 

BSA concentration 50 µg/mL in a wet atmosphere at 37 ºC. Then, surfaces were rinsed with 

(DI)-H2O and blown with compressed air under clean environment. Biosensing recognition of 

BSA antibodies (aBSA) was studied by incubation of the BICELLs with increasing aBSA 

concentration from 0.5 µg/mL to 100 µg/mL in a wet atmosphere at 37 ºC. Incubation time was 

set to 20 min and after it, BICELLs were rinsed with (DI)-H2O and blown with compressed air 

under clean environment. 

 

Figure 179. Optical setup used for the BSA immunoassay using BICELLs produced by DLIP technique. 
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BICELLs were optically characterized by means of Fourier transform visible and infrared 

spectrometry (FTIR-VIS Bruker Vertex 70 adapted for the visible range) after each BSA/aBSA 

incubation/washing step. Experiments were carried out at a controlled temperature of 20 ± 1 ºC. 

Spectrometer resolution was set to 4 cm
-1

 (wres ~ 2 cm
-1

) and the wavelength range measured 

was 21000 to 8500 cm
-1

 (476 to 1176 nm). It was measured the spectra 5 times per experiment, 

in order to analyse the experimental uncertainty. 

In order to analyse a single BICELL, it was used the Bruker FTIR-VIS described previously, 

with an optical condenser of numerical aperture of 0.4 and a magnification of 15X. In order to 

fit the analysis spot size with the BICELLs size, it was adjusted the edge apertures of the 

microscope Hyperion 1000 available for this purpose. Due to the low homogeneity of the 

BICELLs produced by DLIP, it was necessary to limit the edge aperture to 100 x 100 µm. 

ML100 microfabrication workstation was used to mark the biosensing areas by marking single 

spots of diameter ~ 20 µm on the SU-8 surface. It was used the Nd:YVO4 DPSS laser emitting 

at 355 nm in nanosecond pulse regime of the mentioned workstation. 

Data post-processing was performed to remove the noise from the different spectra. Spectra 

were filtered using a two steps Savitzky-Golay algorithm to remove completely the noise. 

Minimum or maximum point shift was monitored per each experiment. 

 

5.3.2. Results and discussion 

It was compared the effect of two different processed zones with a non-processed area, which 

corresponds to a vertical cavity or FP interferometer, in order to know if the BICELLs produced 

by DLIP technique increase the sensitivity. Due to the non-homogeneous BICELLs produced, it 

was selected smaller areas 100 x 100 µm in which higher homogeneous structure can be found. 

Only samples with SU-8 on Si, and thickness ~ 800 nm were used in this study, due to its 

legible signal; processed areas of thickness 150 and 200 nm showed no dip/peak to monitor the 

wavelength shift. In this way, two areas were selected and their structures are shown in Figure 

180.A-B. Area 1 shows a quadrangular like structure (size: 390.8 ± 4.56 nm x 475.24 ± 7.95 

nm), instead of the hexagonal like structures observed in Area 2 (size: up & down sides, 386.67 

± 12.22 nm and left & right sides 435.31 ± 38.97 nm). Depth penetration was measured by 

confocal microscopy, obtaining 354.07 ± 17.72 nm for Area 1 and 183.57 ± 0.76 nm for Area 2. 

The lower penetration depth and higher size of the structures could be explained by a low 

exposure dose in the Area 2, in comparison with Area 1. 
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The spectra of the selected BICELLs are shown in Figure 180.C. They show several peaks and 

valleys to monitor the wavelength shift. As sensitivity could change as a function of wavelength 

(the higher sensitivity can be obtained at wavelength near the infrared region for a FP 

interferometer), it was selected the peaks/valleys near a common wavelength, in this case 750 

nm, where the initial peaks positions were: FP = 767.97 nm, Area 1 = 747.72 nm and Area 2 = 

762.44 nm. 

 

Figure 180. Optical and SEM images of the structures measured (images taken after immunoassay) of (a) Area 1, 

and (b) Area 2. (c) Spectra of the different processed areas and the FP structure, after acid catalysis. Peaks and 

valley analysed are marked by arrows (Sanza et al. 2015). 

After BSA immobilization, aBSA recognition was measured per each BICELL, as can be seen 

in Figure 181.A. Linear regions for the different areas are shown in Figure 181.B-C. It was 

considered the beginning of saturation at 20 µg/mL. Two parameters were measured: sensitivity 

(ms) and the limit of detection (LOD). Sensitivity was defined as the slope of the linear region 

and it was calculated by a linear fitting of the measured points. LOD value was referenced to the 

smallest concentration of the analyte that can be detected by the biosensor. It was defined as the 

ratio between the mean total expanded uncertainty of the linear region (Utot) and the sensitivity 

(LOD = Utot/ms). Utot was calculated following the guide to the expression of uncertainty in 

measurement, and it was calculated as Utot = k·(ures
2
 + uexp

2
)

-0.5
, using a coverage factor of k = 3, 

being ures
2
 = λres

2
/12 the resolution uncertainty, with λres the spectral resolution of the 

measurement (λres ~ 0.032 nm for the wavelength selected, being the equipment resolution set to 

wres ~ 2 cm
-1

); uexp was the experiment uncertainty and it was calculated as the uexp
2
 = ζ

2
/N, 

being ζ the standard deviation and N the number of experiment repetitions, in this study N = 5. 

Results showed a higher sensitivity for the structured areas, ms Area1 = 0.23 nm/(µg·mL
-1

) and ms 

Area2 = 0.41 nm/(µg·mL
-1

) in comparison with the non-structured region, ms FP = 0.15 

nm/(µg·mL
-1

), being a sensitivity increase in a factor of 1.48 and 2.68 times, respectively, with 

respect the BICELL based on FP interferometer. It was observed that the total shift was higher 
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for the Area 2, ~ 12 nm, than for the Area 1, ~ 8 nm, and FP, ~ 4 nm, so it was possible to 

ensure that the BICELLs produced by DLIP technique were suitable as biosensors. 

Unfortunately, the Utot was higher in the case of the structured regions (Utot Area1 = 2.24 nm and 

Utot Area2 = 1.42 nm) compared to the FP (Utot FP = 0.46 nm). This increase of the expanded 

uncertainty can be related to the wider peaks of the spectra for the structured areas, which can 

produce a higher variation of the peak position after noise filtration. Thus, LODs calculated for 

the structured areas were poorer, LODArea1 = 9.84 µg/mL and LODArea2 = 3.46 µg/mL, than for 

the FP, LODFP = 2.99 µg/mL. This higher uncertainty can be probably reduced optimizing the 

noise filtration step, increasing the experiment repetition number and increasing the SNR. 

 

Figure 181. (a) aBSA recognition for the two measured processed areas and the non-processed area which 

corresponds to a FP structure. Details of the linear region in: (b) FP, (c) Area 1 and (d) Area 2 (Sanza et al. 2015). 

It was expected that the lowest structures located in Area1 presented a higher sensitivity due to a 

higher evanescent field. However, the highest sensitivity was achieved in structures of Area2. It 

is possible to analyse the sensitivity results from the effective surface point of view. Structures 

located in Area1 presented a value of effective surface equal to 1.61, in contrast with 1.46 for 

the Area 2 structures. Following the previous discussion on the effective surface effect on the 

biosensing response, it can be predicted that lower sensitivity can be expected for the Area 1 

than for the Area 2. However, the optical sensitivity of the equivalent FP interferometer for the 

Area 1 should be higher due to a lower FP thickness. Therefore, these results might be 

explained as the effect of the field confinement on the biosensing response due to the lower 



Measured bioapplications 

- 213 - 

dimensions of the structures. This field confinement could increase the optical sensitivity of the 

photonic structures located in Area 2. Further analysis must be done by 3D simulation of these 

BICELLs in order to understand this behaviour. 

 

5.3.3. Conclusions 

It was demonstrated the feasibility to use BICELLs produced by DLIP technique as optical 

biosensors. These biosensors improved the sensitivity in comparison with non-treated areas (FP 

interferometers) up to 2.68 times reaching a ms = 0.41 nm/(µg·mL
-1

). This sensitivity can be 

increased by a proper photonic design. Though this technique allows a cost-effective production 

of BICELLs, it is necessary to improve the homogeneity of the produced structures to control 

both the sensitivity of the BICELL and their repeatability. 

 

5.4. BICELLs produced by e-beam lithography 

E-beam lithography technique produced BICELLs based on arrays of pillars with diameters in 

the order of 200 nm and aspect ratio higher than 2. It was demonstrated in previous works that a 

higher amount of evanescent field and thus, some field confinement effects appear on these 

structures (Holgado et al. 2010, Casquel 2013). Immunoassay results for BSA and Gestrinone 

recognition are shown below, using BICELLs fabricated on Si and glass substrates for both 

reflection and transmittance characterization, respectively. 

 

5.4.1. BSA 

BSA immobilization and aBSA recognition was monitored using BICELLs based on SU-8 

nanopillars on a SiO2/Si substrate only for reflectance measurements. Results from this study 

were published at (Holgado et al. 2010) and constitutes the first results using BICELLs from a 

chronologic point of view. It is included in this document the calculated dip positions and shifts 

in nm units. Thus, a revision on the original calculations was performed. 
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5.4.1.1. Experimental 

SU-8 nanostructures were manufactured by selectively e-beam exposing of certain regions and 

chemical development. The fabrication steps for the BICELLs based on SU-8 were described in 

detail in (López-Romero et al. 2010). BICELLs consisted of 60 x 60 µm of rhombic lattices of 

SU-8 high aspect ratio nanopillars with a lattice parameter of 800 nm. The nanopillars had a size 

around 200 nm in diameter and 420 nm in height, built over a 1 µm thick SiO2 layer on a silicon 

substrate as illustrated in Figure 182. 

 

Figure 182. Optical setup used for the BSA immunoassay using BICELLs produced by e-beam lithography. 

After fabrication, the SU-8 surface of the BICELLs was treated with sulphuric acid (by 

immersion of the BICELLs in sulphuric acid 95% for 10 s plus a wash in (DI)-H2O at RT in 

order to make the surface highly hydrophilic, as described previously. The BICELLs were 

incubated for 60 min into PBS (pH 7.4) solutions for each BSA concentration from 0.5 – 60 

µg/mL in a wet atmosphere. Then, surfaces were rinsed with (DI)-H2O and blown with N2 under 

clean environment. 

BICELLs were optically characterized by means of FTIR-VIS after each BSA 

incubation/washing step. Experiments were carried out at a controlled temperature of 20 ± 1 ºC. 

In order to analyse a single BICELL, it was used the Bruker Hyperion 1000 microscope with an 

optical condenser of numerical aperture of 0.4 and a magnification of 15X, adjusting the edge 

apertures of the microscope. 

Signal processing techniques were used in order to determine the wavenumber dip position 

values to reduce the dip position uncertainty. Due to the high bandwidth of the measured dips, 

noise added to the signal affects the determination of the dip wavenumber. It was reduced the 
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signal-noise by applying a low-pass filter processing based on discrete Fourier transform 

processing (DFT). It was first obtained the DFT from the original signal, then it was rejected the 

high frequency components by applying a low-pass filter with cut off number of 0.0026 cm, and 

finally, it was applied the inverse DFT to obtain the filtered signal. The signal processing is 

programmed and carried out automatically, also for determining the minimum of the signal. It 

was also studied the influence of the filter bandwidth on the signal and noise level, choosing the 

value in which the signal level remains constant. Filtered signal does not show important 

distortion in the intervals of interest, probably due to the sinusoidal aspect of the spectrum 

obtained. All measured spectra were filtered with the same low-pass filter. 

Biosensing recognition of aBSA antibodies reactions on the BSA-coated BICELLs surface was 

also studied. After saturation of the sensing surface with BSA molecules, a blocking step with 

ethanolamine 0.1M in PBS was performed to deactivate the remaining epoxy groups on the 

surface. The BICELLs was then incubated for 60 min in PBS solutions of aBSA (increasing 

concentrations from 0.1 to 100 µg/mL) in a wet atmosphere. Then, the surfaces were washed 

with (DI)-H2O and blown with N2. The BICELLs, after each incubation/washing step, were also 

optically characterized as abovementioned. Spectrometer resolution was set to wavenumber 

resolution (wres) of 1 cm
-1

. 128 scans were carried out for each spectrum to ensure enough SNR 

and reduce the wavenumber uncertainty uw. The spectral range from 11500 cm
-1

 to 17,000 cm
-1

 

(590 nm to 870 nm) was analysed. 

 

5.4.1.2. Results and discussion 

In order to analyse the sensing response of the BICELL, it was analysed the Δw for the different 

concentration of biomolecules. Figure 183 shows the experimental spectrometry profiles 

obtained for different BSA and aBSA concentrations for dips centred around 15600 cm
-1

 (~ 640 

nm). It was observed that the interference dips shifts decrease in wavenumber as the BSA/aBSA 

concentration increases. Figure 184 illustrates the dip positions of the interference dips as a 

function of BSA and aBSA increasing concentration (Figure 184.A for the dip centred ~ 640 nm 

(15600 cm
-1

) and Figure 184.B for the dips centred around ~ 830 nm (12200 cm
-1

)). It is also 

observed that for BSA concentrations above 15 µg/mL the interference dip shift remains 

unchanged, indicating that the BICELLS surface is fully BSA covered (saturated). It was also 

observed a dip wavenumber displacement (Δw) from null BSA concentration (dips centred at 

15757 cm
-1

 and 12286 cm
-1

) to BSA saturation (dips centred at 15725 cm
-1

 and 12261 cm
-1

), 

leading a Δw around 32 cm
-1

 and 25 cm
-1

, corresponding to Δλ ~ 1.29 nm and 1.66 nm, 

respectively. The BSA addition stopped at 60 µg/mL. 
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Figure 183. Dips wavenumber shifts response as a function for different BSA and aBSA concentration: centred 

around 15,600 cm-1, inlet (a1) original and filtered signal for a particular case. Adapted from (Holgado et al. 2010). 

