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RESUMEN______________________________________________ 

 

El objetivo de la presente tesis doctoral es el desarrollo de un nuevo concepto de biosensor 

óptico sin marcado, basado en una combinación de técnicas de caracterización óptica de 

interrogación vertical y estructuras sub-micrométricas fabricadas sobre chips de silicio. Las 

características más importantes de dicho dispositivo son su simplicidad, tanto desde el punto 

de vista de medida óptica como de introducción de las muestras a medir en el área sensible, 

aspectos que suelen ser críticos en la mayoría de sensores encontrados en la literatura. Cada 

uno de los aspectos relacionados con el diseño de un biosensor, que son fundamentalmente 

cuatro (diseño fotónico, caracterización óptica, fabricación y fluídica/inmovilización química) 

son desarrollados en detalle en los capítulos correspondientes.  

 

En la primera parte de la tesis se hace una introducción al concepto de biosensor, en qué 

consiste, qué tipos hay y cuáles son los parámetros más comunes usados para cuantificar su 

comportamiento. Posteriormente se realiza un análisis del estado del arte en la materia, 

enfocado en particular en el área de biosensores ópticos sin marcado. Se introducen también 

cuáles son las reacciones bioquímicas a estudiar (inmunoensayos).  

 

En la segunda parte se describe en primer lugar cuáles son las técnicas ópticas empleadas en 

la caracterización: Reflectometría, Elipsometría y Espectrometría; además de los motivos que 

han llevado a su empleo. Posteriormente se introducen diversos diseños de las denominadas 

"celdas optofluídicas", que son los dispositivos en los que se va a producir la interacción 

bioquímica. Se presentan cuatro dispositivos diferentes, y junto con ellos, se proponen 

diversos métodos de cálculo teórico de la respuesta óptica esperada. Posteriormente se 

procede al cálculo de la sensibilidad esperada para cada una de las celdas,  así como al 

análisis de los procesos de fabricación de cada una de ellas y su comportamiento fluídico.  

 

Una vez analizados todos los aspectos críticos del comportamiento del biosensor, se puede 

realizar un proceso de optimización de su diseño. Esto se realiza usando un modelo de cálculo 

simplificado (modelo 1.5-D) que permite la obtención de parámetros como la sensibilidad y el 

límite de detección de un gran número de dispositivos en un tiempo relativamente reducido. 

Para este proceso se escogen dos de las celdas optofluídicas propuestas.  
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En la parte final de la tesis se muestran los resultados experimentales obtenidos. En primer 

lugar, se caracteriza una celda basada en agujeros sub-micrométricos como sensor de índice 

de refracción, usando para ello diferentes líquidos orgánicos; dichos resultados 

experimentales presentan una buena correlación con los cálculos teóricos previos, lo que 

permite validar el modelo conceptual presentado. Finalmente, se realiza un inmunoensayo 

químico sobre otra de las celdas propuestas (pilares nanométricos de polímero SU-8). Para 

ello se utiliza el inmunoensayo de albumina de suero bovino (BSA) y su anticuerpo 

(antiBSA). Se detalla el proceso de obtención de la celda, la funcionalización de la superficie 

con los bioreceptores (en este caso, BSA) y el proceso de biorreconocimiento. Este proceso 

permite dar una primera estimación de cuál es el límite de detección esperable para este tipo 

de sensores en un inmunoensayo estándar. En este caso, se alcanza un valor de 2.3 ng/mL, 

que es competitivo comparado con otros ensayos similares encontrados en la literatura.   

 

La principal conclusión de la tesis es que esta tipología de dispositivos puede ser usada como 

inmunosensor, y presenta ciertas ventajas respecto a los actualmente existentes. Estas ventajas 

vienen asociadas, de nuevo, a su simplicidad, tanto a la hora de medir ópticamente, como 

dentro del proceso de introducción de los bioanalitos en el área sensora (depositando 

simplemente una gota sobre la micro-nano-estructura). Los cálculos teorícos realizados en los 

procesos de optimización sugieren a su vez que el comportamiento del sensor, medido en 

magnitudes como límite de detección biológico puede ser ampliamente mejorado con una 

mayor compactación de pilares, alcanzandose un valor  mínimo de 0.59 ng/mL).  
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ABSTRACT_____________________________________________ 

 

The objective of this thesis is to develop a new concept of optical label-free biosensor, based 

on a combination of vertical interrogation optical techniques and submicron structures 

fabricated over silicon chips. The most important features of this device are its simplicity, 

both from the point of view of optical measurement and regarding to the introduction of 

samples to be measured in the sensing area, which are often critical aspects in the majority of 

sensors found in the literature. Each of the aspects related to the design of biosensors, which 

are basically four (photonic design, optical characterization, fabrication and fluid / chemical 

immobilization) are developed in detail in the relevant chapters. 

 

The first part of the thesis consists of an introduction to the concept of biosensor: which 

elements consists of, existing types and the most common parameters used to quantify its 

behavior. Subsequently, an analysis of the state of the art in this area is presented, focusing in 

particular in the area of label free optical biosensors. What are also introduced to study 

biochemical reactions (immunoassays). 

 

The second part describes firstly the optical techniques used in the characterization: 

reflectometry, ellipsometry and spectrometry; in addition to the reasons that have led to their 

use. Subsequently several examples of the so-called "optofluidic cells" are introduced, which 

are the devices where the biochemical interactions take place. Four different devices are 

presented, and their optical response is calculated by using various methods.  Then is exposed 

the calculation of the expected sensitivity for each of the cells, and the analysis of their 

fabrication processes and fluidic behavior at the sub-micrometric range.  

 

After analyzing all the critical aspects of the biosensor, it can be performed a process of 

optimization of a particular design.  This is done using a simplified calculation model (1.5-D 

model calculation) that allows obtaining parameters such as sensitivity and the detection limit 

of a large number of devices in a relatively reduced time. For this process are chosen two 

different optofluidic cells, from the four previously proposed. 
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The final part of the thesis is the exposition of the obtained experimental results. Firstly, a cell 

based sub-micrometric holes is  characterized as refractive index sensor using different 

organic fluids, and such experimental results show a good correlation with previous 

theoretical calculations, allowing to validate the conceptual model presented. Finally, an 

immunoassay is performed on another typology of cell (SU-8 polymer pillars). This 

immunoassay uses bovine serum albumin (BSA) and its antibody (antiBSA). The processes 

for obtaining the cell surface functionalization with the bioreceptors (in this case, BSA) and 

the biorecognition (antiBSA) are detailed. This immunoassay can give a first estimation of 

which are the expected limit of detection values for this typology of sensors in a standard 

immunoassay. In this case, it reaches a value of 2.3 ng/mL, which is competitive with other 

similar assays found in the literature. 

 

The main conclusion of the thesis is that this type of device can be used as immunosensor, 

and has certain advantages over the existing ones. These advantages are associated again with 

its simplicity, by the simpler coupling of light and in the process of introduction of 

bioanalytes into the sensing areas (by depositing a droplet over the micro-nano-structure). 

Theoretical calculations made in optimizing processes suggest that the sensor Limit of 

detection can be greatly improved with higher compacting of the lattice of pillars, reaching a 

minimum value of 0.59 ng/mL). 
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1 INTRODUCTION  

 

The use of silicon based integrated devices for biosensing purposes has become a topic 

particularly attractive for several reasons: optical or photonic integrated chips can be 

implemented by using planar technology, employing standard lithographic techniques for 

fabrication, eventually allowing mass production and the integration of compact devices on a 

single chip for the simultaneous detection of several analytes. In addition, the use of mature 

silicon-based materials and processes for the fabrication of these sensors implies the 

advantage of low cost, when the technology of the sensor is mature. In a general term, 

technology for nano-scale integration is achieving promising results for the development of 

novel sensors systems to explore its application to medical, biopharmaceutical and 

environmental applications such as drug development and immunoassays, and is becoming a 

hot-topic in nowadays scientific literature.  

 

This thesis is centered in optical label-free biosensors [Fan 08], a field that emerged during the 

nineties and which has experienced a huge development in the last decade. There are several 

typologies of sensors widely studied, in particular Surface Plasmon Resonance (SPR) sensors 

[Homola 99], but also Mach - Zehnder and Young Interferometers, and micro-ring resonators [Luff 

98], [Cross 03], [Barrios 08]
 have demonstrated the possibility of detecting a wide variety of 

bioanalytes. They are all optical devices based on silicon planar devices, used as refractive 

index sensors and fabricated using CMOS technology. The final goal is integrating a huge 

amount of chips in a single device, in order to, not only reducing cost due to mass production, 

but also the possibility of multi-analyte detection in a reduced area, with no loss in 

performance in terms of sensitivity of the detection.  

 

Up to this date, one of the main problems which biosensors have to deal with is 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 measurement equipment required. 

Coupling waveguides to fibers, using for example inverted tapers or diffractive gratings [Van 

Thourhout 06], [Talliaert 06] highly increase the packaging cost.  
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Taking bioanalytes to the sensing area is often a complex issue also, generally involving 

microfluidic channels and systems with do not help to keep the final cost at an attractive level. 

There is other complex process, which is the functionalization of surfaces with bioreceptors. 

This task usually requires of several intermediate processes, and quite often the final result is 

poor, meaning this that the ratio of surface covered by the desired bioreceptors is quite low, or 

in some cases there is no biofunctionalization at all.  

 

Trends in development of new devices and improvement of the already used are highly 

focused on the reduction of the final cost [ETP Nanomedicine 09], which may result in complete lab-

on-a-chip devices, performing a wide variety of analysis with the need of small quantity of 

analyte, and a lower cost compared with nowadays techniques. This can have applications in 

Point of care analysis [Von Lode 2005], where the analysis are performed mainly in primary 

medical attention, rather than in centralized laboratories, and also avoiding some useless 

derivation of the patient to an specialist, which finally means an important amount of time 

from the first visit of the patient to the medical service, and the final diagnostic. This 

represents an important cost in term of both economic resources needed and in the health 

quality of the patient, and is becoming of particular importance in health systems in the 

European Union, which are universal care systems, and are experiencing an important 

growing of the percentage in their population under 65 years [EU Commission 05] up to 2050, which 

will imply an increase in the medical care budget needs. 

 

In this thesis is proposed a sensing system with advances in these directions. This biosensor is 

based on sub-micro patterned areas that can be called sensing cells working as refractive 

index sensors with application as label-free biosensors, and with optical evaluation of small 

volumes of fluid. These sensing cells have several remarkable aspects: 

 

• Are optically interrogated with vertical characterization techniques, which reduce the 

complexity of light coupling, compared with fiber to waveguide coupling.  Several 

techniques are used, measuring reflectivity as a function of angle and wavelength, and 

also changes in polarization states (ellipsometry), with a variety of spot sizes, and the 

possibility of characterizing sub-micrometric areas.  
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• Are based on a variety of sub-micro patterned structures. At the end this will represent 

and advantage in terms of both optical sensitivity (higher confinement of electric field) 

and fluidics (the fluid is taken to the sensing area just with a droplet of water), 

simplifying not only the biorecognition process, but also the functionalization of 

surfaces with bioreceptors.   

 

• Are fabricated using microelectronic fabrication techniques. Eventually this can turn 

into highly integrated devices, fabricated on a single chip, allowing multi-parameter 

and repeatable measurements with a relatively low cost for each device. As explained 

later, this can lead to an increase in the sensitivity of detection, and also in the 

specifity of measurements, with no significant increase in the total cost of the device.  

 

• Can be optimized in order to obtain a maximized performance using a fast photonic 

software calculation, which also helps in understanding the photonic and fluidic 

behavior of the cell.  

 

The possibility of coupling light without using fiber to waveguide systems represents one 

important difference compared with common optical sensors, and from the point of view of 

the cost this is intended to reduce the cost of packaging, which in some cases can represent 

from 25 to 50 % of the total cost of a photonic device. The possibility of modeling using 

photonic software also represents an advantage, since allows developing an optimized design 

not only in terms of optical performance, but also taking into account other aspects which are 

involved in the conception of the sensor, and which are not less important than the photonic 

design itself: feasibility of fabrication, fluidic behavior and suitability to the optical 

characterization techniques.  

 

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, and which is the immunoassay to be 

performed: Bovine Serum Albumin (BSA) and its antibody (antiBSA).  Chapter 3 is centered 

in the optical characterization techniques employed, and the reason for choosing them. 
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Chapter 4 describes which are the sensing cells proposed, and how are they designed; taking 

into account several aspects involved: photonics, fluidics, fabrication and optical 

characterization. Finally experimental results measuring a bulk refractive index sensor, and a 

biosensor using a particular immunoassay are presented.  

 

1.1 Objectives of the thesis. 

 

As a summary, the main objectives of the present thesis are: 

 

• Design of the refractometric detection system based on vertical interrogation 

techniques and optofluidic cells which allows reaching a limit of detection which 

makes them competitive compared with nowadays state of the art. 

 

• Analysis and simulation of the response of optical interrogation techniques applied to 

the proposed optofluidic cells. The development of a theoretical model is required, and 

not only must provide accurate results, but also cannot be excessive time consuming, 

in order to be useful for the variety of sensing cells proposed, and also allowing a 

good optimization of the design parameters.  

 

• Development of microfabrication techniques to implement the selected sensors. These 

techniques must be compatible with standard fabrication processes used in the 

microelectronics industry, and the design of the devices has to be orientated to mass 

scale fabrication, thus reducing the total cost of each sensing cell.  