Figure 184 also shows the measured interference dip wavenumber shift of the BICELL for 

different aBSA increasing concentrations, (a) for the dips centred at ~ 640 nm (15600 cm
-1

) and 

(b) centred at ~ 830 nm (~ 12200 cm
-1

). It is observed that the interference dips wavenumber 

remain unchanged for concentrations above 20 µg/mL, suggesting that aBSA molecules only 

bind to available BSA molecules on the BICELL surface until all the binding sites are occupied. 

Note that aBSA saturation occurs for a Δw higher in comparison with BSA. Thus, a Δλ ~ 8.46 

nm (Δw = 199.2 cm
-1

) for the higher dip wavenumber (~ 640 nm - 15600 cm
-1

), and Δλ ~ 9.07 

nm (Δw = 132 cm
-1

) for the lower dip wavenumber (~ 830 nm - 12200 cm
-1

) than that for BSA. 

This can be attributed to the larger molecular mass of aBSA antibodies (150 kDa) as compared 

to BSA antigens (66.4 kDa). For the low aBSA concentrations, we found the experimental 

sensitivity (ms) calculated as the interference dip wavenumber shifts variation as a function of 

the analyte concentration is equal to: ms = 0.75 nm/(µg·mL
-1

) (ms = 25cm
-1

/(µg·mL
-1

)) for dips 

at ~ 640 nm - 15600 cm
-1

 and ms = 0.71 nm/(µg·mL
-1

) (ms = 15.5 cm
-1

/(µg·mL
-1

)) for dips at ~ 

830 nm - 12200 cm
-1

, being them higher for the dips centred at ~ 640 nm - 15600 cm
-1

. 
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Figure 184. (a) Biosensing response for BSA antigen immobilization and aBSA antibody recognition for the dip 

centred at 15600 cm-1 (b) the same biosensing response for the dip centred at 12200 cm-1 (Holgado et al. 2010). 

In order to estimate the smallest concentration of the analyte that can be detected (LOD) of 

aBSA, it was considered the wavelength standard uncertainty (uλ) during the optical 

interrogation process. Considering a probability distribution with constant probability density 

for the interferometer wavelength resolution (λres), uλ can be calculated as uλ
2
 = (λres)

2
/12. Thus, 

the expanded uncertainty corresponding to a coverage probability of approximately 99% is 

obtained by multiplying uλ by a coverage factor k = 3 (Uλ = 3·uλ) being Uw equal to 0.58 cm
-1

 

for the wres ~ 1 cm
-1

 employed in this experiment (Uλ = 0.04 nm for ~ 640 nm - 15600 cm
-1

 and 

Uλ = 0.06 nm for ~ 830 nm - 12200 cm
-1

 peaks). Thus, the aBSA LOD was estimated as Uλ/ms 

being the aBSA LOD equal to 47.6 ng/mL (dip shifts centred on 15600 cm
-1

) and 82 ng/mL for 
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the dip shifts centred on 12200 cm
-1

. This is comparable with the performance of other optical 

label-free biosensors for BSA/aBSA complex (Ho et al. 2005) and improves similar biosensing 

techniques (LOD = 100 ng/mL) by (Chegel et al. 2009). 

 

5.4.2. antiGestrinone 

It was measured the optical biosensing response of the Gestrinone ((17α)-13-ethyl-17-hydroxy-

18,19-dinorpregna-4,9,11-trien-20-yn-3-one (Brun et al. 2010)). This synthetic steroid has anti-

estrogenic and anti-progesterone properties interesting for pharmacological applications 

(including uterine pathologies (La Marca et al. 2004), contraception (Mora et al. 1974, Gao et 

al. 2007)) and clinical treatment of endometriosis (Vercellini et al. 2009). Due to its anabolic 

effects was included in the banned list of performance-enhanced drugs in sport (WA-DA 2003). 

It was carried out the experiments by an indirect assay format for detecting antibodies of 

Gestrinone (anti-Gestrinone).These antibodies were obtained from rabbit blood serum. 

Gestrinone hapten was conjugated with Horseradish peroxidase (HRP-h-G) in order to increase 

the detection signal. This is motivated by the low mass of the hapten (308 Da) in comparison 

with the HRP (44 kDa), which produces an efficient monitoring of the immobilization process. 

Synthesis of both antigens and antibodies is described in (Brun et al. 2010). It was developed 

BICELLs on Si and glass substrates for both reflectance and transmittance measurements, 

respectively. Finally, the biosensing responses of the different structures produced were 

compared. Results obtained were published in (Ortega et al. 2012, Sanza et al. 2011a). 

 

5.4.2.1. Experimental 

BICELLs used for reflection measurements were fabricated with the fabrication parameters 

used for BSA detection and fully described in (López-Romero et al. 2010). Therefore, a 

rhombic lattice of SU-8 nanopillars 200 nm in diameter, pitch of 800 nm and 420 nm in height 

were developed. Figure 185.B shows a SEM image from the top of a produced BICELL. It was 

used the same SiO2/Si substrate (SiO2 of 1 µm in thickness) as a reflective substrate. BICELL 

size was increased to 300 x 300 µm in order to improve the SNR of the signal. 
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Figure 185. (a) Schematic representation of a 3D periodic array nanopillar fabricated after the SU-8 spin coating 

deposition; (b) SEM image of a SU-8 based biosensing cell (Ortega et al. 2012). 

Substrates were changed in order to permit the transmittance measurements. ITO (310 nm) on 

glass (500 µm) were the substrates used in this experiment. ITO A transparent conductive 

coating minimizes the charge effect on the resist during exposure acting as a charge dissipation 

material (Abargues, Nickel 2008, Abargues et al. 2012, Lee et al. 2000), allowing efficient 

manufacture of HAR nanopillars networks and reduction of pitch among pillars. Therefore, it 

was needed to change the fabrication parameters to produce the BICELLs. After a proper 

cleaning of the surface, SU-8 2000.5 was spin-coated at 4000 RPM for 60 s. A soft-bake 

treatment was applied at 110 ºC for 60 s. E-beam lithography was performed at 50 keV e-beam 

energy at ISOM-UPM facilities. Post-exposure bake was carried out at 110 ºC for 60 s in order 

to fulfil the cross-linkage reaction. Finally, a development step of 60 s and hard-bake at 110 ºC 

during 180 s were performed to obtain the nanopillars lattice (Figure 186). These parameters 

involve the fabrication of nanopillars in the order of 400 nm in height and diameter of 200 nm. 

In this experiment, BICELLs with 700 and 800 nm of pitch among pillars were fabricated in 

order to compare their biosensing response. Figure 186 also shows the SEM top view images: 

rhomboid lattice of nanopillars of 700 nm (Figure 186.B), and 800 nm (Figure 186.C). Also, 

arrays of 300 x 300 µm were fabricated. This design improved the SNR of the optic response 

and made easier the vertical characterization of the BICELLs in transmission. Figure 186.D 

shows an optical image of several BICELLs over 1 € cent coin. 

After fabrication, the BICELLs for both reflective and transmission measurements were treated 

by immersion with sulphuric acid 95% for 10 s followed by a washing with (DI)-H2O at RT and 

dried with N2, following the functionalization method for opening the epoxy rings described 

previously. 
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Figure 186. (a) Optical setup for transmission measurements and biochemical diagram of the immunoassay. SEM 

images of the nanopillars networks for (b) 700 nm and (c) 800 nm. (d) Optical image of BICELLs over an ITO/glass 

substrate in comparison with 1€ cent coin (Sanza et al. 2011a). 

Also, the same immunoassay protocol was followed for both measurement types. Several HRP-

h-G conjugate solutions at different concentrations ranging from 5 to 100 µg/mL in PBS-T were 

prepared. The conjugate immobilization was performed with 20 µL for each conjugate 

concentration for 60 min. Then, the surfaces were rinsed with (DI)-H2O and blown with N2 in a 

clean environment; BICELLs were optically characterized through FTIR-VIS after each HRP-h-

G incubation/washing step. Optical setups used for reflective and transmittance measurements 

are shown in Figure 185.A and Figure 186.A, respectively. The temperature was controlled at 

20 ± 1 ºC and the incubation was performed in a wet atmosphere at RT. After this, 20 µL of 

ethanolamine 0.1 M in PBS was added to block the remaining epoxy groups on the surface and 

the BICELLs were washed and dried as before. Finally, 20 µL of different concentrations of 

anti-Gestrinone in PBS-T were dispensed and incubated for 60 min, ranging from 0.327 to 32.7 

µg/mL, then washed with (DI)-H2O and blown with N2, and optically characterized as 

aforementioned. 

Raw data signal processing was required in order to determine the wavenumber peak position 

value with a low uncertainty. Due to the high bandwidth of the measured peak, noise added to 

the signal affects the determination of the peak wavenumber. In this immunoassay, noise level 

was reduced by applying a well-known smoothing based on Savitzky–Golay algorithm 

(Savitzky, Golay 1964). Two steps of smoothing were used, both with a window of 801 points, 

showing a good removal of the noise without a significant distortion of the original signal. All 
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measured spectra were filtered with the same smoothing filter. Figure 188.A–C shows the 

smoothed and non-filtered spectra in the same curves. 

 

5.4.2.2. Results and discussion 

Biosensing responses for the reflectance and transmittance measurements are shown below. 

First, Figure 187shows the dip-positions of the interference dips as a function of HRP-h-G and 

anti-Gestrinone increasing concentrations for the reflectance measurement. It was observed that 

for HRP-h-G concentrations above 5 µg/mL, the interference dip shift remained unchanged, 

indicating that the biosensing surface was saturated and the signal was due solely to 

immobilization of the hapten-protein conjugate. The total dip wavelength shift (Δλ) after 

saturation was around Δλ ~ 1.25 nm (Δw = 30 cm
-1

). A blocking step was necessary to 

deactivate the remaining epoxy groups on the surface before starting the antibody addition and, 

as expected, the blocking step with ethanolamine 0.1 M did not yield significant signal 

variations. 

After anti-Gestrinone saturation, the total Δλ was higher than the one observed for HRP-h-G 

immobilization. The Δλ value calculated for anti-Gestrinone recognition Δλ ~ 8.09 nm (Δw = 

195 cm
-1

) was found for a dip centred at ~ 650 nm (~ 15300 cm
-1

). The total Δλ values for 

protein-hapten conjugate immobilization and antibody recognition were consistent with the 

molecular weight difference comparing the conjugate (44.2 kDa) and the antibody (150 kDa). 

Thus, if the Gestrinone-to-protein labelling ratio was one, the expected Δλ for the antibody 

recognition should be 3.4-fold the Δλ obtained after protein conjugate immobilization. 

However, the labelling ratio usually is greater than one, which is consistent with obtaining a 

spectral shift higher than 3.4. The experimental sensitivity (ms) was also calculated from the 

interference dip wavenumber variation as a function of the antibody concentration. Thus, ms 

resulted in ~ 2.66 nm/(µg·mL
-1

) (ms~ 76 cm
-1

/(µg·mL
-1

)) and the anti-Gestrinone LOD was 

~11.4 ng/mL (for wres ~ 1 cm
-1

). The LOD was calculated as Uλ/ms using k = 3 for a coverage 

probability of 99%, as performed in previous immunoassays. 
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Figure 187. Dip shift for HRP-h-G immobilization and anti-Gestrinone antibody recognition for the dip centred at 

15,300 cm-1. Each measurement is the average of five replicates (Adapted from (Ortega et al. 2012)). 

Finally, a clear interferometric peak centred ~ 12800 cm
-1

 (~ 780 nm) was observed for the 

immobilization and recognition processes for the transmittance measurements. The peak 

increases in wavelength as the biomolecules concentration increases. Figure 188.B illustrates 

both wavelength and wavenumber displacement of the interference peaks as a function of HRP-

h-G concentration. It can be observed that for HRP-h-G concentrations above 20 µg/mL the 

interference peak displacement remains unchanged for both BICELLs type, indicating that the 

sensing surface is fully HRP-h-G covered. The sensing curve (Figure 188.D) shows the 

measured interference peak wavelength displacement for different anti-Gestrinone 

concentrations. It is also observed that the interference peak wavelength remain unchanged 

(saturation) above 1.5 µg/mL for BICELLs-700 and 4 µg/mL for BICELLs-800. This suggests 

that anti-Gestrinone only bind to available HRP-h-G molecules on the sensing surface until all 

the binding sites are occupied. Furthermore, the anti-Gestrinone saturation occurs for a Δλ 

higher in BICELLs-700 than in BICELLs-800: Δλ ~ 22.8 nm (Δw = 361.7 cm
-1

) is observed for 

BICELLs-800 in comparison with a Δλ ~ 37.4 nm (Δw = 602.6 cm
-1

) for BICELLs-700. 
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Figure 188. Immobilization process: (a) smoothed spectra in the peaks region for different immobilization steps and 

(b) peak shift with the HRP-h-G immobilization for 700 nm and 800 nm nanopillar lattice network. Recognition 

process: (c) smoothed spectra in the peaks region for different recognition steps and (d) peak shift with the anti-

Gestrinone recognition for 700 nm and 800 nm nanopillar lattice network (Adapted from (Sanza et al. 2011a)). 
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We evaluated the experimental sensitivity (ms) for both type of BICELLs calculated as the 

interference peak wavelength displacement as a function of the analyte concentration. Thus, ms 

= 8.93 nm/(µg·mL
-1

) (ms = 197.6 cm
-1

/(µg·mL
-1

)) for BICELLs-800 and ms = 59.52 

nm/(µg·mL
-1

) (ms = 901.6 cm
-1

/(µg·mL
-1

)) for BICELLs-700, being the ms higher for this later 

and showing a significant sensitivity improvement. 

In order to estimate the smallest concentration that can be detected of antiGestrinone antibodies, 

we have to bear in mind the wavelength standard uncertainty (uλ) during the optical 

interrogation process. Considering a probability distribution with constant probability density 

for the interferometer wavelength resolution (λres), uλ can be calculated as uλ
2
 = (λres

2
)/12. Thus, 

the expanded uncertainty corresponding to a coverage probability of approximately 99% is 

obtained by multiplying uλ by a coverage factor k = 3 (Uλ = 3·uλ). A LOD of 0.88 ng/mL for 

BICELLs-700 and 5.92 ng/mL for BICELLs-800 were reached carrying out the experiments 

with a wres of 1 cm
-1

. Moreover, better LODs can be achieved by reducing the wres. Thus, the 

LOD reachable with a wres = 0.1 cm
-1

 (achievable in these type of interferometers) for 

BICELLs-700 is 96 pg/mL in contrast to 592 pg/mL for BICELLs-800, a significant 

improvement in a factor of 6.16. 

 

5.4.3. Conclusions: BSA and antiGestrinone detection 

It was demonstrated that BICELLs produced by e-beam lithography are suitable as biosensors. 

An original feature of these BICELLs is the sensitivity enhancement due to evanescent field and 

confinement field effect. These effects are produced by the lower diameter of the pillars and its 

lattice parameter below 1 µm. Two different immunoassays were performed showing promising 

results in terms of sensitivity and LOD. Also, first transmittance measurements were possible 

due to the development of BICELLs fabricated on transparent substrates. 

Finally, based on the previous measurements, it was determined the affinity constant for the 

aBSA and anti-Gestrinone recognition using the BICELLs (reflectance measurements only). 

Although the reaction constants calculated using the antigen or the antibody in solid-phase can 

be considered apparent constants rather than real immunoreaction constants, it is an interesting 

parameter to know when setting up a heterogeneous biosensing assay. Dissociation constant 

(Kd), is assumed to be the concentration value for the half-signal of the biosensing response, as 

commented previously in section 2.1.4.3. Then, using the BICELLs results for the 

Gestrinone/anti-Gestrinone system, Kd was the antibody concentration causing a response in the 

transduction equal to 50 % of the total transduction change after saturation. The same 
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determination was done with the results obtained previously for the BSA-anti-BSA system 

(Holgado et al. 2010) to compare the obtained value with those reported in the literature 

(Olkhov, Shaw 2008, Olkhov et al. 2009, Chiem, Harrison 1998). 

 

Figure 189. Dip shift against antibody concentration for bovine serum albumin (BSA)-anti-BSA and Gestrinone-anti-

Gestrinone systems (Ortega et al. 2012). 

Figure 189 shows the different assay responses (BSA/anti-BSA and Gestrinone/anti-Gestrinone) 

using the same optical transduction (SU-8 nanopillars over SiO2/Si substrate). It can be seen 

how, when the sensing surface is saturated with antibodies, the signal level reaches a similar 

wavenumber displacement. In the case of anti-Gestrinone, the slope was higher than for anti-

BSA, and thus, the antibody concentration where 50% of the species are associated (value of 

Kd) resulted higher for anti-BSA (Kd = 33 nM) than for anti-Gestrinone (Kd = 6 nM). Then, the 

affinity was calculated as the inverse of Kd resulting in 0.03 nM
-1

 and 0.17 nM
-1

 for anti-BSA 

and anti-Gestrinone, respectively. These values agree with the data reported in the literature for 

these systems and demonstrate the applicability of the sensor for the determination of binding 

constants or biorecognition extension. 

 

5.5. Conclusions: measured bioapplications 

It was demonstrated the suitability of different types of BICELLs to be used as biosensors, as 

real bioapplications were measured (hormone, ocular protein, Dengue virus), showing 

interesting LOD and biosensitivities values. Different geometries were used, produced by 

several fabrication methods. Contact lithography was chosen to be the most suitable technique 

between the available ones due to the wafer level capability, range of dimensions produced, 
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low-cost and relatively low-complex technique. It was demonstrated the influence of the 

geometry and dimensions of the structure on the biosensing response. Also, it was discovered 

that different phenomena took place depending on the dimension of the structure. For structures 

in the micrometre order or near it, compacting structures did not present an increase in their 

sensitivity, as happens for structures around a few hundreds of nanometres. These structures 

showed a high evanescent field contribution to the sensitivity, so compacted structures were 

preferred. These results were correlated to produce a qualitative model to predict the biosensing 

response in base to the optical sensitivity, effective surface, bioapplication and dimensions of 

the BICELL under study. 
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6. CONCLUSIONS 

This thesis has attempted to answer relevant questions raised in previous work and by the 

research group: How to produce BICELLs in a practical way, what is the influence of effective 

surface in biosensing response, is it possible to define a standard BICELL, and are these 

biosensors suitable for real applications. In science, attempting to answer a question usually 

opens the door to several new questions to be solved, concepts to be experimented or ideas to be 

questioned. Therefore, this is the purpose of this chapter: a general view of the reached 

conclusions. 

The main conclusions from this thesis can be summarized in three main parts: BICELL design, 

fabrication and bioapplications. 

BICELL design: 

 It was defined a standard BICELL with the following properties: low-cost, easy 

fabrication and well understood working principle. Previous characteristics can be 

accomplished by a FP interferometer based on a thin-film deposited on a substrate. It 

was studied its optical sensing behaviour as well as the influence of the measurement in 

its response. 

 Also, general key rules for structured BICELL’s design are obtained, which can be 

summarized to reduce dimensions of the structures and compact them. It involves an 

enhancement on the evanescent field confinement, which improve the optical sensitivity 

of the photonic structure. 

 Previous analyses suggest that by increasing the effective surface of a biosensor, their 

sensitivity will always increase. In this thesis, it was defined a new set of geometries 

and dimensions to test this hypothesis, achieving some relevant conclusions about 

whether this hypothesis is right. Dimensions were selected in the micro and 

submicrometre range. 

 All the BICELLs based on different geometries enhance the sensitivity in comparison 

with the standard FP interferometer less the concentric cylinders. Moreover, the LOD 

achieved is also improved although this latter is subject to the read-out uncertainty 

during the optical interrogation process. 
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Fabrication: 

 Different fabrication techniques for SU-8 based BICELLs production were tested. 

Mainly, it was used: projection lithography at 248 nm KrF laser, direct writing 

lithography at 355 nm Nd:YVO4, contact lithography at chip scale using 

micromachining polyimide sheets and metal-on-glass photomasks, DLIP technique 

using laser interference of two beams, e-beam lithography and contact lithography at 

wafer level using a high vapour Mercury lamp exposure. Table 9 shows a brief 

summary of the main parameters obtained by the available fabrication techniques or 

through national and international collaborations. Finally, contact lithography at wafer 

level was chosen to produce a high number BICELLs based on different geometries, 

though other developed BICELLs were proved to works as biosensors. 

Technique Resolution 
Aspect 

Ratio 

Fabrication 

time 

Large scale 

production 

Projection lithography 248 nm ~ 10 µm ~ 0.05 Moderate No 

Direct writing 355 nm ~ 25 µm 2 – 4 High No 

Contact lithography: polyimide 

masks 
10 – 15 µm ~ 0.38 Low No 

Contact lithography: metal-on-

glass masks 
~ 3 µm ~ 1.76 Low No 

DLIP ~ 0.5 µm 0.4 – 1.6 Moderate Yes 

E-beam lithography ~ 0.2 µm ~ 2.25 High No 

Contact lithography: wafer 

level 
~ 0.7 µm ~ 1.71 Low Yes 

Table 9. Resolutions and aspect ratios achieved for the different techniques. 

 Because we fabricated the chips as wafer level, a wafer dicing process was employed to 

work with the chips. Therefore, it was tested several wafer dicing techniques by using 

laser assisted cleaving. Better result for biosensing purpose was the water immersion 

technique, due to the low amount of debris generated on the BICELLs surface. 

 Moreover, different packaging for biochips were designed and produced, being the 

main material plastic. It is remarkable that the company BIOD S.L adopted some of 

these ideas for a commercial PoC device. 
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 Finally, different approaches to develop and integrate the optical biosensor technology 

were proposed in this work. Main objective was that manufacturing must be industrial 

oriented, so mass fabrication and cost-effective technologies were preferred. It was 

demonstrated that this biosensing technology is in the path to industrial exploitation, so 

technology transfer from applied research to final product is achieved. 

 

Bioapplications: 

 Several bioapplications were tested using the developed BICELLs. Results were 

organized by the fabrication technique employed, as sensors dimensions were highly 

dependent on that. BSA/aBSA assay was used broadly as model immunoassay to 

evaluate the biosensing response of a certain BICELL. Real applications were also 

measured: Gestrinone hormone, related with endometriosis disease and drug abuse 

substance, PLAA protein, related with ocular disease and Dengue virus, which provokes 

Dengue fever and causes millions of deaths per year. BICELLs were demonstrated to be 

suitable as biosensors for these commercial applications. Best results obtained using 

different BICELLs are shown in Table 10. 

 Although main immunoassays were performed using reflectivity, a transmittance 

measurement was also performed in this thesis. Nanopillars fabricated by e-beam 

lithography on a glass substrate were used to antiGestrinone detection. It was also 

demonstrated the effect to compact the pillar lattice in the biosensitivity. Compacted 

pillars show higher sensitivity than low compacted ones, due to evanescent field 

confinement effect. 

 Effect of the geometry and dimensions of structured BICELLs was studied. It derived a 

new model for qualitatively predict a biosensing response taking into account next 

parameters: optical sensitivity, effective surface, bioapplication and dimensions of the 

structures. Results obtained agree with this model, though data noise reveals several 

problems to be solved: optimization of data processing, optimization of the 

immunoassay and measurement stability, among others. 

 A novel and low-cost measurement technique was developed under the course of this 

thesis. Though a complete explanation of this technique is out of the scope of this work, 

a brief summary can be found in Annex 5. This technique is called IODM and it was 

used for Dengue detection. 
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Bioapplication 
BICELL 

fabrication 
Structure 

Repeated 

measurement 

ms (nm/ 

µg·mL
-1

) 

LOD 

(ng/mL) 

BSA 

Projection 

lithography 
Micromesas No 1.38 32.70 

E-beam Pillars No 0.75 47.60 

DLIP Pillars Yes 0.41 3458.10 

Contact 

lithography 

wafer level 

Pillars 

Yes 

1.70 179.80 

Crosses 2.60 0870 

Stars 0.68 1030 

Hollow 

cylinders 
0.99 970 

Concentric 

cylinders 
0.40 1340 

Fractal pillars 3.30 270 

Fractal 

cylinders/pillars 
4.70 181.90 

antiGestrinone 
E-beam – Si 

substrate 
Pillars No 2.66 11.40 

 
E-beam – 

glass substrate 
Pillars No 59.52 0.88 

PLAA protein 

Contact 

lithography 

wafer level 

Pillars No 1.50 106.00 

Dengue virus 

Contact 

lithography 

sample level 

FP 

interferometer 
No - - 

Table 10. Best results from measured bioapplications: biosensitivity and LOD values. 
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7. LINES OF FUTURE DEVELOPMENT 

There are several lines of research clearly open up to the date of finishing this thesis. One of the 

objectives was the study of the influence of the geometry and dimensions on the biosensing 

performance of different BICELLs. Though several experiments were carried out and a 

theoretical modell was proposed in this thesis, it is needed a better understanding of the 

photonic and biosensing behaviour of the studied geometries with dimensions near 1 µm. 3D 

simulations in comparison with SiO2 and immunoassay results should be done to obtain this 

information. 

Though contact lithography at wafer level is a relatively simple technique, its use is not trivial 

and must be optimized. It implies a parametrization of the fabrication process. Pattern 

dimension uniformity along the wafer should be studied in order to improve the throughput of a 

wafer. Recently, a band-pass optical filter for i-line (365 nm) was acquired. This should permit a 

better resolution and better definition of structures. Also, higher times will be required to expose 

resist, as optical filter reduce the incident power of the lamp. It is translated to longer exposure 

times and thus, better repeatability process. Moreover, spin-coating process at wafer level must 

be optimized, in order to improve thickness uniformity. Some examples have been performed 

and a new chuck for 6‖ wafers was acquired, but more experiments should be carried out. New 

packaging should be investigated and wafer dicing for water immersion system with continuous 

water flow (proposed in section 4.2.1) could be an interesting research line. 

Other fabrication techniques offer promising results for BICELL production. Laser interference 

patterning, through lithography or ablation processes, can be considered to be a low cost 

technique for submicrometre structure production. Nanoimprint or hot-embossing techniques 

are really promising techniques to produce structures in the order of tenths of nanometres. It 

could be interesting to study the effect of 3D structures on the biosensing response. Two-photon 

lithography is an interesting technique to produce complex 3D structures down with resolutions 

in the order of hundreds of nanometres.  