 

• Evaluation of fluidic behavior in this cell using optical techniques and laser scanning 

confocal microscopy. Once this is done, proposing a method for ease the introduction 

of buffer solution inside the sensing regions.  

 

• Optical characterization and evaluation of the sensing system as refractive index 

sensor. This is achieved fabricating a particular photonic structure and evaluating it 
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optically using liquids with different refractive indexes. This gives a first sensing 

curve, which should be compared with previously estimated theoretical results.  

 

• Performing an immunoassay in one of the fabricated device and evaluate its 

performance as biosensor, comparing experimental and theoretically calculated 

responses.  

 

• Proposing new lines of research and development for obtaining biosensors with 

improved performance, and evaluate the possibility of mass fabrication and 

commercialization of products in the biosensor market. 

 

1.2 Structure of the thesis 

 

This thesis is divided into a total of 8 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. Biosensors. Main concept underlying labeled and label- free biosensors. 

Characterization of the performance of refractive index sensors. Description of main 

characteristics for different examples of biosensors: Surface Plasmon Resonance 

Sensors, interferometric sensors, nanomechanical sensors, among others. Comparison 

of sensitivity and main characteristics of the existing biosensors, and the proposed 

biosensing cell.  

 

 

• Chapter 3. Optical characterization techniques. Description of the optical 

techniques employed for interrogation. There are two main categories, which are laser- 

based characterization techniques, and broadband characterization techniques. For 

refractive index sensing, Reflectometry based, ellipsometry based and spectrometry 
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based techniques are employed. For characterization of fluidic behavior in 

nanostructures such as periodic array of holes or pillars, confocal microscopy is 

recommended.  

 

• Chapter 4. Photonic sensing cells. The motivation, characteristics and advantages 

from other types of biosensor of the sensing cells proposed in this thesis are exposed. 

The design process includes the implementation of a theoretical model accurate but 

fast, in order to achieve a good optimization of sensitivity. Each particular sensing cell 

is presented and described, and a theoretical calculation is obtained for each optical 

technique (Reflectivity, Ellipsometry and Spectrometry).  These results are the starting 

point for the design optimization. The special behavior of fluids in nano- micrometric 

regime is analyzed, by using confocal microscopy. Finally a microfabrication process 

is proposed for each sensing cell.  

 

 

• Chapter 5. Experimental results. The sensing cell based on a periodic array of sub-

micro holes is characterized using reflectometry, ellipsometry and spectrometry, with 

fluids of different refractive index. Comparative between theoretical and experimental 

results is presented. The good correlation between both data allows the validation of 

the simplified theoretical model as design tool.  After this, it is presented the 

characterization of the cells based on SU-8 nanopillars. Finally, the different steps of 

the immunoassay developed are exposed, with the final results obtained.  

 

• Chapter 6. Conclusions and future developments. 

 

• Chapter 7. Publications of the research group related with this thesis. 

 

• Chapter 8. References. 
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2 BIOSENSORS  

2.1 Introduction 

 

A biosensor is a device used to detect the presence and the concentration of a particular 

biomolecule within a target sample [Turner 1987], [Cooper 2009]. It consists of two components: a 

bioreceptor and a transducer. The bioreceptor recognizes a target biomolecule, and the 

transducer converts this recognition event into a measurable signal. The two components are 

integrated into one single device, which enables measuring the target analyte without using 

reagents, in opposition to the conventional assays where many steps are carried out, and each 

step may require a reagent to treat the sample. Finally, the measured signal is presented to the 

user by an interfacing device. This definition is in accordance with what is proposed in a 

document of the International Union of Pure and Applied Chemistry (UIPAC), focused 

particularly on electrochemical biosensors [Thevenot 01], but with application to other type of 

devices, such as mechanical or optical transducing biosensors.  

 

The main advantages of biosensors are their simplicity and the speed of measurement, besides 

a higher sensitivity reached by some particular sensors. The schematic of a biosensor is shown 

in Figure 1. Although the analyte to detect can be any biochemical compound, this thesis is 

centered in antigen/antibody detection (immunoassays). After the biorecognition event is 

transduced, the signal is processed, and finally with an interfacing system, a response is given 

to the user.  

 

The different types of biosensors are classified both as a function of the bioreceptor used, and 

depending on the nature of the signal provided by the transducer. This signal can be electrical, 

mechanical or optical, among others. In this thesis, main attention is focused on optical 

biosensors, as detailed in this chapter. The field of application of biosensing is wide, such as 

medicine, gas detection or environmental control. 
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Figure 1. Concept of biosensor. The bioreceptor and the transducer are the basic elements; the interfacing is 
essential to give information to the final user. The classic example of easy- concept biosensor is the glucose in 

blood sensor. 
 

As an example, a simple and widely used biosensor is the glucose detector for blood. The 

enzyme glucose oxidase (used as a bioreceptor in a glucose biosensor) catalyzes the following 

reaction: 

 

Glucose + O2 --------> Glucosinic acid + H2O2 

 

The produced H2O2 can be electrochemically detected and used to quantify the amount of 

target analyte, in this case glucose, present into the blood flow. This example is generally 

given as one of the first biosensors developed, published in 1962 [Clark 1962]. Although there is 

a variety of bioreceptors and transducing systems, the concept underlying all biosensors is 

roughly the same. In the last two decades, due to development of chip integration 

technologies, micro and nanometric biosensors have become subjects of interest. These 

sensors are demonstrated to provide high sensitive measurements, with really low quantity of 

analyte, and are based mainly on optical transduction. This thesis could enter in this sub-

category. Main motivation of using sub-micrometric devices as sensors is to give a 
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quantitative measurement, rather than a quantitative result, by measuring in such low 

quantities of samples, compared with other techniques (ELISA, for example), in which the 

amount of target sample, in the order of milliliters, which give an “average” measurement of a 

larger sample.  

 

The advances in integration finally result in the concept of “lab-on-a-chip” [Chin 07], which is a 

device that integrates one or several laboratory functions on a single chip of only millimeters 

to a few square centimeters in size. This kind of devices may allow performing fast and 

accurate measurements, for multiple analytes, and with a low cost per analysis, as is 

fabricated at mass production scale.  

 

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, four are the most important:  

 

• 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 (for sensors such as SPR or 

ring resonator interferometers); also can be the total output power of a 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.  

 

• 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” results, 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), 
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ng/mL or pg/mL, for highly sensitive devices. For optical sensors, an additional LOD 

is generally calculated in terms of refractive index units (R.I.U.). This LOD has not a 

sense in terms of biosensing performance, but is widely used in order to compare 

different optical sensors.  

 

 

• 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.  

 

• Working time: 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, and finally the processing of the data and calculations used to 

obtain a result.  

 

• Linear range. Is the range of values of concentration of the target bioanalyte 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.  

 

The desired sensor would have optimized sensitivity, LOD, specificity and working range, but 

generally this is a complex issue, since as a general rule, optimizing limit of detection may 

imply lowering specificity. To understand this, it can be figured out a highly sensitive device 

which is detecting a minimal change in refractive index on a surface, up to the point of a 

single biomolecule. Wrong diagnostic provoked by changes produced by undesired 

phenomena (such as unspecific adsorption, change in the environmental conditions, 

temperature, humidity, unexpected increase of noise, among others) are more likely to 
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happen. This is the reason for using multiple analyses, and the combination of different 

sensing techniques. The study of how optimizing values of LOD and specificity by means of 

multiple measurements is a topic out of the focus of this thesis, but is based on general 

statistical analysis.  

 

From the point of view of people working in diagnosis, the goal is finally to reduce “false 

positive” (positive detection, but with no presence of the target analyte) and “false negative” 

(presence of the target analyte, but negative detection) results. Defining which are the analysis 

performed, how many times are repeated, and the combination of some of them are factors 

which come from a deep reflection, as finally what is defined is a health policy, which is one 

of the core aspects of most of nowadays societies, and in particular in the European Union. 

For some sensing targets, false negative are strongly avoided; this is the case of detecting 

diseases such as cancers, HIV, Hepatitis; the same line is followed also in doping analysis in 

high-competition sports. In this cases, a combination of different detection techniques is 

performed, as, for example, in the work of Rowe and collaborators [Rowe 99], who use a 

combination of ELISA and western blotting for detecting Avian Influenza  Virus, and report a 

100 % of success in detection and also a 100 % of specificity. Same methodology is usually 

carried out when diagnosing HIV infection [WHO 93], and is the usual policy when diagnosing 

hazard diseases.  

 

The disadvantage of combining different test is the higher cost involved. Obviously, the 

convenience of accepting or not a particular level of false positives and false negatives is a 

task far from being simple and trivial, and must be set for each application. Again, this is out 

of the focus on this thesis, but the idea of integrating multiple chips in a single device, with no 

significant increase of cost (same device, same sample, and same measurement procedure) 

can help in the design of the diagnostic procedure, and actually is a trend in the sensors being 

nowadays developed. 

 

To center the discussion, as abovementioned, biosensors can be classified into several 

categories, depending on, for example, the physical magnitude to detect (magnetic sensors, 

optical sensors, mechanical sensors), the type of analyte or molecule to detect, or whether the 
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bioreceptor has any additional labeling to ease the detection or not. According to this last 

classification, biosensors are divided into labeled and label-free sensors. Both labeled and 

label-free have advantages and disadvantages; however they are widely used as sensors. This 

thesis is mainly focused on optical and label-free sensors, but in this chapter a description of 

most common labeled and label free sensors in a general term is given.   

 

Prior to this description, it is deemed to give a glance to other classification of biosensors. 

Attending to the type of biological reaction which occurs when the recognition takes place, 

there are two basic categories: Enzyme-based biosensors and affinity ligand-based biosensors 

[D´orazzio 2003]. In the first category it can be included the glucose detector, whereas the second 

category comprehends the antigen-antibody interactions, referred to as immunosensors [Luppa 

2001]. From the point of view of this classification, this work is centered in immunosensors; 

this does not means that cannot be applied to enzymatic reactions, but to simplify the 

chemical reactions proposed are based on antibody/antigen reactions.  

 

2.2 Labeled biosensors 

  

In clinical chemistry, targeting either molecules or biorecognition molecules is an important 

help to improve recognition. In an immunoassay, both antigens or antibodies can be labeled, 

being radioactive and luminescence labels the most common. One of the first labeled sensors 

was developed by Yalow and Berson, who used radioactive labeling in one of the pairs of the 

antibody-antigen reaction (in this case in the antigen, insulin) in order to discriminate bound 

and free components [Yalow 58]. Although radiolabeling is nowadays still a method widely used, 

it has several drawbacks, e.g. health hazard, short half-life, waste disposal problems, among 

others, which has lead to the development of other typologies of labeling. Photoluminiscenct 

[Seydack 05] and chemoluminiscent [Dodeigne 00], [Rongen 94] labels are two of the most widespread 

alternatives. In photoluminescence (also fluorescence) emission of light is excited by an 

electromagnetic radiation, whereas in chemoluminiscence energy is provided directly from 

the chemical recognition reaction. For the purpose of this thesis, photoluminescence 

immunoassays are the most interesting typology, since the final detection technique has an 

optical nature. These methods are allowing to detecting really small amounts of an analyte, 
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with the detection limit reaching the threshold of single molecule, as for example in the work 

of Moerner [Moerner 09].  

 

One classic example of labeled sensor and probably the most successful is the Enzyme-

Linked Immunoabsorbent Assay, known as ELISA, developed after the appearance of the 

radioactive labels, and nowadays still a topic with continuous research [Lequin 05]. The 

technique has been used intensively since the decade of the seventies [Voller 76], in the detection 

of a wide variety of antigens. In the ELISA test, a specific antibody is attached to the surface 

of a microtiter plate. A suspension of serum of another fluid is added to the test to test for the 

presence of a complementary antigen. If the antigen is present in the fluid, it will attach to the 

antibodies in the walls. After rinsing to remove unbound antigens, another aliquot of the 

antibody is added to the well. These antibodies are labeled with an enzyme. The sample is 

rinsed again, and finally the enzyme substrate is added. If the labeled antibody is present in 

the well, a strong change in color will appear. This gives a qualitative measurement revealing 

the presence or not of the target antigen. There are variations from direct ELISA test (indirect, 

sandwich), relying in the same principle. The final quantitative method is obtained using 

statistical techniques, by making the test in standardized 96-well plates. Also configurations 

of 396 and 1536 are nowadays common, as can be seen from the variety of products delivered 

by a provider, for example, Thermo Scientific [Thermo Scientific]. 

 

2.3 Label-free biosensors 

 

Although the high sensitivity and versatility reached with amplified labeled detection, this 

process may have several drawbacks. It is needed a laborious labeling process, which makes 

more complex the characterization. Besides this, is not easy to performance quantitative 

measurement, for example with fluorescence, where the number of flourophores on each 

molecule cannot be precisely controlled. Label-free biosensors [Cooper 09] are sensors in which 

the bioreceptors used are detected in their natural form, without the use of a label of any kind. 

There are two main categories of label free sensors, attending to the principle used in the 

transduction: optical sensors, based on the detection of changes in refractive index when the 

target bioanalyte is detected, and nanomechanical, which detects a variation in mass when this 
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reaction takes place.  Some of the advantages of label free biosensing vs. labeled sensors are, 

among others, the following: 

 

• Is a direct monitoring and detection method also in real time, avoiding labeling 

techniques, simplifying the assay protocol, and thus can reduce the final cost of each 

measurement.  