Study and optimization of the ultrathin-films of SiO2 by CVD is required to use this technique 

for optical response characterization. Different analysis could be done: deposition dynamics, 

effect of the reactor cell on homogeneity, topographical analysis, uniformity on structures and 

parametrization process, among others. 
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Search for a new standard immunoassay and optimize it: study of the influence on the 

biosensing response of functionalization, immobilization, washing steps, pH, temperature, etc. 

First experiments by using immunoglobulin G (IgG) and antiIgG immunoassay have been 

performed showing promising results (Figure 190.A). 

 

Figure 190. (a) Preliminary first results from antiIgG recognition using BICELLs based on FP interferometers. (b) 

Incubator lid based on PDMS (left) fabricated by moulding technique using a SU-8 master (centre) and the 

photomask used for master fabrication (right). (c) Example of use in a novel packaging under development. 

During this thesis, a novel characterization technique, based on IODM, was discovered and 

patented. Several experiments were under actual development using this technique for low-cost 

label-free optical biosensing. This technique constitutes the core of a commercial PoC device 

under development by spin-off BIOD S.L. 

Finally, derived from a project for ―dry eye‖ disease detection, low sample volumes in the order 

of ~ 1 – 2 µL were available for incubation and detection. Author of this thesis proposed a novel 

system called ―incubator lid‖ for analyte incubation and measurement (Figure 190.B). First 

experiments have been carried out incubating 1 µL volume up to 12 hours without significant 

evaporation (Figure 190.C). Study the behaviour of the analyte when low volumes are used.  
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contest "ActúaUPM 2009", organized by Universidad Politécnica de Madrid. 

  



Bibliography 

- 239 - 

 

9. BIBLIOGRAPHY 

ABARGUES, R.; and NICKEL, U. Charge Dissipation in E-Beam Lithography with Novolak-Based 

Conducting Polymer Films. Nanotechnology, 2008, vol. 19, no. 12, pp. 125302. 

ABARGUES, R., et al. Patterning of Conducting Polymers using UV Lithography: The in-Situ 

Polymerization Approach. The Journal of Physical Chemistry C, 2012, vol. 116, no. 33, pp. 17547-

17553. 

AccessExcellence. Antibodies. , 2015aAvailable 

from:<http://www.accessexcellence.org/RC/VL/GG/antibodies.php>. 

AccessExcellence. Descriptions of Protein. , 2015bAvailable 

from:<http://www.accessexcellence.org/RC/VL/GG/protein.php>. 

ADHI, K. P., et al. Chemical Modifications in Femtosecond Ultraviolet (248 Nm) Excimer Laser 

Radiation-Processed Polyimide. Applied Surface Science, 2004, vol. 225, no. 1, pp. 324-331. 

AMENDOLA, V.; and MENEGHETTI, M. Laser Ablation Synthesis in Solution and Size Manipulation 

of Noble Metal Nanoparticles. Physical Chemistry Chemical Physics, 2009, vol. 11, no. 20, pp. 3805-

3821. 

ANDERSSON, L. I. Molecular Imprinting for Drug Bioanalysis: A Review on the Application of 

Imprinted Polymers to Solid-Phase Extraction and Binding Assay. Journal of Chromatography B: 

Biomedical Sciences and Applications, 2000, vol. 739, no. 1, pp. 163-173. 

ANHOJ, T. A., et al. The Effect of Soft Bake Temperature on the Polymerization of SU-8 Photoresist. 

Journal of Micromechanics and Microengineering, 2006, vol. 16, no. 9, pp. 1819. 

AÑORGA, L., et al. Development of a DNA Microelectrochemical Biosensor for CEACAM5 Detection. 

Sensors Journal, IEEE, 2010, vol. 10, no. 8, pp. 1368-1374. 

ANSARI, K., et al. Fabrication of High Aspect Ratio 100nm Metallic Stamps for Nanoimprint 

Lithography using Proton Beam Writing. Applied Physics Letters, 2004, vol. 85, no. 3, pp. 476-478. 

BARRIOS, C. A., et al. Label-Free Optical Biosensing with Slot-Waveguides. Optics Letters, 2008, vol. 

33, no. 7, pp. 708-710. 

BARRIOS, C. A., et al. Demonstration of Slot-Waveguide Structures on Silicon Nitride/Silicon Oxide 

Platform. Optics Express, 2007, vol. 15, no. 11, pp. 6846-6856. 

BARRIOS, C. A., et al. Molecularly Imprinted Polymer Diffraction Grating as Label-Free Optical Bio 

(Mimetic) Sensor. Biosensors and Bioelectronics, 2011, vol. 26, no. 5, pp. 2801-2804. 

BERENDSEN, C. W. J., et al. Superhydrophobic Surface Structures in Thermoplastic Polymers by 

Interference Lithography and Thermal Imprinting. Applied Surface Science, 2009, vol. 255, no. 23, pp. 

9305-9310. 

Biacore. , 2015Available from:<http://www.biacore.com>. 

http://www.accessexcellence.org/RC/VL/GG/antibodies.php
http://www.accessexcellence.org/RC/VL/GG/protein.php
http://www.biacore.com/


Chapter 9 

- 240 - 

Biofluidfocus. 96 Well-Plate. , 2015Available from:<http://biofluidfocus.com/products-

page/celltreat-96-well-plate-round-bottom-untreated-with-lid-individually-packed>. 

BIPM. Bureau International Des Poids Et Mesures. , 2015Available from:<http://www.bipm.org/>. 

BODAS, D.; and KHAN-MALEK, C. Hydrophilization and Hydrophobic Recovery of PDMS by Oxygen 

Plasma and Chemical treatment—An SEM Investigation. Sensors and Actuators B: Chemical, 2007, vol. 

123, no. 1, pp. 368-373. 

BOHL, B., et al. Multi-Layer SU-8 Lift-Off Technology for Microfluidic Devices. Journal of 

Micromechanics and Microengineering, 2005, vol. 15, no. 6, pp. 1125. 

BOOZER, C., et al. Looking Towards Label-Free Biomolecular Interaction Analysis in a High-

Throughput Format: A Review of New Surface Plasmon Resonance Technologies. Current Opinion in 

Biotechnology, 2006, vol. 17, no. 4, pp. 400-405. 

BORREMAN, A., et al. Fabrication of Polymeric Multimode Waveguides and Devices in SU-8 

Photoresist using Selective Polymerization. Proceedings Symposium IEEE/LEOS Benelux Chapter, 

Amsterdam, 2002. 

BOYD, R. W.; and HEEBNER, J. E. Sensitive Disk Resonator Photonic Biosensor. Applied Optics, 2001, 

vol. 40, no. 31, pp. 5742-5747. 

BROCKMAN, J. M.; NELSON, B. P.and CORN, R. M. Surface Plasmon Resonance Imaging 

Measurements of Ultrathin Organic Films. Annual Review of Physical Chemistry, 2000, vol. 51, no. 1, pp. 

41-63. 

BROWNLEE, J. Antigen-Antibody Interaction. Complex Intelligent Systems Laboratory (CIS), Centre 

for Information Technology Research (CITR), Faculty of Information and Communication Technologies 

(ICT), Swinburne University of Technology, Victoria, Australia, Technical Report ID A, 2007, vol. 70427. 

BRULS, D. M., et al. Rapid Integrated Biosensor for Multiplexed Immunoassays Based on Actuated 

Magnetic Nanoparticles. Lab on a Chip, 2009, vol. 9, no. 24, pp. 3504-3510. 

BRUN, E. M., et al. Enzyme-Linked Immunosorbent Assays for the Synthetic Steroid Gestrinone. 

Talanta, 2010, vol. 82, no. 4, pp. 1581-1587. 

CAMPANELLA, L., et al. An Algal Biosensor for the Monitoring of Water Toxicity in Estuarine 

Environments. Water Research, 2001, vol. 35, no. 1, pp. 69-76. 

CARAMORI, S. S.; and FERNANDES, K. F. Covalent Immobilisation of Horseradish Peroxidase Onto 

Poly (Ethylene Terephthalate)–poly (Aniline) Composite. Process Biochemistry, 2004, vol. 39, no. 7, pp. 

883-888. 

CARRASCOSA, L. G., et al. Nanomechanical Biosensors: A New Sensing Tool. TrAC Trends in 

Analytical Chemistry, 2006, vol. 25, no. 3, pp. 196-206. 

CASQUEL, R., et al. UV Laser-Induced High Resolution Cleaving of Si Wafers for Micro–nano Devices 

and Polymeric Waveguide Characterization. Applied Surface Science, 2011, vol. 257, no. 12, pp. 5424-

5428. 

CASQUEL, R., et al. Vertical Resonant Microcavities Based on Pillars Analyzed by Beam Profile 

Ellipsometry <br />and Reflectometry. Proceedings: XXII Eurosensors, 2008, pp. 1577-1580. 

CASQUEL, R. Biosensors Based on Vertically Interrogated Optofluidic Sensing Cells. Universidad 

Politécnica de Madrid, 2013. 

http://biofluidfocus.com/products-page/celltreat-96-well-plate-round-bottom-untreated-with-lid-individually-packed
http://biofluidfocus.com/products-page/celltreat-96-well-plate-round-bottom-untreated-with-lid-individually-packed
http://www.bipm.org/


Bibliography 

- 241 - 

CHEGEL, V., et al. Detection of Biomolecules using Optoelectronic Biosensor Based on Localized 

Surface Plasmon Resonance. Nanoimprint Lithography Approach. Semicond.Phys.Quantum 

Electron.Optoelectron, 2009, vol. 12, no. 1, pp. 91-97. 

CHIEM, N. H.; and HARRISON, D. J. Monoclonal Antibody Binding Affinity Determined by 

Microchip‐based Capillary Electrophoresis. Electrophoresis, 1998, vol. 19, no. 16‐17, pp. 3040-3044. 

CHOO, K. L., et al. Micromachining of Silicon by Short-Pulse Laser Ablation in Air and Under Water. 

Materials Science and Engineering: A, 2004, vol. 372, no. 1, pp. 145-162. 

CHOU, S. Y.; KRAUSS, P. R.and RENSTROM, P. J. Imprint of sub‐25 Nm Vias and Trenches in 

Polymers. Applied Physics Letters, 1995, vol. 67, no. 21, pp. 3114-3116. 

CHOW, E., et al. Ultracompact Biochemical Sensor Built with Two-Dimensional Photonic Crystal 

Microcavity. Optics Letters, 2004, vol. 29, no. 10, pp. 1093-1095. 

CLAEYSSENS, F., et al. Three-Dimensional Biodegradable Structures Fabricated by Two-Photon 

Polymerization. Langmuir, 2009, vol. 25, no. 5, pp. 3219-3223. 

CLARK, L. C.; and LYONS, C. Electrode Systems for Continuous Monitoring in Cardiovascular 

Surgery. Annals of the New York Academy of Sciences, 1962, vol. 102, no. 1, pp. 29-45. 

Compugraphics. What is the Difference between Quartz and Soda Lime Glass? , 2015Available 

from:<http://www.compugraphics-photomasks.com/faq/mask-materials-what-is-the-

difference-between-quartz-and-soda-lime-glass>. 

CONRADIE, E. H.; and MOORE, D. F. SU-8 Thick Photoresist Processing as a Functional Material for 

MEMS Applications. Journal of Micromechanics and Microengineering, 2002, vol. 12, no. 4, pp. 368. 

COOPER, M. A. Label-Free Biosensors: Techniques and Applications. Cambridge University Press, 

2009. 

COOPER, M. A. Optical Biosensors in Drug Discovery. Nature Reviews Drug Discovery, 2002, vol. 1, 

no. 7, pp. 515-528. 

CROSS, G. H., et al. A New Quantitative Optical Biosensor for Protein Characterisation. Biosensors and 

Bioelectronics, 2003, vol. 19, no. 4, pp. 383-390. 

DE VOS, K., et al. Silicon-on-Insulator Microring Resonator for Sensitive and Label-Free Biosensing. 

Optics Express, 2007, vol. 15, no. 12, pp. 7610-7615. 

DEL CAMPO, A.; and ARZT, E. Fabrication Approaches for Generating Complex Micro-and 

Nanopatterns on Polymeric Surfaces. Chemical Reviews, 2008, vol. 108, no. 3, pp. 911-945. 

DEL CAMPO, A.; and GREINER, C. SU-8: A Photoresist for High-Aspect-Ratio and 3D Submicron 

Lithography. Journal of Micromechanics and Microengineering, 2007, vol. 17, no. 6, pp. R81. 

DESMAËLE, D. Soft-Lithography: SU-8 Coating. , 2015Available 

from:<http://www.elveflow.com/soft-lithography-reviews-and-tutorials/how-to-get-the-best-

process/soft-lithography-su-8-coating>. 

DEUBEL, M., et al. Direct Laser Writing of Three-Dimensional Photonic-Crystal Templates for 

Telecommunications. Nature Materials, 2004, vol. 3, no. 7, pp. 444-447. 