 

• Scalability to small volumes of sample. This is an important characteristic in the 

sensor proposed in this thesis, where low volumes of analytes are characterized. For 

example, in the order of 0.3 femtolitres for a single submicrometric hole measurement.  

 

• May be useful for small bio-molecules which cannot be labeled easily.  

 

• Reduce the uncertainty of measurements. The possibility of undesired detections 

always exists, both for labeled and unlabeled sensors. However this possibility is 

lower for unlabeled detection, because it is not necessary the introduction of auxiliary 

reagents, which can produce secondary interactions.  

2.3.1 Optical label-free sensors 

 

The introduction of a thin film of biomolecules on the sensing surface of a sensor produces a 

change in the optical and geometrical properties of this surface, and thus a change in the 

optical response of the sensor is induced. This is the main principle used in optical label-free 

biosensors. They use generally resonant systems, in which the resonance position shifts as the 

refractive index changes. This resonance can shift in wavelength (thus broadband light 

sources are needed), or in reflected angle (using a monochromatic source, mainly lasers), as 

well as change in the ellipsometric polarization state of the reflected light.   

 

Some types of sensor have had high development during the past decade, and have established 

in the market being relatively mature products, i.e. Surface Plasmon  

Resonance based and interferometry based biosensors. Others are more recent, but with 

promising results, i.e. in optical ring resonator and photonic crystal based sensors. In the very 
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recent literature can be found exhaustive works which review the most important varieties of 

these sensors, as the review, centered in particular in optical label-free sensors, by Fan and 

collaborators [Fan 08], and the work of Ince and Narayanaswamy [Ince 04], which also includes 

luminescence sensors. However, basic characteristics and performance of these main 

categories are being discussed in this subchapter in order to center the field of research in 

which this thesis is focused.   

 

In a general term, there are several aspects that must be considered in the design process of a 

sensor, such as fluidics design, surface immobilization chemistry, data analysis, among 

others. However, their most important characteristics are the four listed in subchapter 2.1. As 

these magnitudes are measured in a different way in each sensor, and due to the variety of 

target bioanalytes (antibodies, antigens, oligonucleotides), sometimes is complicated have 

magnitudes that allow an accurate comparison between different sensors. First step is defining 

how to calculate these magnitudes. After this, several categories of label free sensors are 

described. 

 

2.3.1.1 Characterization of performance of refractive index sensors 

 

Refractometric sensors are generally based on the observation of optical resonances. A 

fraction of the corresponding optical mode interacts with the target sample, and a change in 

the refractive index of this sample causes a frequency shift that can be detected and which is 

converted to a measurable signal. This shift can be used to detect variations of refractive 

index in a fluid, or detecting the concentration of a bioanalyte. This situation is shown in 

Figure 2. Curve in (A) shows the shift in wavelength of an optical mode for different 

refractive indexes. This change in refractive index comes from a biorecognition event; for 

example, the antibody-antigen recognition. The curve in (B) is the working response curve, 

which presents the position of the optical mode as a function of the change in refractive index 

of the introduced sample.  
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Figure 2. (A) Wavelength shift for a resonator. (B) Curve of spectral shift as a function of refractive index. 

 

Actually, the change in the refractive index produced in the sensing surface is equivalent to an 

increment of the thickness of biolayer deposited upon it. To compare refractive index sensors, 

it is used generally its refractive index sensitivity, which is defined as the shift of the resonant 

wavelength versus the change in refractive index of the sample. Obviously, the higher this 

sensitivity is, the better the performance of the sensor. Equation 1 defines this parameter.  

 

  �. �. �����	�
�	� = ∆���������∆�                                  Equation 1 

This magnitude provides a first order of magnitude of how sensitive is the sensor. Table 1 

shows the value of refractive index sensitivities for some common sensors based on resonance 

shifts. It is important to remark that this parameter can also be used when the angular shift 

instead of wavelength is measured, as found for laser reflectometry measurements.  

 

Refractive index sensor configuration Demonstrated R.I. sensitivity 

SPR (prism coupled) 7120 nm/RIU 

SPR (grating coupled) 3365 nm/RIU 

Capillary ring resonator 800 nm/RIU 

2-D Photonic crystal 200 nm/RIU 

Planar ring resonator 212 nm/RIU 

Microsphere ring resonator 30 nm/RIU 

 
Table 1. RI sensitivity for different typologies of sensor. From [White 2008]. 
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However, this measure alone is not enough for quantitatively characterize the performance of 

a sensor. There is a need of defining a parameter which takes into account all the factors that 

are involved in the final precision of the measurements, including refractive index sensitivity, 

system resolution, and several noise sources. A magnitude that explains better the whole 

behavior of the sensor is the detection limit of the sensor. For refractometric sensing, the 

detection limit is the smallest refractive index change that can accurately be measured. 

Combining refractive index sensitivity, and another concept, which is the uncertainty, defined 

as the smallest spectral shift (in case that wavelength measurements are performed; it can also 

be angle of incidence shift or polarization angle shift) that can be accurately measured, limit 

of detection results in: 

 

  ����	 �� ��	��	��� ����� = ����� �!� "#.$.%���! !&! "  ��. �. '�                          Equation 2 

 

A higher sensitivity means a larger shift for a particular ∆n from a protein. In order to 

compare the performance of different typologies of sensor, this ∆n should be the same for 

each measurement. The ideal case would be a standardized immunoassay where measuring a 

particular biomolecule. Unfortunately, this is not found in the literature, where sensors are 

demonstrated using a wide variety of immunoassays. The problem coming from this is that ∆n 

is generally estimated taking into account the variation in refractive index of a particular 

protein, but not its size. Obviously is not the same the variation of 0.4 R.I.U. in a layer of 12 

nm (for example, monolayer of antiBSA) than the same variation in a thicker layer (50-100 

nm for common virus, for example Hepatitis virus family). This makes the comparison 

between different biosensors difficult using LOD, and the conclusions that can be extracted 

from this comparison have to be studied carefully. An option to overcome this limitation is 

considering the increase. Another possibility is calculating the sensitivity as a function of the 

increase in thickness of the biofilm; this sensitivity would have units of nm/nm in case of 

spectral shift, and the LOD units of length.  For the calculations in this thesis, a layer of 15 

nm in thickness and 1.41 in refractive index is considered, which corresponds with a 

monolayer consisting of a pair of BSA-antiBSA proteins, as is later demonstrated in this 

thesis.  
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Finally, limit of detection in refractometric parameters is useful for theoretical calculations 

and for preliminary considerations. But to have a whole understanding of the sensor, a 

parameter including biomolecular concentrations is required. Thus, BioSensitivity can be 

defined similarly to R.I. Sensitivity, changing variation in refractive index by variation in 

concentration of the target analyte, which is a better indicator of the performance of the 

sensor, compared with refractive index sensitivity:  

 

   (�������	�
�	� = ∆���������∆������ �� !��                 Equation 3 

Finally, the biological limit of detection can be calculated considering BioSensitivity instead 

R.I. Sensitivity: 

                                              (����� = ����� �!� ")!�%���! !&! "                               Equation 4

                        

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, 

affinity of the biomolecular reaction, and under a personal opinion is the parameter to be 

considered when comparing different biosensors. One problem found is that this comparison 

can be solely done when comparing the same bioanalyte detection. This is, among others, one 

of the reasons to choose antiBSA/BSA reaction to validate this sensor, since it has turned into 

something similar to “standard assay” for first validation of biosensors. BioLOD have units of 

concentration, in this thesis is preferred ng/mL or pg/mL if the detection is highly sensitive, 

but other authors use for example molar concentrations.  

 

To calculate BioLOD is convenient to consider a standard response curve of a biosensor 

(Figure 3). Although this curve depends on the bioapplication analyzed, all of them have 

several similarities. The area from C0 to C1 is almost linear, and thus is generally known as the 

linear zone. Between these values is contained the information used to calculate the values of 

Biosensitivity and BioLOD of the sensor, using Equation 3. Since this area can be fitted to a 

linear function, ∆resonance/∆concentration is almost constant for all the range. Finally, up to C1 starts 
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the saturation of the sensor: the addition of more concentration of target analyte does not 

provoke a shift in the optical mode.  

 
Figure 3. Standard  curve of response for a biosensor. 

 

 

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 is from nanometers to less than 

picometers. However, for an advanced analysis of the detection limit performance, as White 

and Fan [White 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 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.  

 

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 

from several sources of noise present during the measurement. From Figure 3, assuming C0=0 
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and considering the linear response zone of the curve, the concentration of target analyte is 

calculated as: 

                                          * =  +, !��- .�/� �0!1 )!�%���! !&! "            Equation 5 

 

BioLOD 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 

(BIOLOD= Uc = 2uc). To calculate uc, considering the recommendations from the BIPM 

[Bipm]:  

 

     2�3 = 454+, !��- .�/� �0!1  u2optical mode shift + F*F(�������	�
�	�  2(�������	�
�	�2                                 Equation 6 

 

The second term of this equation equals to 0, since in the linear zone of the detection curve he 

value for biosensitivity remains constant. Regarding the first term of the equation, the partial 

derivative of the concentration with respect the optical mode shift is the inverse of the 

Biosensitivity, and the uncertainty of the optical mode shift can be written as: 

 

                                     2�, !��- .�/� �0!1 3 = #GH3 + IG�                                                Equation 7 

 

where the first term is referred to the optical resolution R of the measurement setup, whereas 

σ 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 BioLOD can be 

written as: 

                                 (����� =  '� = 22� = 3)!�����! !&! "  � J#GH3 + IG� �                    Equation 8 

 

This equation can be also generalized for the calculation of LOD, considering R.I. Sensitivity 

instead Biosensitivity. Regarding the typical deviation of the performed measurements, since 

the experiments developed during this thesis have a huge number of repetitions (128 scans for 

FTIR-VIS measurements), this term can be neglected. Thus, BioLOD can be rewritten: 
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                            (����� =  '� = 22� = 3)!�����! !&! "   J#GH3                                   Equation 9 

 

From Figure 3, another parameter can be easily defined, which is the range of detection of the 

sensor, given by its upper and lower limits: C0 and C1; the measurements between this range 

of concentrations are considered to be valid, whereas values out of this range cannot be 

measured with a sensor with such a curve as the proposed in the example. However, the value 

of the threshold can be almost zero, and thus the linear zone of the curve start at the minimum 

of concentration measured. Actually this has been the case in the immunoassays performed 

during this thesis, as will be shown in the figures of Chapter 5.  

 

Finally, another parameter found in the literature is the surface concentration detection limit 

(SCDL), which refers to the minimum amount of bioanalyte to be detected per surface 

unit(generally given in pg/mm2). This parameter is useful when comparing photonic behavior 

of the sensor, but to compare different sensor biodetection limit is preferred. In this thesis, the 

parameters used are the refractometric LOD (in R.I.U. units), for all the theoretical 

calculations of the sensors (chapter 4.4), and also for the experimental data of fluid 

characterization, in chapter 5.1. Calculations of the array of holes-based cell consider a layer 

of fluid, (chapter 4.4.1), whereas for the other three cells it is used the 15 nm protein layer 

approach. Finally, for experimental biosensing (Chapter 5.3), it is calculated BioLOD for 

BSA/antiBSA sensing.   

 

Specificity, as stated in Chapter 2.1, is more complicated to accurately obtain, since depends 

on the bioapplication and the sensor employed. Two different concepts are defined, known as 

type I error and type II error. Type I error represent the probability of accepting the presence 

of the analyte in a sample in which is not present (false positive). Type II error represents the 

probability of rejects the presence of the target analyte in a sample, when this analyte is 

actually present (false negative). They are usually named as α and β. Depending on the field 

of the application of the measurement, one error can be worse than the other. For example, in 

medical diagnosis of hazard diseases, such as cancer, false negatives are avoided as long as 

possible. The problem derived from this is that an important amount of false positives will 
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appear, since reducing error of one type generally involves the increase of the other type of 

error. This is solved with new analysis, generally with other diagnostic techniques (the 

abovementioned combination of ELISA plus western blotting for HIV, or the common 

combination of mammography plus biopsy in breast cancer), which are generally more 

sophisticated and precise, and consequently more expensive. The ideal test would be one in 

which errors type I and II are reduced, by using multiple measurements with a single sample, 

and if possible using several measurement techniques. This concept is partially developed in 

this thesis, by the combination of different optical techniques in the sensor characterization 

(spectrometry, reflectometry and ellipsometry) in a single measurement.  

 

There is a huge development on the literature about this topic. Though in this thesis there is 

not performed any specificity measurement (BSA/antiBSA proteins are solved into a PBS 

sample, with no other biochemical compound), there is a highly developed normative that 

takes into consideration this type I and II errors, and gives clues about how the biodetection 

test must be designed. For example, the European Commission has a specific legislation about 

the detection of pollutants and animal origin pathogens [EU Commission 02], in which is given a 

common criteria to the interpretation of test results.  

 

Finally, the third parameter defined in 2.1 is the working time of the sensor. This include the 

time of preparation of the sample, taking the sample to the sensing area, incubation time and 

also the processing time prior to give a result. Generally this magnitude is given in terms 

throughput, measured with number of samples per hour.  

 

2.3.1.2 Surface Plasmon Resonance sensors 

 

This is probably the most successful label-free and commercially accepted optical biosensor, 

widely employed for determination of many types of interactions and with many publications 

in the literature every year. There are several comprehensive reviews which cover all the 

aspects related with this typology of sensors [Homola 99], [Homola 03], [Homola 08], [Hoa 07]. Some 

particular example of interest are the works of Shinn [Shinn  05], Kuo [Kuo 03], Sepúlveda [Sepúlveda 

06] and Treviñó [Treviñó 09]. 
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First Surface Plasmon Resonance sensor (SPR) was demonstrated in 1983 [Liederberg 83]. A 

surface Plasmon wave is a density oscillation that occurs at the interface of two media with 

dielectric constant of opposite sign, usually in the interface of a metal, such as gold or silver, 

and a dielectric. The resonance takes place at a particular angle or a particular wavelength, 

depending on the configuration used for exciting the SPR.  Figure 4 shows a schematic of a 

typical SPR biosensor. The biodetection occurs in the upper metallic layer, which is covered 

with the receptor. When the biorecognition takes place, the refractive index of the upper layer 

changes and the angle (or the wavelength) of Plasmon resonance shifts. This shift is directly 

related with the concentration of the analyte in the target sample, introduced into the sensor 

by a flow channel.   

 

 
Figure 4. Schematic of a Surface Plasmon Resonance biosensor. From [Duval 07]. 

 

 

In addition to the scientific literature existing in this topic, commercial companies, for 

example Biacore [Biacore] are delivering sensing tools based in this principle. Apart from the 

general SPR configuration, there are sensors with many variations, for example combining 

periodic metallic structures and Plasmon resonance [Alleyne 07], based on optic fibers [Sharma 07], 

measuring the differential phase measurement between the TM and TE polarizations [Ho 05]. 

Also devices based on nanoparticle arrays have been presented [Olkhov 09], or developing 

nanopatterned localized SPR measurements [Chegel 09]. Reported limits of detection (LOD) in 

terms of refractive index are down to 10-6/10-7, reaching 10-8 R.I.U. in some cases.  
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2.3.1.3 Interferometric sensors

 

In these sensors, the resonance analyzed comes from the output of an interferometer. 

Configurations such as Mach

studied and developed. Some of their most relevant properties are listed below.

2.3.1.3.1 Mach-Zehnder interferometer

 

This sensor is based on a classic 

interferometer is exposed to the biological material (sensing arm), and the 

reference. A change in the refractive index at the surface of the sensor arm results in an 

optical phase change on the sensing arm and a subsequent change in the light intensity 

measured at the photodetector. 

sensor has been developed by Prieto and collaborators

Mach-Zehnder interferometer fabricated on sil

by two SiO2 cladding layers.  

 

Figure 5. a) Mach-Zehnder interferometer biosensor,
function of the refractive index variation in the sensor arm . Taken from 

Other examples of these configurations are the work of Luff and collaborators

M-Z interferometer with a three waveguide coupler i

biosensor, measuring several layers of biotin

shown in Figure  6 :a M-Z biosensor in whi

by Luo and coworkers [Luo 03]
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Interferometric sensors 

In these sensors, the resonance analyzed comes from the output of an interferometer. 

Configurations such as Mach-Zehnder, Young or Fabry-Perot interferometers have been 

me of their most relevant properties are listed below.

Zehnder interferometer 

a classic Mach-Zehnder (M-Z) interferometer. One of the paths of the 

interferometer is exposed to the biological material (sensing arm), and the 

A change in the refractive index at the surface of the sensor arm results in an 

optical phase change on the sensing arm and a subsequent change in the light intensity 

measured at the photodetector.  An example of this situation is exposed in 

sensor has been developed by Prieto and collaborators [Prieto 03], consisting of a integrated 

Zehnder interferometer fabricated on silicon, with Silicon strip waveguides surrounded 

by two SiO2 cladding layers.   

 
Zehnder interferometer biosensor, based on ARROW waveguides. b) P

function of the refractive index variation in the sensor arm . Taken from 
 

configurations are the work of Luff and collaborators

Z interferometer with a three waveguide coupler is developed, and also demonstrated as 

biosensor, measuring several layers of biotined-BSA and streptavidin

Z biosensor in which a wide optical spectrum is obtained, developed 

Luo 03]. The optical spectra are obtained for mixtures of ethanol and 

                      41 

In these sensors, the resonance analyzed comes from the output of an interferometer. 

Perot interferometers have been 

me of their most relevant properties are listed below. 

interferometer. One of the paths of the 

interferometer is exposed to the biological material (sensing arm), and the other act as a 

A change in the refractive index at the surface of the sensor arm results in an 

optical phase change on the sensing arm and a subsequent change in the light intensity 

exposed in Figure 5. This 

, consisting of a integrated 

icon, with Silicon strip waveguides surrounded 

 

based on ARROW waveguides. b) Phase variation as a 
function of the refractive index variation in the sensor arm . Taken from [Prieto 03]. 

configurations are the work of Luff and collaborators [Luff 98], where a 

s developed, and also demonstrated as 

BSA and streptavidin. Other example is 

ch a wide optical spectrum is obtained, developed 

. The optical spectra are obtained for mixtures of ethanol and 
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water at different concentrations: when the index of refraction changes there is a shift in 

wavelength due to the change in the refractive index of the measured sample.  

 

 
Figure  6. a) Schematic of the sensor layout. A white light source is used. The waveguides are 6 µm in width and 

the arms are 8 mm in length. b) Optical spectra for several mixtures of water and ethanol covering the sensor 
arm, from pure water to 50 % of water and ethanol. From [Luo 03]. 

 

2.3.1.3.2 Dual-polarization Interferometry 

 

One remarkable sensor in this category is the Dual-Polarization waveguide sensor, developed 

by Cross and coworkers [Cross 03], which uses two thin film waveguides fabricated on top of 

each other. This concept had been previously developed for a humidity sensor [Cross 99]. An 

upper waveguide thin film made of high refractive index dielectric is separated from a lower 

waveguide film by a low refractive index dielectric material. The upper waveguide is the 

sensing waveguide, in contact with the test sample while the reference waveguide is buried in 

the interior of the chip and does not interact with the test sample. The etched sample wells 

allow the introduction of the biomolecular targets.  

 

The information collected in the output of the waveguides is a classical Young Interferometer 

fringe pattern. One important aspect of this sensor is the observation that TE and TM modes 

have different evanescent field profiles and therefore different effective refractive index 

profiles. Using information from measurements of the TE and TM modes, it can be obtained 

accurate values for both thickness and refractive index of the adsorbed layer. It is remarkable 

that this system is commercially available, being provided by Farfield Group [Farfield] . Another 
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similar concept was developed by Ymeti and collaborators [Ymeti 03], obtaining a theoretical 

simulation for a planar multiparameter device based in Young interferometers.  

 

2.3.1.3.3 Waveguide sensors 

 

There are a number of different techniques making use of waveguides, all relying on the 

principle that when light travels through a waveguide, a certain proportion of the optical field 

(called the ‘evanescent wave’) travels outside the waveguide so that it can be influenced by 

changes at the waveguide surface (evanescence field detection). This principle is also used in 

M-Z interferometer sensors, but in this case there is not any resonance or interferometer on 

the optical layout.  

 

One of the first proposed was waveguide grating coupling [Nellen 88]. When a diffractive grating 

is imprinted on the surface of the waveguide, the grating provides a means whereby light can 

be coupled into or out of the waveguide. Depending on the characteristics of the grating, there 

will be different angles and/or wavelengths of light at which this coupling is most efficient. 

This concept has been developed in other works [Vörös 02]. 

 

Another concept found in the literature is the so-called anti-resonant reflecting optical 

waveguides (ARROW) biosensors[Bernini 04]: the electric field is confined in a waveguide and 

evanescent field interacts with the biomolecules.  Hollow core Arrow waveguides have been 

demonstrated to yield a resolution up to 10-6 in refractive index detection [Campopiano 04]. 

 

2.3.1.4 Photonic crystal based sensors 

 

This typology of sensor uses the properties of photonic crystals (PhC) with the presence of a 

defect, which produces similar effects to a resonator. The transmission spectra present a 

narrow dip, which can be used for sensing refractive index. For example, in their work [Chow 

04], Chow and collaborators measured a PhC of holes fabricated on a silicon on insulator chip 

(SOI), in which the defect was a hole of a lower diameter, finding a limit of detection of 0.002 
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R.I.U., using liquids with several refractive index. Skivesen et al [Skivesen 07] developed a 

biosensor following this line, with a PhC waveguide (Figure 7). Transmission as a function of 

the surrounding refractive index was calculated using FDTD algorithm (Figure 8), and finally 

the biosensor response was demonstrated using BSA proteins. Other interesting works are the 

slotted-PhC waveguide developed by Di Falco et al [Di Falco 09], and the work of Guo et al [Guo 

08], in which a 1-D PhC was developed, and finally aminopropyltriethoxysilane (APTES) and 

glutaraldehyde were measured.  

 

 
 

Figure 7. Layout of a SOI based photonic crystal biosensor. The transmission spectra are collected using a 
tunable laser source and a optical spectrum analyzer. From [Skivesen 07]. 

 

 

 

Figure 8. Calculated transmission spectra of the PhC waveguide. The dip between 1300-1400 nm shifts when the 
surrounding refractive index changes (values from 1 to 1.518 R.I.U.). From [Skivesen 07]. 

 

In these sensors high sensitivity is achieved, and are expected important improvements, as the 

reachable Q-factor of the microcavities is quite high. However, the main problem presented is 

that the fabrication is expensive and requires of accuracy to obtain good results, as can be 

seen easily in the work of Chow: the diameter of the hole acting as a defect is slightly lower 
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than the other holes (Figure 9), a small variation in any of this will drastically change the 

spectral response. At the end, this can also have influence in other aspects, such as integration 

in multiple chips and multiparameter measurements. 

 

 

Figure 9. Sensor based on photonic crystal cavity. (a) SEM caption of the device. There is a defect in the center 
of the cavity (a hole of lower diameter) (b) resonance shift as a function of the refractive index of the fluid 

surrounding the cavity. From [Chow 04]. 
 

2.3.1.5 Ring and disk resonator sensors 

 

Microring and disk resonators are an emerging technology which has been recently under 

investigation. Inside a ring resonator, or a disk, the light propagates in the form of whispering 

gallery modes or circulating waveguide modes, which can be calculated using Mie solutions 

to Maxwell´s equations [Hebner 03]. The evanescent field at the surface of the ring/disk responds 

to the binding of biomolecules. The interaction length is determined by the number of 

revolutions of the light supported by the resonator, which is given by the quality factor for the 

resonator. A higher Q-factor results in a higher sensitivity.  

 

These sensors have several advantages: the sensing performance is similar or even higher than 

a waveguide based sensor while using significantly less surface. Besides this, when the 

fabrication process is accurate, high quality factors are achieved. In contrast with these 

advantages, the main drawback comes from the fabrication process, which is usually complex, 
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especially when using disk resonators. The quality of the surfaces obtained must be smooth, 

otherwise scattering loses can be high enough to prevent any remarkable resonance.  

 

Some remarkable works are the theoretical and experimental analysis from Zhu and 

collaborators [Zhu 07], in which is analyzed the biomolecular detection of a liquid core ring 

resonator, with a theoretical description and also experimental results; another optofluidic ring 

analyzed by De Vos and coworkers [De Vos 07] , the work of Boyd and Hebner [Boyd 01], 

theoretically analyzing a disk resonator as biosensor; and in the same line the work of  

Schweinsberg et al [Schweinsberg 07], proposing a disk resonator of  500 µm in diameter. 

 

2.3.1.6 Slot- waveguide based sensors. 

 

The so called slot-waveguide [Almeida 04] is a recently introduced waveguide configuration, 

which is able to guide and to confine light in a nanometric-size low index material by using 

total internal reflection. It consists of two strips of a higher index material separated by a sub-

micrometer lower index region, called slot region. The principle of operation of this structure 

is based on the discontinuity of the electric field at the high-index-contrast interface. For an 

electromagnetic wave propagating in the z direction as shown in Figure 10, the electric field 

component of the quasi-TE mode (which is aligned in the x direction) undergoes a 

discontinuity that is proportional to the square of the ratio between the refractive indices of 

the high-index material (silicon nitride in this example) and the low-refractive-index slot 

material (silicon oxide). This discontinuity is such that the field is much more intense in the 

low-refractive-index slot region than in the high-index rails. Given that the width of the slot is 

comparable to the decay length of the field, the electrical field remains high across the slot, 

resulting in a power density in the slot region that is much higher than that in the high index 

regions. This is represented in Figure 10, from the work of Barrios and collaborators [Barrios 07-

1].Figure 10-a shows a cross section of a Silicon Nitride (Si3N4) consisting of two strips of 400 

nm in width and 300 nm of height, and separated a variable width wslot , whereas Figure 10-b 

shows the calculated electrical field distribution for the propagation of the fundamental TE 

mode. The red color represents that the intensity of the field is maximum in the slot region.  
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Figure 10. Slot-waveguide. Layout(a) and field distribution(b) for TE mode(From[Barrios 07-1]). 

 

The particularity that the electromagnetic field is especially intense in the slot region can have 

application to biosensing purposes. Figure 11 shows a schematic of a slot-waveguide ring 

resonator in which the two silicon nitride strips are covered with an antibodies/antigens layer. 