DIGAUM, J. L., et al. Tight Control of Light Beams in Photonic Crystals with Spatially-Variant Lattice 

Orientation. Optics Express, 2014, vol. 22, no. 21, pp. 25788-25804. 

http://www.compugraphics-photomasks.com/faq/mask-materials-what-is-the-difference-between-quartz-and-soda-lime-glass
http://www.compugraphics-photomasks.com/faq/mask-materials-what-is-the-difference-between-quartz-and-soda-lime-glass
http://www.elveflow.com/soft-lithography-reviews-and-tutorials/how-to-get-the-best-process/soft-lithography-su-8-coating
http://www.elveflow.com/soft-lithography-reviews-and-tutorials/how-to-get-the-best-process/soft-lithography-su-8-coating


Chapter 9 

- 242 - 

Dow Corning. Sylgard 184 Silicone Elastomer Kit. , 2015Available 

from:<http://www.dowcorning.com/applications/search/products/details.aspx?prod=0106429

1>. 

DYER, P. E. Excimer Laser Polymer Ablation: Twenty Years On. Applied Physics A, 2003, vol. 77, no. 

2, pp. 167-173. 

ELSNER, H.; and MEYER, H. G. Nanometer and High Aspect Ratio Patterning by Electron Beam 

Lithography using a Simple DUV Negative Tone Resist. Microelectronic Engineering, 2001, vol. 57, pp. 

291-296. 

FAN, X., et al. Sensitive Optical Biosensors for Unlabeled Targets: A Review. Analytica Chimica Acta, 

2008, vol. 620, no. 1, pp. 8-26. 

Farfield. , 2015Available from:<http://www.farfield-group.com/>. 

FOOTE, J.; and EISEN, H. N. Kinetic and Affinity Limits on Antibodies Produced during Immune 

Responses. Proceedings of the National Academy of Sciences of the United States of America, Feb 28, 

1995, vol. 92, no. 5, pp. 1254-1256. ISSN 0027-8424; 0027-8424.  

FRASCONI, M.; MAZZEI, F.and FERRI, T. Protein Immobilization at Gold–thiol Surfaces and Potential 

for Biosensing. Analytical and Bioanalytical Chemistry, 2010, vol. 398, no. 4, pp. 1545-1564. 

GALLEGOS, D., et al. Label-Free Biodetection using a Smartphone. Lab on a Chip, 2013, vol. 13, no. 

11, pp. 2124-2132. 

GAO, X.; WU, E.and CHEN, G. Mechanism of Emergency Contraception with Gestrinone: A 

Preliminary Investigation. Contraception, 2007, vol. 76, no. 3, pp. 221-227. 

GARRETT, R. H.; and GRISHAM, C. M. Biochemistry. 2nd ed. Harcourt College Pub, 1999. 

GATES, B. D., et al. New Approaches to Nanofabrication: Molding, Printing, and Other Techniques. 

Chemical Reviews, 2005, vol. 105, no. 4, pp. 1171-1196. 

GEORGE, S. M. Atomic Layer Deposition: An Overview. Chemical Reviews, 2009, vol. 110, no. 1, pp. 

111-131. 

GIERAK, J.; SEPTIER, A.and VIEU, C. Design and Realization of a very High-Resolution FIB 

Nanofabrication Instrument. Nuclear Instruments and Methods in Physics Research Section A: 

Accelerators, Spectrometers, Detectors and Associated Equipment, 1999, vol. 427, no. 1, pp. 91-98. 

GITTARD, S. D., et al. Fabrication of Microscale Medical Devices by Two-Photon Polymerization with 

Multiple Foci Via a Spatial Light Modulator. Biomedical Optics Express, 2011, vol. 2, no. 11, pp. 3167-

3178. 

GODDARD, J. M.; and HOTCHKISS, J. H. Polymer Surface Modification for the Attachment of 

Bioactive Compounds. Progress in Polymer Science, 2007, vol. 32, no. 7, pp. 698-725. 

GOH, J. B.; LOO, R. W.and GOH, M. C. Label-Free Monitoring of Multiple Biomolecular Binding 

Interactions in Real-Time with Diffraction-Based Sensing. Sensors and Actuators B: Chemical, 2005, vol. 

106, no. 1, pp. 243-248. 

GOH, J. B., et al. A Quantitative Diffraction-Based Sandwich Immunoassay. Analytical Biochemistry, 

2003, vol. 313, no. 2, pp. 262-266. 

http://www.dowcorning.com/applications/search/products/details.aspx?prod=01064291
http://www.dowcorning.com/applications/search/products/details.aspx?prod=01064291
http://www.farfield-group.com/


Bibliography 

- 243 - 

GONZÁLEZ DE BUITRAGO, J. M. Técnicas Y Métodos De Laboratorio Clínico. 2nd ed. Barcelona 

(España): Masson, 2005. 

GRIESHABER, D., et al. Electrochemical Biosensors-Sensor Principles and Architectures. Sensors, 

2008, vol. 8, no. 3, pp. 1400-1458. 

GUM. Guide for Uncertainty Measurement. , 2012Available 

from:<http://www.bipm.org/en/publications/guides/gum.html>. 

GUNDE, M. K., et al. The Influence of Hard-Baking Temperature Applied for SU8 Sensor Layer on the 

Sensitivity of Capacitive Chemical Sensor. Applied Physics A, 2009, vol. 95, no. 3, pp. 673-680. 

GUZMAN, M. G., et al. Dengue: A Continuing Global Threat. Nature Reviews Microbiology, 2010, vol. 

8, pp. S7-S16. 

HARJULA, L. Tensions between Venture Capitalists' and Business-Social Entrepreneurs' Goals. Greener 

Management International, 2005, vol. 2005, no. 51, pp. 78-87. 

HAUPT, O., et al. Laser Dicing of Silicon: Comparison of Ablation Mechanisms with a Novel 

Technology of Thermally Induced Stress. Proc.of LMP2008, Quebec, 2008. 

HELLSTROM, S. L. Basic Models of Spin-Coating. , 2007Available 

from:<http://large.stanford.edu/courses/2007/ph210/hellstrom1/>. 

HENDERSON, C. L. Introduction to E-Beam Lithography. , 2015Available 

from:<http://henderson.chbe.gatech.edu/Introductions/intro%20to%20e-

beam%20lithography.htm>. 

HERMANSON, G. T. Bioconjugate Techniques. 2nd ed. London (UK): Elsevier, 2008. 

HERNÁNDEZ, B. Síntesis De Materiales De Interés En El Desarrollo De Cristales Fotónicos 

Autoensamblados. Instituto de Ciencia de Materiales de Madrid (CSIC), Universidad Autónoma de 

Madrid, 2005. 

HILL, G. C., et al. SU-8 MEMS Fabry-Perot Pressure Sensor. Sensors and Actuators A: Physical, 2007, 

vol. 138, no. 1, pp. 52-62. 

HILLBERG, A. L.; BRAIN, K. R.and ALLENDER, C. J. Molecular Imprinted Polymer Sensors: 

Implications for Therapeutics. Advanced Drug Delivery Reviews, 2005, vol. 57, no. 12, pp. 1875-1889. 

HO, H. P., et al. Real-Time Optical Biosensor Based on Differential Phase Measurement of Surface 

Plasmon Resonance. Biosensors and BIOELECTRONICS, 2005, vol. 20, no. 10, pp. 2177-2180. 

HOA, X. D.; KIRK, A. G.and TABRIZIAN, M. Towards Integrated and Sensitive Surface Plasmon 

Resonance Biosensors: A Review of Recent Progress. Biosensors and Bioelectronics, 2007, vol. 23, no. 

2, pp. 151-160. 

HOLGADO, M., et al. Optical Characterization of Extremely Small Volumes of Liquid in Sub-Micro-

Holes by Simultaneous Reflectivity, Ellipsometry and Spectrometry. Optics Express, 2007, vol. 15, no. 

20, pp. 13318-13329. 

HOLGADO, M., et al. Interferometric Detection Method. Europe: 12382317.1. , 2012. 

HOLGADO, M., et al. Description of an Advantageous Optical Label-Free Biosensing Interferometric 

Read-Out Method to Measure Biological Species. Sensors, 2014, vol. 14, no. 2, pp. 3675-3689. 

http://www.bipm.org/en/publications/guides/gum.html
http://large.stanford.edu/courses/2007/ph210/hellstrom1/
http://henderson.chbe.gatech.edu/Introductions/intro%20to%20e-beam%20lithography.htm
http://henderson.chbe.gatech.edu/Introductions/intro%20to%20e-beam%20lithography.htm


Chapter 9 

- 244 - 

HOLGADO, M., et al. Label-Free Biosensing by Means of Periodic Lattices of High Aspect Ratio SU-8 

Nano-Pillars. Biosensors and Bioelectronics, 8/15, 2010, vol. 25, no. 12, pp. 2553-2558. ISSN 0956-

5663.  

HOLMBERG, A., et al. The Biotin‐streptavidin Interaction can be Reversibly Broken using Water at 

Elevated Temperatures. Electrophoresis, 2005, vol. 26, no. 3, pp. 501-510. 

HOMOLA, J. Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species. 

Chemical Reviews, 2008, vol. 108, no. 2, pp. 462-493. 

HOMOLA, J. Present and Future of Surface Plasmon Resonance Biosensors. Analytical and 

Bioanalytical Chemistry, 2003, vol. 377, no. 3, pp. 528-539. 

HSIEH, T. M., et al. Three-Dimensional Microstructured Tissue Scaffolds Fabricated by Two-Photon 

Laser Scanning Photolithography. Biomaterials, 2010, vol. 31, no. 30, pp. 7648-7652. 

HWANG, S. Y., et al. Fabrication of Nano-Sized Metal Patterns on Flexible Polyethylene-Terephthalate 

Substrate using Bi-Layer Nanoimprint Lithography. Thin Solid Films, 2009, vol. 517, no. 14, pp. 4104-

4107. 

Intel. Intel 14nm Technology. , 2015aAvailable 

from:<http://www.intel.com/content/www/us/en/silicon-innovations/intel-14nm-

technology.html>. 

Intel. Intel Core I7-3770k Processor. , 2015bAvailable from:<http://ark.intel.com/es-

es/products/65523>. 

ITO, H. Chemical Amplification Resists for Microlithography. Advances in Polymer Science, 2005, vol. 

172, pp. 37-245. 

JANG, B.; and HASSIBI, A. Biosensor Systems in Standard CMOS Processes: Fact Or Fiction?. IEEE 

Transactions on Industrial Electronics, 2009, vol. 56, no. 4, pp. 979-985. 

JIAO, Y.; and WEISS, S. M. Design Parameters and Sensitivity Analysis of Polymer-Cladded Porous 

Silicon Waveguides for Small Molecule Detection. Biosensors and Bioelectronics, 2010, vol. 25, no. 6, 

pp. 1535-1538. 

JOHANSSON, A., et al. SU-8 Cantilever Sensor System with Integrated Readout. Sensors and Actuators 

A: Physical, 2005, vol. 123, pp. 111-115. 

JOSHI, M., et al. Silanization and Antibody Immobilization on SU-8. Applied Surface Science, 2007, vol. 

253, no. 6, pp. 3127-3132. 

KANE, R. S., et al. Patterning Proteins and Cells using Soft Lithography. Biomaterials, 1999, vol. 20, no. 

23, pp. 2363-2376. 

KAVOKIN, A., et al. Microcavities. Oxford University Press, 2007. 

KELLER, S., et al. Processing of Thin SU-8 Films. Journal of Micromechanics and Microengineering, 

2008, vol. 18, no. 12, pp. 125020. 

KHARIF, O. Trillions of Smart Sensors Will Change Life. , 2013Available 

from:<http://www.bloomberg.com/news/articles/2013-08-05/trillions-of-smart-sensors-will-

change-life-as-apps-have>. 

http://www.intel.com/content/www/us/en/silicon-innovations/intel-14nm-technology.html
http://www.intel.com/content/www/us/en/silicon-innovations/intel-14nm-technology.html
http://ark.intel.com/es-es/products/65523
http://ark.intel.com/es-es/products/65523
http://www.bloomberg.com/news/articles/2013-08-05/trillions-of-smart-sensors-will-change-life-as-apps-have
http://www.bloomberg.com/news/articles/2013-08-05/trillions-of-smart-sensors-will-change-life-as-apps-have


Bibliography 

- 245 - 

KIECHLE, F. L.; and MAIN, R. I. Blood Glucose: Measurement in the Point-of-Care Setting. Lab 

Medicine, 2000, vol. 31, no. 5, pp. 276-282. 

KIM, Y. S.; SUH, K. Y.and LEE, H. H. Fabrication of Three-Dimensional Microstructures by Soft 

Molding. Applied Physics Letters, 2001, vol. 79, no. 14, pp. 2285-2287. 

KRÖGER, S.; PILETSKY, S.and TURNER, A. P. F. Biosensors for Marine Pollution Research, 

Monitoring and Control. Marine Pollution Bulletin, 2002, vol. 45, no. 1, pp. 24-34. 

KRUUSING, A. Underwater and Water-Assisted Laser Processing: Part 2—Etching, Cutting and Rarely 

used Methods. Optics and Lasers in Engineering, 2004, vol. 41, no. 2, pp. 329-352. 

LA MARCA, A., et al. Gestrinone in the Treatment of Uterine Leiomyomata: Effects on Uterine Blood 

Supply. Fertility and Sterility, 2004, vol. 82, no. 6, pp. 1694-1696. 

LAGUNA, M. F., et al. Optimization of Dengue Immunoassay by Label-Free Interferometric Optical 

Detection Method. Sensors, 2014a, vol. 14, no. 4, pp. 6695-6700. 

LAGUNA, M. F., et al. Label-Free Biosensing by Means of BICELLs for Dry Eye. Sensors and 

Actuators B: Chemical, 11, 2014b, vol. 203, no. 0, pp. 209-212. ISSN 0925-4005.  