As the light guiding is highly sensitive to any change in the refractive index inside the slot-

region, antigen recognition events could be precisely quantified. This concept has been 

recently developed in the European FP project SABIO [Sabio 06] in which the research team 

responsible of this thesis have been involved. The idea is using a particular combination of 

slot- waveguides and ring resonators, as seen in Figure 11-right. The changes in refractive 

index caused by biomolecular interactions inside the slot region will provoke an important 

shift in the position of the peaks of the transmittance spectrum of the ring resonator. This shift 

is related with the concentration of target analyte in the analyzed sample. 

 

 
 

Figure 11. Slot waveguide ring resonator biosensor 
  

 

a) b)
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Performance of this sensor configuration has been demonstrated as refractive index sensor, 

using liquids with different refractive indexes [Barrios 07-2], and as label free biosensor, 

measuring BSA/antiBSA detection [Barrios 08-1]. Figure 12 shows saturation curves for 

immobilization of BSA and antiBSA proteins, for a slot ring resonator of 140 µm in diameter 

and the dimensions given in Figure 11. 

 
Figure 12.a) BSA immobilization curve for slot-waveguide ring resonator biosensor. b) AntiBSA recognition 
curve. Both graphs with a detailed view of the low concentration region, where the majority of measurement 

points are placed. From [Barrios 08-1].  
 

The functionalization of the surfaces with proteins, using intermediate processes, was also 

described in detail [Bañuls 10]. Moreover, the fluidic properties of the nanostructure suggested its 

use as reconfigurable ring resonator, by changing the refractive index of the liquid inside slot 

region [Barrios 08-2]. These results have been applied to this thesis, mainly areas of liquid 

behavior and functionalization of surfaces in submicrometric regions. 

 

This typology of sensors has became a promising field of research, as recent works in the 

literature demonstrate, for example Barrios theoretically developed a combination of slot-ring 

resonator and microcantilevers [Barrios 06], and Robinson and collaborators obtained a slotted 

microring resonator for the detection of gases [Robinson 08]. The development of this sensing 

structure finally resulted in a whole lab-on-a-chip integrated system [Carlborg 10], including the 

development of multichannel measurements, and the fabrication of a complete microfluidic 

system to take the target sample to the sensing area.  
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2.3.1.7 Amorphous silicon biosensor 

 

Nanostructured porous silicon (Psi) has morphological and physical properties which can 

make interesting its use as biosensor. A key feature for sensing is its large sensing area, 

coming from the porosity of the material. These pores are where the detection takes place, 

giving a change in refractive index of the layer, with applications for example for DNA 

detection [Lin 97] and antiBSA recognition [Stefano 06]. 

 

The work of Lin et al [Lin 97] was actually the first work to propose porous Silicon as a base 

material for biosensing. Besides, another novel aspect was the measurement procedure, using 

a broadband source vertically incident to the p-Silicon layer, and collecting the reflected light 

using a CCD camera. Figure 13 shows a schematic of these experiments. The hybridization of 

biomolecules takes place in the porous silicon layer, changing the effective optical length of 

the layer, shifting the spectra profiles as shown (shift between red and blue curves). Although 

the potential of this typology of sensors is clear, presents some drawbacks, such as the 

difficulties for cleaning the sensing area after each hybridization process, and the random 

component of the reflected signal, due to the amorphous nature of the porous silicon layer.  

 

 
Figure 13. Schematic of the measurement of the sensor, 

and spectral responses before and after hybridization. From [Lin 97]. 
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2.3.2 Nanomechanical sensors 

 

Another typology of sensor that has been under development during past years is 

nanomechanical sensors, mainly based on micro and nano cantilevers [Carrascosa 06], which come 

from the microfabricated cantilevers used in atomic force microscopy (AFM). These 

cantilevers are covered with a bioreceptor; when these receptors recognize their 

complementary analytes, the cantilever bends as a consequence of the increase in weight. For 

example, Lechuga et al [Lechuga 06] used this bending to measure the change in light coupled 

passing through a Silicon waveguide cantilever covered with gold, for recognition of DNA. 

Another example can be found in the work of Raiteri et al [Raiteri 01] characterized the detection 

of several biomolecules by measuring the bending angle of a microcantilever.  

 
 

Figure 14 shows the concept of the sensor developed by Lechuga et al. It consists of a silicon 

cantilever covered with gold; this coverage is used to ease the biofunctionalization of the 

surface. When the ADN chains are recognized, the cantilever bends and the total amount of 

light entering into the photodetector decreases. This total output is related with the 

concentration of target analyte in the sample.  

 

 
 

Figure 14. Bending of a cantilever. Detection of bending as a function  
of light coupling (From[Lechuga 06]). 

 

2.3.3 Commercially available biosensors.  

 

The market of biosensing has had huge development during past decades, and is expected to 

continue with this high growth during the future years [Freedonia]. Several studies had also 

focused on the implementation of label-free detection [Comley 08], and state that, surprisingly 

few lab-on-a-chip based technologies have been successfully introduced in the market [Chin 12]. 
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The trends on the development of commercial biosensors cover a wide variety of devices; but 

there are two basic and almost opposite trends. The first is obtaining devices with high 

performance, sometimes with the detection of multiple analytes, and which generally involves 

complex devices with microfluidic systems; these sensors could be classified in the category 

of Lab on a Chip devices (LOC). The other trend is manufacturing sensors used in rapid 

diagnostics; as already mentioned known as Point of Care devices (POC). These products are 

generally not complex, or at least do not have the complexity of LOD devices. Obviously the 

performance is lower, but its aim is to sift of a huge population, and after that making another 

test with a fully precise analysis.  

 

The simplest rapid tests are the Lateral Flow devices. In these test, the sample flows along a 

solid substrate by capillarity action. The sample is applied to the test, and after is treated with 

a colored reagent. The final color of the substrate determine the presence of the or not of the 

particular analyte. These test are generally used for positive/negative applications, such as 

pregnancy or HIV presence tests, and do not provide a quantitative response. An exception to 

this is the glucose test, but this test is unique: the range of concentration of the target analyte 

is in the mM range, which exceeds the concentration of most diagnostic markers.  

 

Figure 15 shows a diagram of the conceptual approach to the development of how must be an 

ideal biosensor in order to become the ideal point of care test. On one hand, in the market 

there are available test with high performance, but also high complexity, in particular ELISA 

test, but Surface Plasmon Resonance biosensors enter in this category. On the other hand, 

lateral flow test are devices with low complexity, but also low performance associated.  The 

tests aiming to enter into the market must have the better properties of both of them, reaching 

a high performance (in terms of values of BioLOD) but with low cost per analysis associated.  
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Figure 15. Diagram of conceptual approaches to achieve high-performing Point of Care diagnostic devices. 
From [Chin 12]. 

 
 

However, optical label free biosensors generally focus on highly precise and thus complex 

devices. Table 2 shows a summary of companies, some of them cited in the review of the state 

of the art, and the main characteristics of their equipments. In particular, SPR based 

biosensors focus on applications which are not easily carried out using any other technique, 

such as allowing a precise characterization of the kinetics of a reaction (for example the 

BSA/antiBSA kinetics by Olkhov and coworkers [Olkhov 09]). Biacore is one of the most 

important companies in SPR devices; they launched its first SPR system (and also the first 

SPR device to reach the market) in 1990, and have continued developing products since them, 

for example the Biacore 3000. Values of BioLOD are tentative since depend on the selected 

bioapplications, however they are commonly in the order of ng/ml. Particular applications can 

require BioLOD of pg/ml, though. Other important SPR company is IBIS, with its product 

IBIS MX96, which allows the multiplexed detection of a total of 96 analytes in a sample. 

Other companies, for example Axela and SRU Biosystems commercialize high throughput 

systems based on optical gratings, and Forte Bio and Microvacuum have equipments based on 

different concepts of interferometry.  

 

 

 

 

P
C
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COMPANY 
PRODUCT 

NAME 

TECHNOLOGY 

BASIS 
BioLOD WEB-SITE 

BIACORE BIACORE 3000 
SPR  (Surface Plasmon 

Resonance) 
in the order of ng/ml www.biacore.com 

IBIS IBIS MX96 
SPR  (Surface Plasmon 

Resonance) 
in the order of ng/ml www.ibis-spr.nl/ 

SRU 

BIOSYSTEMS 
BIND biosensor 

INTERFEROMETRY 

(Optical grating) 
in the order of ng/ml www.srubiosystems.com/ 

AXELA Dot-Lab mx 
INTERFEROMETRY 

(Optical grating) 
in the order of ng/ml www.axelabiosensors.com 

ForteBio Optet 
INTERFEROMETRY  

(2 layer interferometry) 
in the order of ng/ml www.fortebio.com/ 

MICRO 

VACUUM 
OWLS 210 

INTERFEROMETRY 

(Optical grating-coupled 

waveguide) 

in the order of ng/ml www.owls-sensors.com/ 

 
 

Table 2. Performance of several commercially available label free sensing systems. 
 

Finally, at the best of the knowledge of the author, there is no still in the market any sensor 

based on ring resonator systems, photonic crystal or slot waveguide sensors. However, 

promising results are found in the literature, and in the next years probably systems based on 

these principles probably will be available. The market of label free biosensors, in conclusion, 

is still not as wide as expected a decade ago, and the tools available are in general high 

precision, sensitivity and troughput tools capable of doing multianalyte measurements, but its 

use is still limited to centralized analysis laboratories, and also for highly specific 

applications. They should be compared, thus, with other laboratory detection techniques, such 

as mass spectrometry, rather than with POC devices.  

 

Regarding to these POC tests, and generally speaking commercially available microfluidic 

POC diagnostic devices, there are available an important amount of products commercialized 

by several companies. These devices are not actually optical label-free sensors, but the 

sensors proposed in this thesis could enter also into this category, since the possibilities of 

design are wide, just by changing fabrication parameters. Each of these companies are 

centererd in few particular bioapplications, rather than multianalyte detection.  
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It is out of the focus of this thesis to make an exhaustive analysis of the POC devices market; 

however is interesting to give it a glance in order to figure out which are the main trends in 

the development of sensors, and which are the bioapplications more established in this 

market.  

Table 3 shows a summary of some of the companies and its key applications. The detection of 

HIV disease is one of the most developed (by Advanced Liquid Logic, Alere, and also the 

liver damage produced by HIV medication, by Diagnostic for all), and also cardiovascular 

diseases (Biosite, Labnow, Nanomix). The technology basis of all these products vary from 

each other, but generally consist of a disposable element, which can be a cartridge, in which 

there is not complex fluidic process involved for the user, a droplet is thrown in an specific 

area, and the fluid enter in the sensing area generally by capillary-driven microfluidics. 

Finally, this cartridges or disks are introduced in an analyzer; this analyzer must be as 

portable as possible, since it is important to remark that these POC elements are attractive as 

long as the cost per analysis is kept at a low level.  

 

COMPANY APPLICATION TECHNOLOGY BASIS WEB-SITE 

Abaxis Blood chemistries 
Compact analyzer and injection-

molded plastic disks. 
www.abaxis.com 

Avandced 

Liquid Logic 

HIV/AIDS, lysosomal storage 

disease. 

Compact analyzer, nano and micro 

droplets. 
www.liquid-logic.com 

Alere HIV/AIDS. 
Disposable cartridge, portable 

analyzer. 
www.alere.com 

Biosite  (Alere) 
Cardiovascular disease, drugs 

of abuse. 

Capillary driven microfluidic test 

strips. 
www.alere.com 

Claros 

diagnostics 

Urological maladies, infectious 

diseases. 
Injection molded plastic cassetes. www.clarosdx.com/ 

Diagnostics for 

all 

Liver damage for HIV/AIDS 

disease medication. 

Tests based on paper. Capillary 

driven microfluidics. 
www.dfa.org 

Epocal  (Alere) Blood chemistries. Self-contained cards. www.alere.com/ 

LabNow 
Infectious diseases, cáncer, 

cardiovascular disease. 

Membrane based chip and 

quantum dot detection. 
www.labnow.com/ 

Vivacta 
Endocrine imbalances, 

infections, sepsis. 

Piezofilm sensors with capillary-

driven flow. 
www.vivacta.com 

 
Table 3. Comercialy available POC diagnostic devices.  
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2.3.4 Proposed label-free biosensor for this thesis 

 

Once analyzed the state of the art in optical label-free biosensors, and which are the sensors 

developed and established in the market, it is easier to understand the main characteristics of 

the different biosensing system proposed in this thesis. They are based on a combination of 

photonic nanostructures and vertical interrogation techniques. As exposed in chapter 1, the 

possibility of measuring vertically reduces the complexity of coupling light. This represents 

an important advantage, as it is not only reduced the cost of the device, but also the 

throughput is increased, as the time required for focusing the light is low (in the order of 

seconds for an automatized system), in contrast with a waveguide coupled system. Actually, 

in the literature it can be found few works using these concepts to measure; exceptions are the 

porous silicon based works [Lin 97],[Stefano 06] and also the work of Levi and collaborators [Levi 07], 

which developed a 2D PhC slab, characterized vertically, measuring the reflectivity spectra.   