LAM, S. C. K., et al. A Smartphone-Centric Platform for Personal Health Monitoring using Wireless 

Wearable Biosensors. IEEE, 2009. 

LAROUCHE, S.; and MARTINU, L. Openfilters. , 2015Available 

from:<http://larfis.polymtl.ca/index.php/en/links/openfilters>. 

LASAGNI, A. F.; and MENÉNDEZ-ORMAZA, B. S. Two‐and Three‐Dimensional Micro‐and Sub‐

Micrometer Periodic Structures using Two‐Beam Laser Interference Lithography. Advanced Engineering 

Materials, 2010, vol. 12, no. 1‐2, pp. 54-60. 

LAVÍN, A., et al. Efficient Design and Optimization of Bio-Photonic Sensing Cells (BICELLs) for Label 

Free Biosensing. Sensors and Actuators B: Chemical, 1, 2013, vol. 176, no. 0, pp. 753-760. ISSN 0925-

4005.  

LAZARE, S.; LOPEZ, J.and WEISBUCH, F. High-Aspect-Ratio Microdrilling in Polymeric Materials 

with Intense KrF Laser Radiation. Applied Physics A, 1999, vol. 69, no. 1, pp. S1-S6. 

LEE, M. R.; and FAUCHET, P. M. Nanoscale Microcavity Sensor for Single Particle Detection. Optics 

Letters, 2007, vol. 32, no. 22, pp. 3284-3286. 

LEE, Y.; LEE, W.and CHUN, K. Calculation of Surface Potential and Beam Deflection due to Charging 

Effects in Electron Beam Lithography. Journal of Vacuum Science & Technology B, 2000, vol. 18, no. 6, 

pp. 3095-3098. 

LEMP, A. M.; SULLIVAN, B. D.and CREWS, L. A. Biomarkers in Dry Eye Disease. Eur Ophthal Rev, 

2012, vol. 6, no. 3, pp. 157-163. 

LESKELÄ, M.; and RITALA, M. Atomic Layer Deposition (ALD): From Precursors to Thin Film 

Structures. Thin Solid Films, 2002, vol. 409, no. 1, pp. 138-146. 

LEUNG, A.; SHANKAR, P. M.and MUTHARASAN, R. A Review of Fiber-Optic Biosensors. Sensors 

and Actuators B: Chemical, 2007, vol. 125, no. 2, pp. 688-703. 

LIGLER, F. S. Perspective on Optical Biosensors and Integrated Sensor Systems. Analytical Chemistry, 

2008, vol. 81, no. 2, pp. 519-526. 

http://larfis.polymtl.ca/index.php/en/links/openfilters


Chapter 9 

- 246 - 

LÓPEZ-ROMERO, D., et al. High Aspect-Ratio SU-8 Resist Nano-Pillar Lattice by E-Beam Direct 

Writing and its Application for Liquid Trapping. Microelectronic Engineering, 2010, vol. 87, no. 4, pp. 

663-667. 

LOUISVILLE, Univ. Dehydration Bake SOP. , 2013Available 

from:<http://louisville.edu/micronano/files/documents/standard-operating-

procedures/copy_of_DehydrationbakeSOP.pdf>. 

MACK, C. The Future of Semiconductor Lithography? Look to Flash. Journal of 

Micro/Nanolithography, MEMS, and MOEMS, 2013, vol. 12, no. 3, pp. 030101-030101. 

MADOU, M. J. Manufacturing Techniques for Microfabrication and Nanotechnology. 3rd ed. CRC 

Press, 2012. 

MAK, G. Y.; LAM, E. Y.and CHOI, H. W. Liquid-Immersion Laser Micromachining of GaN Grown on 

Sapphire. Applied Physics A, 2011, vol. 102, no. 2, pp. 441-447. 

MANNELLI, I., et al. Quartz Crystal Microbalance (QCM) Affinity Biosensor for Genetically Modified 

Organisms (GMOs) Detection. Biosensors and Bioelectronics, 2003, vol. 18, no. 2, pp. 129-140. 

MÁRQUEZ, H. Diseño Y Simulación De Sensores Para Biosensado Sin Marcado. Universidad 

Politécnica de Madrid: Proyecto Final de Carrera, 2009. 

MARTINEZ, A. W.; and CHAIKOF, E. L. Microfabrication and Nanotechnology in Stent Design. Wiley 

Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, 2011, vol. 3, no. 3, pp. 256-268. 

MEIJER, J. Laser Beam Machining (LBM), State of the Art and New Opportunities. Journal of Materials 

Processing Technology, 2004, vol. 149, no. 1, pp. 2-17. 

MENEZES, J. W., et al. Large‐Area Fabrication of Periodic Arrays of Nanoholes in Metal Films and their 

Application in Biosensing and plasmonic‐Enhanced Photovoltaics. Advanced Functional Materials, 2010, 

vol. 20, no. 22, pp. 3918-3924. 

MERCHANT, B. With a Trillion Sensors, the Internet of Things would be the "Biggest Business in the 

History of Electronics". , 2013Available from:<http://motherboard.vice.com/blog/the-internet-of-

things-could-be-the-biggest-business-in-the-history-of-electronics>. 

Microchem. SU-8 Resist. , 2015Available from:<http://www.microchem.com/Prod-

SU8_KMPR.htm>. 

MILLER, D. C., et al. Analysis of Transmitted Optical Spectrum Enabling Accelerated Testing of CPV 

Designs. International Society for Optics and Photonics, 2009. 

MOHAMMAD, M. A., et al. Nanofabrication Techniques and Principles. STEPANOVA, M.; and DEW, 

S. K. eds., Springer, 2012. Fundamentals of Electron Beam Exposure and Development, pp. 11-41. 

MORA, G.; FAUNDES, A.and PASTORE, U. Clinical Evaluation of an Oral Progestin Contraceptive, R-

2323, 5mg, Administered at Weekly Intervals. Contraception, 1974, vol. 10, no. 2, pp. 145-157. 

MUJIKA, M., et al. Magnetoresistive Immunosensor for the Detection of Escherichia Coli O157: H7 

Including a Microfluidic Network. Biosensors and Bioelectronics, 2009, vol. 24, no. 5, pp. 1253-1258. 

MÜLLER-MESKAMP, L., et al. Efficiency Enhancement of Organic Solar Cells by Fabricating Periodic 

Surface Textures using Direct Laser Interference Patterning. Advanced Materials, 2012, vol. 24, no. 7, pp. 

906-910. 

http://louisville.edu/micronano/files/documents/standard-operating-procedures/copy_of_DehydrationbakeSOP.pdf
http://louisville.edu/micronano/files/documents/standard-operating-procedures/copy_of_DehydrationbakeSOP.pdf
http://motherboard.vice.com/blog/the-internet-of-things-could-be-the-biggest-business-in-the-history-of-electronics
http://motherboard.vice.com/blog/the-internet-of-things-could-be-the-biggest-business-in-the-history-of-electronics
http://www.microchem.com/Prod-SU8_KMPR.htm
http://www.microchem.com/Prod-SU8_KMPR.htm


Bibliography 

- 247 - 

Nanoscribe. Nanoscribe GmbH. , 2015Available from:<http://www.nanoscribe.de/>. 

NARASIMHA, S., et al. High Performance 45-Nm SOI Technology with Enhanced Strain, Porous Low-K 

BEOL, and Immersion Lithography. IEEE, 2006. 

NYGREN, H.; and STENBERG, M. Immunochemistry at Interfaces. Immunology, Mar, 1989, vol. 66, 

no. 3, pp. 321-327. ISSN 0019-2805; 0019-2805.  

ODOM, T. W., et al. Improved Pattern Transfer in Soft Lithography using Composite Stamps. Langmuir, 

2002, vol. 18, no. 13, pp. 5314-5320. 

OHMURA, E., et al. Analysis of Processing Mechanism in Stealth Dicing of Ultra Thin Silicon Wafer. 

Journal of Advanced Mechanical Design, Systems, and Manufacturing, 2008, vol. 2, no. 4, pp. 540-549. 

OLKHOV, R. V.; FOWKE, J. D.and SHAW, A. M. Whole Serum BSA Antibody Screening using a 

Label-Free Biophotonic Nanoparticle Array. Analytical Biochemistry, 2009, vol. 385, no. 2, pp. 234-241. 

OLKHOV, R. V.; and SHAW, A. M. Label-Free Antibody–antigen Binding Detection by Optical Sensor 

Array Based on Surface-Synthesized Gold Nanoparticles. Biosensors and Bioelectronics, 2008, vol. 23, 

no. 8, pp. 1298-1302. 

ORTEGA, F. J., et al. Biomolecular Interaction Analysis of Gestrinone-Anti-Gestrinone using Arrays of 

High Aspect Ratio SU-8 Nanopillars. Biosensors, 2012, vol. 2, no. 3, pp. 291-304. 

PADOVA, F., et al. Selective and Early Increase of IL‐1 Inhibitors, IL‐6 and Cortisol After Elective 

Surgery. Clinical & Experimental Immunology, 1991, vol. 85, no. 1, pp. 137-142. 

PAEK, S. H.; and SCHRAMM, W. Modeling of Immunosensors Under Nonequilibrium Conditions: I. 

Mathematic Modeling of Performance Characteristics. Analytical Biochemistry, 1991, vol. 196, no. 2, pp. 

319-325. 

PÄIVÄNRANTA, B., et al. Sub-10 Nm Patterning using EUV Interference Lithography. 

Nanotechnology, 2011, vol. 22, no. 37, pp. 375302. 

Photonik Singopore Pte Ltd. Photomasks. , 2013Available 

from:<http://www.photonik.com.sg/products/Photo_Masks/index.asp>. 

POHANKA, M.; and SKLÁDAL, P. Electrochemical Biosensors–principles and Applications. J Appl 

Biomed, 2008, vol. 6, no. 2, pp. 57-64. 

POTYRAILO, R. A., et al. Label-Free Biosensing using Passive Radio-Frequency Identification (RFID) 

Sensors. IEEE, 2009. 

PRASAD, P. N. Introduction to Biophotonics. John Wiley & Sons, 2004. 

PRETSCH, E., et al. Determinación Estructural De Compuestos Orgánicos. Barcelona: Verlag Ibérica. 

BASSLER, GC, 2001. 

PRIETO, F., et al. An Integrated Optical Interferometric Nanodevice Based on Silicon Technology for 

Biosensor Applications. Nanotechnology, 2003a, vol. 14, no. 8, pp. 907. 

PRIETO, F., et al. Integrated Mach–Zehnder Interferometer Based on ARROW Structures for Biosensor 

Applications. Sensors and Actuators B: Chemical, 2003b, vol. 92, no. 1, pp. 151-158. 

PUMERA, M., et al. Electrochemical Nanobiosensors. Sensors and Actuators B: Chemical, 2007, vol. 

123, no. 2, pp. 1195-1205. 

http://www.nanoscribe.de/
http://www.photonik.com.sg/products/Photo_Masks/index.asp


Chapter 9 

- 248 - 

RATH, S. K.; BOEY, F. Y. C.and ABADIE, M. J. M. Cationic Electron‐beam Curing of a High‐

functionality Epoxy: Effect of Post‐curing on Glass Transition and Conversion. Polymer International, 

2004, vol. 53, no. 7, pp. 857-862. 

RESNICK, D. J.; SREENIVASAN, S. V.and WILLSON, C. G. Step & Flash Imprint Lithography. 

Materials Today, 2005, vol. 8, no. 2, pp. 34-42. 

REVERBERI, R.; and REVERBERI, L. Factors Affecting the Antigen-Antibody Reaction. Blood 

Transfusion, Nov, 2007, vol. 5, no. 4, pp. 227-240. ISSN 1723-2007; 1723-2007.  

RICHERZHAGEN, B., et al. Water Jet Guided Laser Cutting: A Powerful Hybrid Technology for Fine 

Cutting and Grooving. , 2004. 

RICHERZHAGEN, B.; PERROTTET, D.and KOZUKI, Y. Dicing of Wafers by Patented Water-Jet-

Guided Laser: The Total Damage-Free Cut. , 2006. 

ROYUELA, E.; NEGREDO, A.and SÁNCHEZ-FAUQUIER, A. Development of a One Step Real-Time 

RT-PCR Method for Sensitive Detection of Human Astrovirus. Journal of Virological Methods, 2006, 

vol. 133, no. 1, pp. 14-19. 

SAMANTA, D.; and SARKAR, A. Immobilization of Bio-Macromolecules on Self-Assembled 

Monolayers: Methods and Sensor Applications. Chemical Society Reviews, 2011, vol. 40, no. 5, pp. 2567-

2592. 

SANVICENS, N., et al. Biosensors for Pharmaceuticals Based on Novel Technology. TrAC Trends in 

Analytical Chemistry, 2011, vol. 30, no. 3, pp. 541-553. 

SANZA, F. J., et al. Direct Laser Interference Patterning (DLIP) Technique Applied to the Development 

of Optical Biosensors Based on Biophotonic Sensing Cells (Bicells). International Society for Optics and 

Photonics, 2015. 

SANZA, F. J., et al. Bio-Photonic Sensing Cells Over Transparent Substrates for Anti-Gestrinone 

Antibodies Biosensing. Biosensors and Bioelectronics, 8/15, 2011a, vol. 26, no. 12, pp. 4842-4847. ISSN 

0956-5663.  

SANZA, F. J., et al. Cost-Effective SU-8 Micro-Structures by DUV Excimer Laser Lithography for 

Label-Free Biosensing. Applied Surface Science, 4/1, 2011b, vol. 257, no. 12, pp. 5403-5407. ISSN 0169-

4332.  