 

An example of sensing device would be a periodic lattice of submicrometric holes fabricated 

on a SiO2/Si wafer. This basic element can be characterized optically by reflection of light. It 

must be noted that the characterization can almost isolate a single hole, since spot size 

reachable is in the order of one micron or less, using a high numerical aperture microscope, 

and the diameter of the holes is of 650 nm is this drawing.  Moreover, other characteristic is 

the possibility of measuring reflectivity as a function of both wavelength and angle of 

incidence. How this spot is reached will be discussed in the next chapter.  

 

Introducing biomolecules into these holes produce a change in refractive indexes. How these 

can be done is shown in Figure 16: A general SEM picture of a lattice of holes turns into a 

detailed cross section. Biomolecules are attached to the surface of the walls, and the change in 

refractive index can be measured as a function of the shift in these resonances. 
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Figure 16. Schematic of how bioreceptors can be attached onto the surface of the holes. 
 

Some of the most remarkable characteristics of the sensing cells proposed are: 

 

• Easy to evaluate: Label-free devices based on other approaches such as planar 

technology need complex coupling systems such as inverted tapers or gratings to 

readout the information from the output waveguides. The vertical interrogation avoids 

optical complex systems in the biochips evaluation; this may reduce final cost of chips 

in a relevant percentage.  

 

• Simple analyte infiltration : Most current systems need complex infiltration 

techniques: for example, planar technology devices require complex micro-fluidic 

systems. The use of nanopatterned structures makes feasible the use of simple vertical 

infiltration systems.  

 

• Compatible with standard formats and disposable biochips: The proposed cells 

can be designed and developed to be compatible with standard formats such as 96 or  

384 well plates for high-throughput applications, disposable biochips for point of care 

applications and, besides, for continuous flow responses in the case of real time 

analysis. 

 

• Easy to obtain a simplified calculation model: The use of photonic software eases 

the design of optical sensors. However, with this cells is not difficult to obtain a 
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simplified model which reduces in one order of magnitude the time needed for 

calculation.  

 

• Small volume of analyte needed. At the end, this represents a much more efficient 

use of reagents, and the ability to perform many more tests on a given volume of a 

sample from a particular patient. It also has clear benefits where the volume of 

available sample is very small.  

 

• Sensitivity. The values of LOD and BioLOD obtained are competitive compared with 

other biosensors described in the literature; this values are in the order of 10-5/10-6 

R.I.U. (LOD) and in the order of 3 ng/ml (BioLOD) for antiBSA detection.  

 

• Can be implemented in Biochip Kits for low complex and high performance 

immunosystems.  

 

2.4 Immunoassays. BSA/antiBSA assay. 

 

An immunoassay is a biochemical test that measures the concentration of a substance in a 

biological liquid, typically serum or urine, using the reaction of recognition of an antibody or 

antibodies to its antigen. The most important particularity of this reaction is its highly specific 

binding. Although immunoassay is the most commonly used term in biochemical detection, it 

can also be used the term bioassay, to note that any biomolecule can be detected using a 

biosensor, by obtaining a specific antibody.  

 

Immunoassay is one of the most used techniques for biochemical sensing, in particular as 

ELISA assays. To list other common used techniques, an important example is Polimerase 

Chain Reaction (PCR) [Walker 05], where a single o several pieces of DNA of a particular 

antigen are amplified by several orders of magnitude, to make this antigen detectable, and is 

widely used in the early detection of some cancer diseases (leukemia and lymphomas), and 

also for Virus detection (Hepatitis, Herpes Virus, HIV, Influenza). Western Blotting [Tobwin 79], 
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Mass Spectrometry profiling and Culture of infectious agent are some of the alternatives in 

sensing.  

 

The antibodies generally have a Y-shaped structure (Figure 17-a). Their molecular weight is 

high, in the order of 150 kDa. The biorecognition of antigens occurs due to linking to amine 

groups (section 5 of the figure). The particularity of this recognition is that is highly specific, 

since each antibody works solely for one particular antigen (Figure 17-b). The other elements 

of the antibody are known as light (section 4) and heavy (Section 3). The light chains have a 

length of 211 to 217 aminoacids, and an antibody has two chains of this kind, that are always 

identical, whereas the heavy chains contains between 450 and 550 aminoacids, and define the 

type of antibody. The two arms of the antibody and the light chains are linked by two 

elements known as hinge region, which are proline rich regions that confer flexibility to the 

arms of the antibody in order to ease the recognition. Finally, the two light chains region is 

known as Fc (Fragment, crystallizable region), and the arms of the antibody as Fab 

(Fragment, antigen binding) region. 

  

Figure 17. (a) Typical structure of an antibody. (b) Biorecognition event. [Antibody]. 
 

 
The specificity of the immunoassay varies depending on the couple antigen-antibody 

considered. To measure this specificity, is defined a parameter called affinity constant. 

Considering a reaction of x proteins of antibody A with y proteins of antigen B, the 

equilibrium reaction results in: 

a) b)
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NOPQR LS("      Equation 10 

 

where k1 represents the ratio of association between A and B once reached biochemical 

equilibrium. Also is defined k-1 as the rate of dissociation of AxBy. Considering [A], [B] and 

[A xBy] the concentration of each of the components of the reaction in equilibrium, the affinity 

is defined as:  

 

                                            L�����	� = TUV)WXYUZV[)\W =  NPNOP                                             Equation 11 

 

It is commonly more used Kd, defined as the inverse of the affinity, and known as dissociation 

constant. In biochemistry, and in particular in immunoassays, x and y are generally equal to 1, 

and thus: 

 

                                                              ]/ =  ^U_^)_^U)_                                                         Equation 12 

                                               

In an immunoassay is generally known [A], which is the concentration of the target analyte in 

the buffer solution, but is difficult to estimate the values of [B] and [AB] in equilibrium state. 

However, as a simplification, it can be assumed that, at a level which represents the 50% of 

the saturation, the number of conjugates AB is equal to the number of free bioreceptors, thus 

[B] is equal to [AB], and Kd = [A] (at 50% of saturation). A lower value of affinity means a 

lower value of concentration needed for reach the saturation, and finally this will result in a 

lower value of BioLOD, as it will be discussed in Chapter 5. The affinity constant has units of 

concentration, and in order to compare bioanalytes of different size, and it is generally given 

in terms of moles per unit of volume, usually nM or even pM.  

 

As a first application to demonstrate biosensing capabilities, it has been chosen a particular 

immunoreaction: Bovine serum albumin (BSA) and its antibody (antiBSA). This reaction has 

a number of advantages; the most important is that the biofunctionalization of surfaces is 

easier compared with other applications. BSA protein is used as bioreceptor and is attached to 

the sensing surfaces; there are existing protocols to attach this protein for a wide variety of 

surfaces; and the target analyte to detect is its antibody antiBSA. The reverse reaction can be 
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also developed (BSA as analyte to detect); the advantage of detecting antiBSA is that this 

protein is larger, which is a great advantage for the biodetection method proposed, as  will be 

described in next chapters, and has been the preferred option.  

 

In the literature it can be found label-free optical biosensors that have also used the BSA 

/antiBSA reaction as a first approach and demonstration the capability of a device for sensing 

proteins. From the references already cited in this text, for example the work of Ho et al [Ho 

05], uses a SPR phase change measurement device, characterizing the pair BSA/antiBSA 

within a PBS solution, and reaching a sensitivity of 7.4 ng/ml; Chegel and collaborators [Chegel 

09] also characterized this reaction in their SPR localized biosensor, with no value of limit of 

detection reported, Olkhov et al [Olkhov 09] measured the kinetics of the reaction using their 96-

nanoparticle array SPR,  and also Barrios et al [Barrios 08-1], reporting a sensitivity (in this case, 

SCDL) of 28 pg/mm2 for antiBSA and 16 pg/mm2 for BSA detection. Other authors used just 

BSA protein or biotinlayed BSA for protein characterization: Skivesen et al [Skivesen 07] in their 

photonic crystal waveguide biosensor, or the integrated directional coupler from Luff and 

collaborators [Luff 98], where several layers of biotinlayed BSA and polystreptavidin are 

characterized.   

 

Performing an immunoassay with a biosensor consists basically of two different steps: Firstly, 

the bioreceptors must be fixed to the sensing surface. This process, generally known as 

biofunctionalization, is generally critical in nanostructured biosensors. There is an important 

difference between functionalizing with receptors the slot region on a slotted ring resonator 

biosensor and the same functionalization process on a plane substrate, for example of Silicon. 

The bioreceptor can be both the antibody (this is called a direct immunoassay) or the antigen 

(indirect assay). In this thesis the immunoassay performed is the indirect assay; so in this 

particular case, the bioreceptors are the BSA proteins, and the antiBSA the analytes to 

recognize.  

 

The immobilization of the bioreceptor on the surface can be carried out by using several 

methods; the most common are four: Direct adsorption, Self-Assembly monolayers, 

modification of surface properties, and Molecular Imprinted Polymers.  
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a) Direct adsorption: The bioreceptors can be linked to the surface by changing 

electrostatic, hydrophilic or porous properties of the materials. For example, modifying the 

surface charge of the bioreceptor and also changing the electric charge of the surface.  

 

b) Self-Assembly Monolayers (SAMs): Self-assembled monolayers are ordered 

molecular assemblies that are formed spontaneously by the adsorption of a surfactant with a 

specific affinity of its headgroup to a substrate [Schreiber 00].  

 

The surfactants consist of a tail chain with two functional groups in its ending. One is called 

Head group, and the other functional group. These groups are chosen depending on the 

surface and the bioreceptors of a particular bioapplication, and represent a process of high 

importance in the biosensing field.  

 

Figure 18 shows one example of this type of processes performed over a plane substrate 

divided in two different halves: Silicon oxide and silicon nitride. The surface is treated with 

glutaraldehyde. This compound links to the amine groups on the surface of the silicon nitride 

half, forming a monolayer. This process is used to selectively immobilize antiBSA and BSA 

exclusively on the Silicon nitride surface, and is applied for the biofunctionalization in slot -

waveguide ring resonator sensors [Bañuls 2010]. In this case, the head group and the 

functional group are both aldehyde groups. The functional groups link to the amine groups of 

the BSA or antiBSA proteins.  

 

 
 

Figure 18. Modification of Silicon Nitride surface by using glutaraldehyde for selective immobilization. From 
[Bañuls 10]. 

 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       62 

 

 

c) Modification of surface properties, by using different treatments. Compared with 

SAMs, with these techniques is not produced a completely assembled layer. This treatment 

has been used satisfactorily in polymers such as PDMS, PMMA or SU-8, among others. The 

most common processes used for this purpose are wet chemical treatments, the use of ionized 

gases and Ultra Violet radiation in a reactive atmosphere.   

The treatment of surfaces with chemical groups can generate functional groups useful for the 

functionalization with bioreceptors. An example of these processes is the generation of OH 

groups in the surface of SU-8 polymer after a treatment with sulfuric acid, process known as 

acid catalyst [Tao 08]. This reaction is shown in Figure 19. The epoxy rings turn into two 

functional OH groups.  This process is used in this thesis to help in the biofunctionalization of 

the surfaces with BSA proteins.  

 

 

Figure 19. Acid-catalyzed reaction to open SU-8 epoxy rings. From [Tao 08]. 
 

d) Molecular Imprinted Polymers. A Molecularly Imprinted Polymer (MIP) [Spégel 02] is a 

polymer that is polymerized in the presence of a template molecule that is extracted 

afterwards, leaving complementary cavities behind. They show chemical affinity for 

the original molecule. The process of biofunctionalization with this particular 

molecule is thus simplified.   

 

The characteristics of BSA in bulk solution are well known [Peters 85]. Basically, it is a prolate 

ellipsoid with approximate dimensions of 14 x 4 nm. These dimensions depend on the pH of 

the buffer solution; for a low pH [1-2] the protein expand and elongates, but can return to its 
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native structure. The maximum surface adsorption in a silicon oxinitride surface has been 

found to produce by using a phosphate buffer saline (PBS) solution with a pH of 5 [Freeman 04]. 

In this work a monolayer of BSA is built on the surface, with an estimated thickness of 3.9 

nm, by characterization using Dual Polarization interferometry. Other authors suggest that this 

thickness is lower, in the order of 2.5 nm [Peng 05], with the layer characterized by using 

Atomic Force Microscopy.  

 

Meanwhile, antiBSA is an immunoglobulin type IgG1, with dimensions of 15 nm in height 

and 7 nm in width [Cross 07]. The thickness of the layer of antiBSA in indirect assays, where the 

antibodies recognize the antigens bonded to the surface, depends on highly of the topology of 

the antigen monolayer. In this thesis, the correlation between calculated and experimental 

results suggests that the layer formed by the couple BSA-antiBSA has a total thickness, when 

the reaction arrives to its saturation, which ranges from 14 to 16 nm.  

 

Regarding to the refractive index of this layer, there are also variations depending on the 

authors, but generally for adsorpted layer of proteins this index ranges from 1.4 to 1.41 [Cross 

07], [Vöros 04].  Finally, several groups have studied the kinetics of antiBSA recognition by using 

highly sensitive optical sensors, for example Olkhov et al [Olkhov 10], obtaining an affinity 

constant value of Kd  equal to 4.44 nM.  

 

These data are the starting point for theoretical calculations, in which it is being considered 

two different situations: reference and sensor saturated, with a monolayer of 15 nm and a 

constant refractive index of 1.41 nm attached to the sensing surfaces.    