SASSOLAS, A.; LECA-BOUVIER, B. D.and BLUM, L. J. DNA Biosensors and Microarrays. Chemical 

Reviews, 2008, vol. 108, no. 1, pp. 109-139. 

SAVITZKY, A.; and GOLAY, M. J. E. Smoothing and Differentiation of Data by Simplified Least 

Squares Procedures. Analytical Chemistry, 1964, vol. 36, no. 8, pp. 1627-1639. 

SCHIFT, H., et al. Nanoreplication in Polymers using Hot Embossing and Injection Molding. 

Microelectronic Engineering, 2000, vol. 53, no. 1, pp. 171-174. 

SCHMIDT, H.; and MENNIG, M. Wet Coating Technologies for Glass. , 2000Available 

from:<http://www.solgel.com/articles/Nov00/mennig.htm>. 

Schott. Microcrown Thin Microscopy Glass - Technical Details. , 2015Available 

from:<http://www.schott.com/advanced_optics/english/products/optical-materials/thin-

glass/microscopy-glass-

microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/en

http://www.solgel.com/articles/Nov00/mennig.htm
http://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanish
http://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanish
http://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanish


Bibliography 

- 249 - 

glish/products/optical-materials/thin-glass/microscopy-glass-

microcrown/index.html?so=iberica&lang=spanish>. 

SCHREIBER, F. Structure and Growth of Self-Assembling Monolayers. Progress in Surface Science, 

2000, vol. 65, no. 5, pp. 151-257. 

Sensia. , 2015Available from:<http://www.sensia.es/>. 

SORIA, J., et al. Tear Proteome and Protein Network Analyses Reveal a Novel Pentamarker Panel for 

Tear Film Characterization in Dry Eye and Meibomian Gland Dysfunction. Journal of Proteomics, 2013, 

vol. 78, pp. 94-112. 

Spectra Physics. Quanta Ray Pro 290. , 2015Available from:<http://www.spectra-

physics.com/products/high-energy-pulsed-lasers/quanta-ray-pro#specs>. 

TAILLAERT, D., et al. Grating Couplers for Coupling between Optical Fibers and Nanophotonic 

Waveguides. Japanese Journal of Applied Physics, 2006, vol. 45, no. 8, pp. 6071. ISSN 1347-4065.  

TAO, S. L., et al. Surface Modification of SU-8 for Enhanced Biofunctionality and Nonfouling 

Properties. Langmuir, 2008, vol. 24, no. 6, pp. 2631-2636. 

TERRY, L. A.; WHITE, S. F.and TIGWELL, L. J. The Application of Biosensors to Fresh Produce and 

the Wider Food Industry. Journal of Agricultural and Food Chemistry, 2005, vol. 53, no. 5, pp. 1309-

1316. 

TSCHMELAK, J.; PROLL, G.and GAUGLITZ, G. Optical Biosensor for Pharmaceuticals, Antibiotics, 

Hormones, Endocrine Disrupting Chemicals and Pesticides in Water: Assay Optimization Process for 

Estrone as Example. Talanta, 2005, vol. 65, no. 2, pp. 313-323. 

TURNER, N. W., et al. From 3D to 2D: A Review of the Molecular Imprinting of Proteins. 

Biotechnology Progress, 2006, vol. 22, no. 6, pp. 1474-1489. 

VAN KAN, J. A.; BETTIOL, A. A.and WATT, F. Three-Dimensional Nanolithography using Proton 

Beam Writing. Applied Physics Letters, 2003, vol. 83, no. 8, pp. 1629-1631. 

VAN KAN, J. A., et al. Proton Beam Writing: A Progress Review. International Journal of 

Nanotechnology, 2004, vol. 1, no. 4, pp. 464-479. 

VAN THOURHOUT, D., et al. Functional Silicon Wire Waveguides Proceedings. , 2006. 

VERCELLINI, P., et al. Endometriosis. Drugs, 2009, vol. 69, no. 6, pp. 649-675. 

VÖRÖS, J. The Density and Refractive Index of Adsorbing Protein Layers. Biophysical Journal, 2004, 

vol. 87, no. 1, pp. 553-561. 

WA-DA. The List of Prohibited Substances Include Tetrahydrogestrinone. , 2003Available 

from:<https://www.wada-ama.org/en/media/news/2003-11/the-list-of-prohibited-substances-

includes-tetrahydrogestrinone>. 

WANG, J. Electrochemical Glucose Biosensors. Chemical Reviews, 2008, vol. 108, no. 2, pp. 814-825. 

WANG, J. Electrochemical Biosensors: Towards Point-of-Care Cancer Diagnostics. Biosensors and 

Bioelectronics, 2006, vol. 21, no. 10, pp. 1887-1892. 

WANG, J. Glucose Biosensors: 40 Years of Advances and Challenges. Electroanalysis, 2001, vol. 13, no. 

12, pp. 983. 

http://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanish
http://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanishhttp://www.schott.com/advanced_optics/english/products/optical-materials/thin-glass/microscopy-glass-microcrown/index.html?so=iberica&lang=spanish
http://www.sensia.es/
http://www.spectra-physics.com/products/high-energy-pulsed-lasers/quanta-ray-pro#specs
http://www.spectra-physics.com/products/high-energy-pulsed-lasers/quanta-ray-pro#specs
https://www.wada-ama.org/en/media/news/2003-11/the-list-of-prohibited-substances-includes-tetrahydrogestrinone
https://www.wada-ama.org/en/media/news/2003-11/the-list-of-prohibited-substances-includes-tetrahydrogestrinone


Chapter 9 

- 250 - 

WANG, X.; MAK, G. Y.and CHOI, H. W. INTECH Open Access Publisher, 2012. Laser 

Micromachining and Micro-Patterning with a Nanosecond UV Laser. 

Washington Univ. Substrate Processing Procedure. , 2015Available 

from:<http://www.nano.wustl.edu/doc/Instrument%20Manuals%20and%20Protocols/wafer%

20processing.pdf>. 

WATT, F., et al. Ion Beam Lithography and Nanofabrication: A Review. International Journal of 

Nanoscience, 2005, vol. 4, no. 03, pp. 269-286. 

WEIBEL, D. E., et al. Ultraviolet-Induced Surface Modification of Polyurethane Films in the Presence of 

Oxygen Or Acrylic Acid Vapours. Thin Solid Films, 2009, vol. 517, no. 18, pp. 5489-5495. 

WHITE, I. M.; and FAN, X. On the Performance Quantification of Resonant Refractive Index Sensors. 

Optics Express, 2008, vol. 16, no. 2, pp. 1020-1028. 

WONG, D., et al. Study of X-Ray Lithographic Conditions for SU-8 by Fourier Transform Infrared 

Spectroscopy. Microelectronic Engineering, 2006, vol. 83, no. 10, pp. 1912-1917. 

XIA, Y.; and WHITESIDES, G. M. Soft Lithography. Annual Review of Materials Science, 1998, vol. 28, 

no. 1, pp. 153-184. 

YAKAR, S., et al. Normal Growth and Development in the Absence of Hepatic Insulin-Like Growth 

Factor I. Proceedings of the National Academy of Sciences of the United States of America, Jun 22, 1999, 

vol. 96, no. 13, pp. 7324-7329. ISSN 0027-8424; 0027-8424.  

YAN, X. B., et al. Transparent and Flexible Glucose Biosensor Via Layer-by-Layer Assembly of Multi-

Wall Carbon Nanotubes and Glucose Oxidase. Electrochemistry Communications, 2007, vol. 9, no. 6, pp. 

1269-1275. 

YANG, P., et al. Mirrorless Lasing from Mesostructured Waveguides Patterned by Soft Lithography. 

Science (New York, N.Y.), Jan 21, 2000, vol. 287, no. 5452, pp. 465-468. ISSN 1095-9203; 0036-8075.  

YMETI, A., et al. Fast, Ultrasensitive Virus Detection using a Young Interferometer Sensor. Nano 

Letters, 2007, vol. 7, no. 2, pp. 394-397. 

YU, F., et al. Laser Interference Lithography as a New and Efficient Technique for Micropatterning of 

Biopolymer Surface. Biomaterials, 2005, vol. 26, no. 15, pp. 2307-2312. 

YU, Q., et al. Nanopatterned Smart Polymer Surfaces for Controlled Attachment, Killing, and Release of 

Bacteria. ACS Applied Materials & Interfaces, 2013, vol. 5, no. 19, pp. 9295-9304. 

ZHOU, Y.; SHAO, T.and YIN, L. A Method of Micro Laser Surface Texturing Based on Optical Fiber 

Focusing. Laser Physics, 2009, vol. 19, no. 5, pp. 1061-1066. 

  

 

http://www.nano.wustl.edu/doc/Instrument%20Manuals%20and%20Protocols/wafer%20processing.pdf
http://www.nano.wustl.edu/doc/Instrument%20Manuals%20and%20Protocols/wafer%20processing.pdf


Effective Surface calculation 

- 251 - 

 

ANNEX 1. EFFECTIVE SURFACE CALCULATION 

Effective surface is a measure of the increase of surface per unit area due to some pattern. 

Therefore, its minimum value is 1 and corresponds with a planar surface with no structures. The 

unit cell area was considered to be a hexagon in this work, as triangular lattices were designed. 

Generic expression of effective surface is shown in Equation A- 1, where Stotal is the total lateral 

surface in a unit area, AHex is the area of a hexagon (Equation A- 2), ni is the number of 

structures for i fractal order and Si is the individual lateral surface of a single structure in the i 

fractal order. 

            
      
    

   
∑    
 
     
    

 Equation A- 1 

            
   √ 

 
 Equation A- 2 

Fractal structures were also studied in this work. They consist in repetitions of a certain pattern 

(or combinations) reducing dimensions and lattice parameter by a half. Then, first fractal order 

m = 1 is considered the original structure and subsequent orders m > 1 are repetitions of the 

first. This is illustrated in Figure A- 1 for a structure of fractal pillars, where pillar diameter and 

lattice parameter are constantly reduced. Number of elements up to m = 4 contained in a 

hexagonal unit cell are described in Table A- 1. 

 

Figure A- 1. Unit cells for fractal structures with order m = 1, 2 and 3. 
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Fractal order m Number of elements 

1 3 

2 9 

3 36 

4 144 

Table A- 1. Number of elements contained in a fractal unit cell. 

Lateral surfaces per geometry proposed in this work are described below. Geometric parameters 

are described in Figure 54, being h the height of the structure. 

Pillar: 

          Equation A- 3 

Cross: 

            Equation A- 4 

Star: 

      [     (
 

 
 
 

√ 
)]    Equation A- 5 

Hollow cylinder: 

        (     )      (    )    Equation A- 6 

Concentric cylinder: 

        (        )      (      
  
 
)    Equation A- 7 
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ANNEX 2. DATA PROCESSING 

Signal filtering has a significant influence on the biosensing performance. Optical spectra 

obtained in this work show a non-uniform distribution of noise, with a low SNR near 500 nm 

compared with 1100 nm. 

 

Figure A- 2.Original and noisy signals (SNR 10, 20 and 30 dB). Mean peak position using two Savitzky-Golay filters. 



Annex 2 

- 254 - 

Two filter steps using Savitzky-Golay smoothing algorithm were used to remove noise from 

original signals. Objective is to remove noise without distorting the signal, which implies 

reducing the uncertainty in the peak position. It can be done by adjusting the span value of the 

filter per step. A preliminary study was performed to evaluate the effect of span values on the 

peak position. Noise was added to a Gaussian curve centred at zero in order to achieve different 

SNR. Savitzky-Golay filter of different span value was passed two times and peak position was 

monitored. This process was repeated 11 times in order to get the mean peak position per filter 

and span range from 0 to 1150. Results are shown in Figure A- 2 for SNR 10, 20 and 30 dB. It 

was observed that mean peak position tends to its origin as span value increase. Results are 

symmetric, so there is no influence if the first filter has a low span value and the second filter a 

high span value or vice versa. Moreover, it was observed that there exist span values that 

minimize the mean peak position, but they are not constant for the different SNR. Finally, 

though there is evidence that higher span values minimize the peak position, these values 

contribute to distort the signal, and so they do not guarantee that amplitude of the signal remains 

constant. This fact could imply a shift on the peak position if the processed curve is not 

symmetric. 