Once demonstrated the correct performance for a particular biodetection, a wide field of 

measuring is opened, both for drug discovery [Cooper 02] and environmental agents [González-

Martínez 07], since it can be found in the literature multiple examples of detection using optical 

label free biosensors which accomplish the standards of World health Organization [WHO] for 

detection limit. Within the the works cited in subchapter 2.2.1., an example of interesting 

results is the work from Treviñó and collaborators [Treviñó 09], who detected gonadotropic 

hormones in urine using multiparameter SPR; two different hormones: follicle stimulating 

hormone (hFSH) and luteinizing hormone (hLH), secreted by the anterior pituitary gland and 

playing a role in the development and correct development of the reproductive system. 
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Human Growing hormone (hGH) is a polypeptide hormone essential for normal growth and 

development. Besides height growth in children, it regulates the metabolism throughout all 

adult life. The excess of hGH causes acromegaly. A cut-off value of 10 ng/mL after 

stimulation is widely accepted for hGH deficiency diagnostic. Detection of hGH is also used 

by sports authorities in doping detection, as hGH is one of the most common substances used 

to increase performance in some disciplines.  

 

After the BSA/antiBSA experiments, another immunoassay is performed, in order to 

demonstrate the capabilities of sensing several bioapplications, and determine how affects the 

affinity constant of a biochemical reaction to the value of calculated BioLOD. It consists of 

the steroid Gestrinone and its specific antibody [Brun 10]. Gestrinone was used as an oral 

contraceptive for women. Nowadays, because of its anabolic effects is included in the banned 

list of performance drugs in sport. . 

 

The process of detection of Gestrinone is similar to the BSA immunoassay.  But to obtain a 

proper polyclonal antibody for gestrinone, it must be obtained an intermediate hapten 

(gestrinone oximer hapten), and finally this hapten is coupled to Horseradish peroxidase 

(HRP). The synthesis of Gestrinone-HRP conjugate is shown in Figure 20. 

 

. 

 
 

Figure 20. Synthesis of gestrinone oxime hapten 
 (a) and gestrinone oxime hapten-HRP conjugate (b).From [Ortega 12]. 
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The conjugate Gestrinone-HRP act as the bioreceptor and its antibodies are recognized. In 

terms of dimensions and refractive index, the couple antigen-antibody forms a layer of similar 

thickness (in the order of 15 nm) to BSA-antiBSA. For the refractive index it also can be 

consider 1.41 R.I.U. At the end of this thesis (Chapter 5.3.5.3) some comments on this 

immunoassay, and the comparison with BSA-antiBSA results are given.  
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3 OPTICAL INTERROGATION TECHNIQUES  

 

One of the main characteristics of the sensing devices proposed in this thesis is the optical 

techniques employed in the optical interrogation process. The light is collected normally to 

the sensing cells, simplifying the coupling of light. Furthermore, it is proposed the 

combination of different interrogation techniques to measure simultaneously, which 

eventually enhances both sensitivity and specificity of measurements. With one single 

measurement it can be extracted information of reflectivity as a function of angle of incidence 

and polarization, reflectivity as a function of wavelength and phase shift change of the 

reflected light. 

 

The optical techniques employed have been can be classified depending on the source of light 

used: on one hand monochromatic techniques, which are Scanning Confocal Microscopy, 

Reflectometry at profile level and Ellipsometry at profile level, and on the other hand 

Broadband based techniques.  

 

The combination of different techniques gives an important amount of information of the 

nanostructure studied. This can improve both accuracy and specificity of the measurements 

under certain conditions, removing ambiguities. Depending on the sensing cell to measured, it 

is convenient to use just one technique or a combination of all of them, since in some cases 

the information obtained is redundant, and in others it is not possible to measure a cell with a 

technique, or the information obtained is not relevant.  

 

3.1 Monochromatic Optical Techniques 

 

The main advantage of using a monochromatic source is achieving smaller spot size, 

compared with broadband ones, below 1 µm. This is important when characterizing sub-micro 

structures. Scanning confocal microscopy has been used for characterize qualitatively the 

fluidics of the cells at this sub-micrometric regime; the other two (Ellipsometry and 

Reflectometry at profile level) give qualitative information on the reflectivity of the cells.  
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3.1.1 Scanning Confocal Microscopy 

 

Confocal scanning microscopy (CSM or SCM) [Sheppard 97] is a technique for obtaining high-

resolution optical images. The main feature of confocal microscopy is its ability to acquire in-

focus images from selected depths, a process known as optical sectioning or tomography. 

Images are acquired for different focal planes and reconstructed with a computer, allowing 

three-dimensional reconstructions of topologically-complex objects. Measuring with confocal 

microscopy can be useful for characterizing nano-optofluidic structures: one of the major 

problems found when measuring this kind of devices is that the fluidic behavior is dependent 

on factors such as topology of the surface, material of the structure, roughness, among many 

others. For example, the fabrication process can modify the properties of the material, making 

it more hydrophilic or hydrophobic, depending on the case. For these reason, it is difficult to 

make an “a priori” estimation of what is going to happen when filling a device with fluid. 

Moreover, other tools for characterization such as Scanning electron microscope (SEM) 

usually work under certain conditions that prevent the use of fluids, i.e. vacuum conditions.   

 

As mentioned, confocal microscope takes information of reflectivity in a single plane. By 

scanning a sample using multiple planes, each other separated a thickness which is the 

resolution in height of the microscope; in the optical setup used this resolution is of 25 nm, 

and processing properly the data, a geometrical model of the structure can be obtained. By 

using this technique, it can be achieved an image such as Figure 21, showing a triangular 

lattice of pillars fabricated in SU-8 resist, of 200 nm in diameter and 420 nm in height, with a 

lattice parameter of 900 nm, over a substrate of silicon dioxide (SiO2). The model obtained is 

quite accurate in comparison with the parameters obtained in the optical characterization, and 

the SEM micrographs.  
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Figure 21.  Lattice of SU-8 columns characterized using a confocal microscope. 
 

Apart from three-dimensional images, also two dimensional topographic images can be built. 

As an example, Figure 22 shows a cell of this kind (in this case, with a lattice parameter of 1 

µm) infiltrated with fluid, the reflectivity of the device changes [López-Romero 2010]. On the left, is 

a top view of the cell (a) infiltrated with water. On the right side, is the cell after removing the 

water on it. Graph (b) shows the height profile in a transversal plane, defined by the green 

line, calculated using the microscope software. Red curve represents the profile for the 

infiltrated sample, whereas black curve is the sample before infiltration. The conclusion of 

these experiments is that the liquid do fill the voids between columns, and the height of the 

fluid layer is almost the pillars height. This information is later taken into consideration when 

calculating theoretical optical models.  
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Figure 22.   Confocal images of nanostructure infiltrated with water. From [López-Romero 2010].  

 

3.1.2 Reflectometry at profile level (RPL) 

 

In Reflectometry, the light is focused on a sample and it is measured the reflected light, for a 

variety of angles or wavelengths. In particular, in RPL wavelength is fixed, since the source 

used is a laser, and the angle of incidence varies over a certain range. Reflectometry at profile 

level [Fanton 1993-1] [Rosencwaig 1992] is an adaptation of an older technique called Variable Angle 

Reflectometry (VAR); and its most important characteristics are that is only performed a 

single measurement for collecting a variety of angles of incidence, and a submicrometric spot 

is achieved, which is important in our experiments as what is being analyzed is nano – 

micrometric structures. The application of this technique is usually characterizing optically 

thin film multilayer stacks. Using multilayer interference models based on Fresnel equations, 

optical parameters (real and complex refractive index) and thickness of each layer can be 

obtained. 

 

The principle of measurement is illustrated in Figure 23. The basic concept is that a coherent 

light beam, in this case a laser beam focused through a high numerical aperture (N.A.) 

microscope objective consists of light rays that are incident on the sample surface with angles 

ranging from 0º to sin -1 (NA). For example, using an objective with N.A. of 0.9 the angles 

range from 0 to 64º. With the proper use of an array detector of a number n of pixels, there is 

a direct correspondence between each pixel and a particular angle of incidence. As stated, the 

main advantage of this technique is that the profile is obtained using a single measurement, 

apart from the submicrometric beam spot achieved.  

a) b) c)

Cell infiltrated with water Empty cell (reference)
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In the experiments, the source used is a laser diode at 675 nm, with a power of 1

objective of 0.9 N.A. and two arrays of

photodetector collects light linearly polarized, one collecting incident light TM polarized and 

the other one TE polarized.

measurement it is collected the reflectivity for a wide range of 

polarizations. The beam size that can be achieved is defined by the diffr

objective, given by Rayleigh criterion
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Figure 23. Schematic of Reflectometry at profile level. 

experiments, the source used is a laser diode at 675 nm, with a power of 1

objective of 0.9 N.A. and two arrays of silicon photodetectors 

photodetector collects light linearly polarized, one collecting incident light TM polarized and 

the other one TE polarized. The most important issue in this technique is that with a single 

measurement it is collected the reflectivity for a wide range of 

he beam size that can be achieved is defined by the diffr

Rayleigh criterion: 

                      70 

 

experiments, the source used is a laser diode at 675 nm, with a power of 1 mW, an 

 of 256 pixels. Each 

photodetector collects light linearly polarized, one collecting incident light TM polarized and 

important issue in this technique is that with a single 

measurement it is collected the reflectivity for a wide range of angles and for both 

he beam size that can be achieved is defined by the diffraction limit of the 
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                                                     ̀ ≈ 0.82 ∗ efU        Equation 13 

 

where NA is the numerical aperture of the microscope objective. In this setup, for a 

wavelength of 675 nm, and a numerical aperture of 0.9, this resolution is in the order of 0.8 

µm. This means that it can be characterized the reflectivity of a submicrometric area. For 

example, in Figure 24 is shown a SEM picture of a fabricated structure consisting of a 

triangular array of holes with a diameter of 625 nm and a lattice parameter of 900 nm. The 

submicrometric spot allows measuring the reflectivity of a single hole. Also is presented the 

reflectivity profile obtained from RPL when measuring this sensing cell.  

 

 
 

Figure 24. Laser beam focused on a hole of 650 nm in width.  
 

Another remarkable aspect of the measurement is that the angles of incidence of light 

collected range from -64 to 64º. This implies that the reflectivity profile has two halves (from 

-64º to 0, and from 0 to º64), which must be symmetric. In case of characterizing a planar 

surface, i.e. a film layer stack, which is the most common situation, both sides of the spectra 

are identical. However, when the surface has a topology with variations in the order or lower 

of the spot size, i.e. the situation when measuring nanostructures, both sides can differ, and in 
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some cases these differences must been taken into consideration. This is also a good indicator 

of where is focusing the light. Figure 25 shows the image of a CCD camera collecting the 

whole reflected beam from a topologically patterned surface. The profile must have 

cylindrical symmetry to ensure that the beam is properly focused. It is shown the reflected 

light spot falling upon the detector will appear (a) far from alignment, (b) close to alignment, 

and (c) almost perfectly aligned. This will be taken into account when the sample is optimally 

focused to achieve the overall size and brightness of the fringe pattern maximized. 

 

 
 

Figure 25. Reflected beam profile captured with a CCD camera. 
 

The angular resolution of the measurement is given by the number of pixels of each array. For 

example, using a array of 256 pixels gives a resolution of 0.5º, as the total range of angles 

covered is 128 (from -64 to 64º). This resolution, which is important when calculating the 

sensitivity of a sensor, can be easily improved by using a doubled-pixel array (516 pixels). 

Another option is using a CCD camera, which gives an angular resolution of 0.01º, and also 

allows analyzing not only the pure polarized reflected rays collected by the linear arrays, but 

the whole profile. This concept is developed in Ellipsometry at profile level, as it will be 

developed below.  

 

Multilayer stack models are used to calculate theoretically reflectivity profiles, in order to 

compare and validate with experimental data, as exposed in chapter 4. The equations used for 

calculate these reflectivity profiles are developed in Apendix 1.  
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3.1.3 Ellipsometry at profile level.    

  

Ellipsometry [Tompkins 05], [Azzam77] is a widely used technique for the measurements of 

thicknesses in the semiconductor industry, and has had also applications in the 

characterization of biomolecules [Arwin 00]. It has high sensitivity and can resolve thickness in 

the order of 0.1 nm or even lower. The main disadvantage is that spots are limited to sizes of 

25 µm or greater, because of the extreme oblique angle of incidence necessary to perform the 

measurement. It is based on polarization changes occurring upon reflection at oblique 

incidence of a polarized monochromatic plane wave. What is measured is the different phase 

between the s and p waves. The most basic ellipsometric configuration has both the incidence 

angel and the wavelength fixed at a single value (Absolute ellipsometry). There are other 

variations, such as Variable-Angle Ellipsometry and Spectroscopy Ellipsometry, but all the 

follow the basic equation for ellipsometry shown in Equation 9. 

 

   
#g#h = tan j ∗ �!∆                    Equation 12 

 

where Rs and Rp are the complex reflectivity for the two states of polarization s and p. Tan ϕ 

and ∆ are the basic parameters measured in this technique. Tan ϕ represents the relation 

between the real part of the reflectivities for pure polarized s (TM) and p (TE) rays, whereas ∆ 

is the phase shift.  