Further study should be done to optimize the filter parameters in order to minimize the 

measurement uncertainty due to data processing. This should be done by minimize both peak 

position and peak amplitude uncertainties under different SNR, peaks widths (FWHM) and 

curves symmetries. 
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ANNEX 3. DESIGNED PATTERNS IN MASK GEN0 

Pillars: 

Diameter d (µm) Lattice parameter a (µm) 

0.6 0.8, 1, 1.2, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5, 10 

0.8 1, 1.2, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5, 10 

1 1.2, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5, 10 

1.5 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5, 10 

2 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5, 10 

3 3.5, 4, 4.5, 5, 7.5, 10 

4 4.5, 5, 7.5, 10 

5 7.5, 10 

 

Crosses: 

L (µm) R (µm) a (µm) 

1 4 10 

1 8 10 

2 4 10 

2 8 10 

 

Stars: 

L (µm) R (µm) a (µm) 

1 8 10 

2 8 10 
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Hollow cylinders: 

Diameter d (µm) Spacing sp (µm) a (µm) 

2 0.5 3, 4, 5, 7.5, 10 

4 1 5, 7.5, 10 

 

Fractal pillars (m = 2): 

d1 (µm) a1 (µm) d2 (µm) a2 (µm) 

2 5 1 2.5 

2 10 1 5 

 

Fractal pillars (m = 3): 

d1 (µm) a1 (µm) d2 (µm) a2 (µm) d3 (µm) a3 (µm) 

2 10 1 5 0.6 2.5 

 

Fractal crosses (m = 2): 

L1 (µm) R1 (µm) a1 (µm) L2 (µm) R2 (µm) a2 (µm) 

1 8 20 1 4 10 
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ANNEX 4. DESIGNED PATTERNS IN MASK GEN1 

Pillars: 

Diameter d (µm) Lattice parameter a (µm) 

0.5 1, 1.1, 1.2, 1.5, 2, 2.5, 3 

0.6 1.1, 1.2, 1.5, 2, 2.5, 3 

0.7 1.2, 1.5, 2, 2.5, 3 

0.8 1.2, 1.5, 2, 2.5, 3 

0.9 1.5, 2, 2.5, 3 

1 1.5, 2, 2.5, 3 

1.1 1.5, 2, 2.5, 3 

1.5 2, 2.5, 3 

2 2.5, 3 

3 3.5, 4 

4 4.5, 5 

5 7.5, 10 

 

Crosses: 

L (µm) R (µm) a (µm) 

0.5 2 2.5, 3, 3.5 

 3 3.5, 4 

 4 4.5, 5, 10 

 8 10 

0.75 2 2.5, 3, 3.5 

 3 3.5, 4 
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 4 4.5, 5, 10 

 8 10 

1 3 3.5, 4 

 4 4.5, 5, 10 

 8 10 

2 4 10 

 8 10 

 

Stars: 

L (µm) R (µm) a (µm) 

0.5 2 2.5, 3, 3.5 

 3 3.5, 4 

 4 4.5, 5, 10 

 8 10 

0.75 2 2.5, 3, 3.5 

 3 3.5, 4 

 4 4.5, 5, 10 

 8 10 

1 3 3.5, 4 

 4 4.5, 5, 10 

 8 10 

2 8 10 

 

Hollow cylinders: 

Diameter d (µm) Spacing sp (µm) a (µm) 

2 0.5 3, 4, 5, 7.5, 10 
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4 1 5, 7.5, 10 

 

Concentric cylinders: 

Diameter d (µm) sp (µm) Diameter d2 (µm) a (µm) 

2.5 0.5 0.5 3, 3.5, 4, 4.5 

3.75 0.75 0.75 4.25, 4.5, 4.75, 5, 5.25, 5.75 

5 1 1 5.5, 6, 6.5, 7, 7.5 

 

Fractal pillars (m = 2): 

d1 (µm) a1 (µm) d2 (µm) a2 (µm) 

2 10 1 5 

2 5 1 2.5 

3 10 1.5 5 

4 10 2 5 

 

Fractal pillars (m = 3): 

d1 (µm) a1 (µm) d2 (µm) a2 (µm) d3 (µm) a3 (µm) 

2 10 1 5 0.5 2.5 

2 5 1 2.5 0.5 1.25 

3 10 1.5 5 0.75 2.5 

4 10 2 5 1 2.5 

2 10 1 5 0.6, 0.7, 0.8, 0.9 2.5 

 

Fractal crosses, stars and stars/crosses (m = 2): 

L1 (µm) R1 (µm) a1 (µm) L2 (µm) R2 (µm) a2 (µm) 
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0.5 4 10 0.5 2 5 

0.75 4 10 0.75 2 5 

1 4 10 0.5 2 5 

1 8 20 1 4 10 

 

Fractal hollow cylinders and hollow cylinders/pillars (m = 2): 

d1 (µm) sp1 (µm) a1 (µm) d2 (µm) sp2 (µm) a2 (µm) 

2 0.5 10 1 - 5 

3 1 10 1.5 - 5 

3 1 10 1.5 0.5 5 

4 1 10 2 - 5 

4 1 10 2 0.5 5 

 

Fractal hollow cylinders and hollow cylinders/pillars (m = 3): 

d1 

(µm) 

sp1 

(µm) 

a1 

(µm) 

d2 

(µm) 

sp2 

(µm) 

a2 

(µm) 

d3 

(µm) 

sp3 

(µm) 

a3 

(µm) 

2 0.5 10 1 - 5 0.5 - 2.5 

3 1 10 1.5 - 5 0.75 - 2.5 

3 1 10 1.5 0.5 5 0.75 - 2.5 

4 1 10 2 - 5 1 - 2.5 

4 1 10 2 0.5 5 1 - 2.5 
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ANNEX 5. IODM – INTERFEROMETRIC OPTICAL 
DETECTION METHOD 

The Interferometric Optical Detection Method (IODM), proposed by (Holgado et al. 2014), is 

characterized by the use of two interferometric signals, which allows for the optical reading 

system to convert the changes caused by the optical transduction into a unique, sensitive 

variable of detection. Therefore, two interferometric measurements are used: a first 

interferometric optical reference, (IRefInterferometric[wn1, wn2]), which represents the measured 

intensity modulated by a reference interferometer (IFRef); and a second interferometric signal 

measurement (IOutInterferometric[wn1, wn2]) observed in the sensing region of the signal 

interferometer (IFOut). The sensing surface region of IFOut is where changes produced by the 

biomolecular interaction takes place, for example, due to its functionalization by incorporating 

molecular receptors or because, already having incorporated molecular receptors, it has been 

used recognizing target molecules. The first and the second interferometric measurements can 

be taken sequentially or in parallel. If taken in parallel, the sensing observation region is 

physically different but it is interpreted with the same given the equivalence of the 

interferometric properties. 

A transduction function (fTRANS) is then constructed from the interferometric measurements, and 

analysed to determine the biosensing response caused by the biological accumulation in the 

sensing observation region. Figure A- 3.A shows a schematic representation of the IODM, 

where an input light is modulated by the two above-mentioned interferometers IFRef and IFOut. 

IFRef generates the interferometric reference and IFOut produces the interferometric signal 

coming from the biological accumulation. fTRANS is the operation between both interferometric 

signals and delivers an unique biosensing variable. 

Though, useful transduction functions results from IFOut and IFRef interferometric signals, and 

IFOut and IFRef may be any of the aforementioned photonic transducers, for simplicity it was 

used a FP interferometer as photonic transducers model consisting of a thin layer of SiO2 (~ 

1,012 nm in thickness) over a Si and a common transduction function fTRANS resulting from a 

quotient (see Equation A- 8), which lead to a reliable detection function for a given 

wavenumber range from wn1 to wn2: 
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      [       ]  

 
                   [       ]

                   [       ]
⁄  Equation A- 8 

Figure A- 3.B shows the theoretical, modulated interferometric reflectance signals and how they 

operate by mean of fTRANS to produce a detection function between 20,000 and 10,000 cm
-1

. 

After having transformed the output light beams into numerical values, the transduction 

function can be mathematically represented (e.g., the wavenumber-dependent intensity or 

relative optical power). Thus, the transduction function, fTRANS measures the degree of 

biomolecular accumulation (biosensing response) in the observation region of the signal 

interferometer IFOut. Reflectance output signal of an interferometer formed by a film layer of 

SiO2 is easily found. When biomolecules are not present in the sensing area of IFOut, the output 

interferometric signals of IFRef and IFOut are still the same, leading to an fTRANS equal to one for 

the wavenumber range considered. However, if there is a small accumulation of biomolecules in 

the sensing area of IFOut, fTRANS changes significantly. For this theoretical simulation, it was 

modelled biofilms ranging in thickness from 0.5 nm to 60 nm in order to simulate varying sizes 

of biomolecules (e.g., a coating is roughly 2.5 nm for BSA, 14 nm for anti-BSA, and 60 nm for 

a virus). 

The theoretical fTRANS behaviour is shown in Figure A- 3.B. To establish a single fTRANS 

measurement parameter to determine the degree of biological accumulation change in the 

sensing area, several options can be used:  

1. A peak amplitude of function fTRANS, 

2. A peak-to-peak amplitude of function fTRANS, 

3. The change in slope in function fTRANS by a pre-established wavenumber value, 

4. Considering IOut and IRef of fTRANS as their corresponding optical power (or irradiance) for 

a given wavenumber range [wna, wnb]. 

It was analysed Option 2 - a peak-to-peak amplitude of function fTRANS, in order to explain the 

IODM in a descriptive manner as proof of concept; and Option 4 - Considering IOut and IRef of 

fTRANS as their corresponding optical power, for enhancing the biosensing response of a given 

photonic transducer. 

Although options 1 to 3 can be used for explain the optical read-out method, due to the fact 

fTRANS is constructed with interferometric signals coming by the biophotonic transducers, it must 
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be remarked here that only option 4 enhances the LOD of the biosensing system. Thus, the 

novelty for enhancing the LOD is in choosing the appropriate wavenumber range for a given 

fTRANS where to measure the optical power. This wavenumber band will depend mainly of the 

type of interferometric signals IOut and IRef produced for the biophotonic transducers employed 

for the biosensing. Even more, if a wrong wavenumber range or large spectral band is chosen, 

the LOD not only does not improve, but the possibility of no sensing for the system at all also 

exists. 

Option 2: Figure A- 3.C illustrates the theoretical biosensing response of the method for the 

peak-to-peak signal amplitude of fTRANS between 17,000 and 14,000 cm
-1

, and the different 

observable, accumulated, biofilm thicknesses in the IFOut. It can be observed a lineal response of 

this signal as the biofilm thickness increases in IFOut. For this calculation, we considered a 

biofilm refractive index of 1.4 (Vörös 2004). 

Option 4: it was also studied the variation of fTRANS considering the IOut, and IRef (Equation (1)) as 

their corresponding POut and PRef (optical power or irradiance) from IFOut and IFRef respectively, 

and for a given wavenumber range (wna, wnb). The objective is to discover the wavenumber 

range (wna, wnb) where to measure Pout and PRef of the interferometric signals IFOut and IFRef of 

fTRANS to significantly enhance the LOD. 

It was observed three spectral ranges where the optical power rises as the biofilm thickness 

increases specifically for the photonic transducer considered before (see Figure 2A). The 

observation wavenumber ranges (wna, wnb) are: (13,192.6, 11,890.6) cm
-1

, (16,447.4, 15,243.9) 

cm
-1

 and (9,685.0, 18,587.4) cm
-1

. In order to simulate fTRANS for this case, we have to obtain the 

optical power of the IFRef and IFOut for one of these wavenumber ranges considered. Thus fTRANS 

for Option 4, can be calculated as the integral of reflectance signal of IFRef  (PRef) divided by the 

integral of reflectance of the IFOut (POut) for the particular wavenumber range (wna, wnb). For 

this case, fTRANS directly represents the relative optical power, which is directly correlated to the 

biofilm thickness accumulated in the IFOut sensing surface. As abovementioned, in order to 

produce the best biosensing response, it is critical to select the proper wavenumber range (wna, 

wnb) where fTRANS produces a maximum of relative optical power. 
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Figure A- 3. (a) Description of the Interferometric Optical Detection Method (IODM) particularized for a FP 

interferometer based on a SiO2 thin layer over Si as transducer model, (b) Optical simulation of the transduction 

function fTRANS coming from the reflectance optical response of IFOut for different biofilms thicknesses, (c) Theoretical 

sensing response considering the peak-to peak signal amplitude of fTRANS as transducing signal. It is also shown the 

different size of expected biomolecules to be detected. From (Holgado et al. 2014). 

Once the suitable location of the wavenumber range is selected, the transduction function fTRANS 

makes it possible to assess the value of the increased relative power as a function of the biofilm 

thickness. A proper wavenumber range with a good signal-to-noise ratio (SNR) in our optical 

set-up is (13,192.6, 11,890.6) cm
-1

 (from 758 to 841 nm), where fTRANS amplitude rises when the 

biofilm thickness increases. Therefore, the increased relative optical power (IROP) is a function 

of the biofilm thickness accumulated in the IFOut, and this IROP can be calculated (see Equation 

A- 9): 

    [ ]  (        )      

 *(
    [       ]

    [       ]
⁄ )   +      

Equation A- 9 

Therefore, the IODM is the IROP caused by the interference of the two interferometers IFRef and 

IFOut. It is important to remark here that the chosen wavenumber range optimizes the sensitivity 

of the biosensing system (defined as the variation of the IROP as a function of the biofilm 

thickness) for the best SNR, and therefore the manner in which we can improve significantly the 
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LOD. Figure A- 4.B shows a schematic representation of the IODM for option 4 for the model 

FP interferometer considered. The method for Option 4 directly obtains the biosensing curve 

just by reading the optical power of each interferometer. Figure A- 4.C-D shows the biosensing 

response IROP (Equation A- 9) as a function of the biofilm thickness accumulated onto the 

IFOut. A linear response for biomolecules smaller than 60 nm is observed. In fact, the theoretical 

biosensing sensitivity (measured as the slope of the sensing curve) is 0.975 %·nm
-1

, and it is 

lower for biomolecules higher of 40 nm (see Figure A- 4.C). 

 

Figure A- 4. (a) Interferometric Optical Detection Method (IODM) considering IOut and IRef of fTRANS as their 

corresponding Optical Power (POut, PRef) for a given wavenumber range [wna, wnb] highlighted in blue. (b) 

Description of IODM particularized for a given wavenumber. (c) Theoretical response of the Increased Relative 

Optical Power (IROP) as a function of the biofilm thickness and (d) a detail of the IROP for molecules of small 

molecular mass. From (Holgado et al. 2014). 
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