 

Ellipsometry at profile level (EPL) [Leng 98],[Fanton 93-2] is a variation of variable angle 

Ellipsometry, optimized to obtain the smallest possible measurement spot. It uses the same 

optical setup as in Reflectometry at profile level, but the light, instead of being collected by 

the photodiode arrays, pass through a ¼ wave plate and a polarizing cube. The relative 

intensities of the laser profile in four different quadrants are measured using a four element 

photodetector known as quad cell. The optical setup used both for Reflectometry at profile 

level and Ellipsometry at profile level is shown in Figure 26. 
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Figure 26. Schematic representation of EPL. 
 

The light source used in EPL is the same as in RPL: a laser diode at 675 nm. The beam is 

linearly polarized and passes through different beam splitters before focusing on the sample 

by using a 0.9 NA objective. The reflected light is divided into two different optical paths. 

One results in the measurement of RPL already described, while the other is for EPL. The 

light focusing on the sample consists of a light cone of lights covering a continuous range of 

incidence angles from 0 to 64º, and a variety of linear polarization states, which are 

combinations of pure s and pure p polarization states, In opposition to this, the reflected rays 

have elliptical polarization, due to different reflectivity for s and p states, except from the rays 

contained along x and y axes, which are the data collected in RPL.  

 

Because of the geometry of the optical components, the polarization of diametrically opposed 

quadrants is different. By subtracting the sum of the optical intensities in the quadrants 

diametrically opposed (quadrant 1 + quadrant 4- quadrant 2 – quadrant 3), it is obtained a 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       75 

 

 

signal which is linearly proportional to the phase shift referred in equation 5. The idea 

underlying the calculations is that Quadrants 1 and 3 contain mainly s polarization, whereas 

Quadrants 2 and 4 mainly p polarization. One of the limitations of this technique is that the 

total intensity of each quadrant is reducing the level of accuracy for obtaining the phase shift 

because the shorten angles of incidence as well as the angles close to pure s or p polarization 

of the reflected profile in each quadrant do not provide a lot of information. This could  be 

improved by using a high resolution CCD detector in order to analyze those areas of each 

quadrant of the reflected profile that provide with better information (i.e. angles of incidence 

higher than 25 degrees, and angles close to 45 degrees of the reflected profile. The equations 

for obtaining EPL data are more complex than in RPL, and are also developed in Appendix 1. 

 

3.2 Broadband-based optical techniques 

 

It have been also used broadband based techniques in order to characterize nanostructures, 

with a broadband source ranging from ultraviolet to near-infrared, depending on the fraction 

of the light spectra of interest. What is measured is the reflectivity of a sample as a function of 

the wavelength of the incident light. Conventional (using dispersive media) and Fourier 

transform interferometry are described. 

 

3.2.1 Visible and Infrared Spectrometry 

 

Spectrometry is an optical technique used to measure optical properties of a sample over a 

specific portion of the electromagnetic spectrum. The light, usually not polarized focus on a 

sample and the intensity of the electric field of the reflected beam is measured. Prior to this 

the light is separated depending on the wavelength. In this technique, the range of the spectra 

covered is mainly visible region. However, in case of interest, it can be analyzed the 

ultraviolet (UV) and near-infrared (NIR) regions of the spectra, by changing the light source. 

This technique is also used in characterization of thickness of thin layers.  
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In visible spectrometry it is used an optical setup similar as the used in RPL and EPL, 

consisting of a light source, that can be centered in UV, visible or near infrared. The light 

focus on the sample passing through the high numerical aperture microscope, and the 

reflected light is separated into different wavelengths by using a dispersive media, such as a 

diffractive grating. With an array detector light is collected; and each pixel of the array has a 

direct correspondence with the wavelength of the reflected light. Spot size achieved in this 

technique is in the order of 2.5 µm. This is three times higher than the width obtained when a 

laser is used as a source. In Figure 27 is shown the light focusing on a lattice of submicron 

holes and the spectrum obtained for this measurement.  

 
 

Figure 27. Example of spot size in a nanostructure for a white light bulb. 
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3.2.2 Visible and infrared Fourier transform spectrometry (FTIR) 

 

In FTIR spectrometry [Griffiths 07], light passes through an interferometer instead of a dispersive 

media. An interferogram is collected, and after this, a Fourier transform is performed, in order 

to obtain data as a function of wavelength. A FTIR spectrometer contains a Michelson 

interferometer, which is the core element of the device. Light is modulated by the 

interferometer, is focused on the sample, and finally collected by a photodetector. This 

detector collects the so-called interferogram (signal as a function of each position of the 

Michelson interferometer). With a Fourier transform operation, this signal turns into a 

spectrum of reflectivity (or transmitivity) as a function of wavelength (or wavenumber, which 

is a commonly used magnitude in this type of spectrometers). The interferometer increases 

considerably the cost of the equipment, but provides a higher signal to noise ratio, compared 

with dispersive spectrometers, and finally a better measurement resolution, which can arrive 

at the level of picometers.  

 

For the experiments performed it has been used a Fourier Transform Visible-Infrared (FT-

VIS-IR) spectrometer (Bruker Vertex 70 adapted to visible range), provided by Bruker Optics 

[Bruker]. Measurements of the spectrum response were carried out in reflection mode with a 

Cassegrain objective of 15X, with NA = 0.4, which leads to a 15-22º angular range of 

collected light (Figure 28). This small range of angles helps in the theoretical calculation of 

these spectra, which in the other aspects are similar to broadband spectrometry.  The spectral 

range analyzed was from 500 to 1100 nm and the spot size can be reduced up to 20 x 20 µm 

or even less by using a set of apertures.  
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Figure 28. Schematic of the Cassegrain objective used in FTIR spectrometry. 
 

 

This interferometer has several advantages compared with other characterization equipments: 

overall, its versatility, since it can be obtained both reflectivity and transmitivity responses, 

and allows using also a Cassegrain objective of 36x, or standard microscope objectives up to 

60x. Also the measurement size can be reduced, using a higher magnification objective and 

also using the apertures. The signal-to-noise ratio in these cases gets reduced, but remains at a 

level high enough to perform any of these measurements.  

 

3.3 Other characterization techniques 

 

3.3.1 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-Ray photoelectron spectroscopy is a technique that measures the elemental composition, 

empirical formula, chemical state and electronic state of the elements that exist within a 

material.  The setup of conventional XPS equipments is described in Figure 29. The beam of 

X -rays focus on the sample at a certain angle and penetrates into the surface. This X-ray 

beam produces an emission of electrons, which escape only from the very top surface of the 

Beam

Mirrors

Sample
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sample (a few nanometers). These electrons are analyzed using an electron energy analyzer; 

the resonance peaks of the spectrometry curve determine which the elements present on the 

surface are. 

 

 
Figure 29. XPS acquisition setup. 

 

For example, for a typical SiO2/Si sample this spectrum will reveal the presence of Silicon 

and oxygen. Each of these elements has a particular spectroscopy curve, with several 

resonance peaks placed along the spectrum. The advanced features of the technique allow 

detecting, not only the elements present on the shallow layers of the sample, generally given 

in atomic percentage of each of them; but also which are the main chemical bonds. In the 

classical example of Carbon, this allows discriminating between aliphatic carbon (CH3 

groups), carboxylic acid groups (COOH), esters (CO), double or triple bonding with other 

carbons. Though the element has its characteristic XPS curve, the energy of the emitted 

electrons varies slightly depending of the energy of each bonding.  

 

For measuring, the first step is focusing the beam in the target area to analyze, and perform a 

first scanning, covering all the range of electron energy of the detector. This first scan is 

generally named “Survey spectra”, and is used to detect the different elements present in the 

surface, generally given with the help of the equipment software. After this, extra scanning 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       80 

 

 

with higher resolution are performed for any of the peaks of the curve, but with higher 

resolution.  

 

The XPS technique is used in this thesis to characterize plane substrates in which are based 

the sensing cells, in particular of Si/SiO2 substrates, to detect the presence of SU-8 polymer 

after a developing treatment, and finally to ensure the biofunctionalization of the surfaces 

with BSA protein. Some similar works have been found in the literature, for example to 

analyze the hydrophilicity of SU-8 after an oxygen plasma treatment [Walter 07] and the BSA 

adsorption to the surface of the polyphenylacetylene polymer (PPA) [Iucci 06].   

 

The experiments were carried out during the months of September to December of 2010 in the 

“Dipartamento di Chimica”, from the “Università degli studi di Bari Aldo Moro”, within the 

group lead by Nicola Cioffi, in the framework of a three month stage.  
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4 OPTOFLUIDIC SENSING CELLS  

4.1 Overview 

 

The sensing cells proposed in this thesis are a combination of vertical interrogation techniques 

and photonic micro-nano-structures which surface is functionalized with bioreceptors, and in 

which the target fluid or sample is introduced. These structures can be called optofluidic 

sensing cells, since it is not only important their optical response but also their fluidic 

behavior. 

 

The whole process of designing a sensing cell intended to act as a biosensor includes several 

aspects which are interrelated and cannot be considered separately. These four aspects are 

represented in Figure 30. The photonic design, which refers to the optical response of the 

selected structure, and means deciding parameters such as the dimensions of the patterned 

structures, the number and distribution of the film layer stack, and the materials employed. 

This photonic design is intended to maximize the final sensitivity of the sensor, but also has to 

consider the fabrication aspects (the sensor is feasible, and the fabrication process is as simple 

as possible) and also fluidics (the need for functionalizing the surfaces with proteins, even in - 

sized areas). Finally, the characterization techniques to be used have to be considered in the 

first steps of the process (also in the photonic design).  
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Figure 30. Schematic of the important aspects to be considered in the design of the biosensor. 
 

Prior to start the description of each of these design aspects, the following subchapters give 

some clues about what are the basic concepts that must be taking into consideration.   

 

4.1.1 Optical characterization 

 

As mentioned, the use of vertical characterization (with the optical techniques described in 

Chapter 3) provides some advantages from the point of view of the complexity of coupling 

light.  The optical responses obtained have a profile shape with several maxima and minima 

depending on the number of layers, their thickness and refractive indexes. Figure 31 shows an 

example of a curve obtained measuring with spectrometry on a periodic structure of pillars 

(with a diameter in the order of nm). In this case, in the range of 600-800 nm the shape 

present two different dips (the first between 625-650 nm and the other around 750nm). The 
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position of each of this dips shifts when adding a biochemical layer on the surface of the 

pillars. 

 

 
Figure 31. Example of reflectivity profile of a sensing cell, and the shift observed when introducing a 15 nm 

biofilm layer.  
 

One of the advantages of the optical techniques proposed is that almost any configuration of 

cell proposed can be measured, since the coupling of light is particularly simple. Besides this, 

the reduced spot sizes (from 1 µm in Reflectometry and ellipsometry at profile level, and from 

2.5 µm in Spectrometry) allow the fabrication of cells with sizes in these orders of magnitude. 

For example ¸a cell of 10 x 10 µm or even less is feasible.  

 

4.1.2 Photonic design 

 

Considering equations 2 and 3 (sub-chapter 2.3.1.1), maximizing the shift of the dips of the 

curve results in an improvement of the LOD of a given photonic cell, both for refractive index 

detection and for biosensing (the other terms of the equations remain constant, while ∆resonance 

increases). The goal of the photonic design should be, thus, obtaining such a device in which 

this shift is maximized, for a constant change in refractive index. However, as noted in 

2.3.1.1, not only ∆resonance determines the final LOD of the sensor, but in particular the shape 

of the peak plays a role in the estimated value of the uncertainty of the measurements. This 

concept has been deeply studied in the work of White and Fan [White 08]. As a general concept, 

when a peak narrows, the uncertainty of the measure gets reduced, and again, considering 
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Equations 2 and 3, this represents an improvement in terms of limit of detection. How narrow 

a peak is generally estimated using Q factor calculation (directly related with the full width at 

half maximum of the peak, FWHM). 

 

According to this, the optimal situation is maximizing both FWHM (and thus Q) of the peak, 

and its ∆resonance when introducing a biomolecular layer. Higher Q factors are found for 

resonant microcavities. A microcavity [Kavokin 07] has one or several resonances at certain 

wavelengths, or angles of incidence.  Examples of microcavities are the photonic crystal with 

a defect proposed by Chow [Chow 04], or the slot waveguide ring resonators developed by 

Barrios [Barrios 08-1]. A microcavity consists of a resonant cavity (in the order or micrometers, or 

less) and two reflecting mirrors. One common design widely used in photonics is a planar 

waveguide placed between two Distributed Bragg Reflectors (DBR). This structure or a 

similar configuration can also be employed for vertical cavities.  

 

On the other hand, maximizing ∆resonance can be achieved by several ways. One is increasing 

the sensing area of the device. The other option is using such a photonic element in which the 

optical mode travels mainly through the sensing surface. Submicron periodic structures, such 

as lattice of pillars and holes, accomplish these two conditions. These configurations are 

based on similar structures to planar photonic crystals. Photonic crystals (PhC) [Yablonovitch 87], 

[Joannopoulos 08] are materials with a periodic distribution or refractive index, composed of 

dielectric nanostructures that affect the propagation of electromagnetic waves. They contain 

regularly repeating regions of high and low dielectric constant. Electromagnetic waves 

propagate through this structure depending on their wavelength, with wavelengths allowed to 

travel are known as modes, and groups of allowed modes form bands. Disallowed bands of 

wavelengths are called photonic band gaps. This phenomenon can have applications for 

example in low loss wave guiding or waveguide couplers [Martínez 03]. Usually, 2-D PhC present 

their interesting properties in longitudinal transmission, but their characterization by vertical 

reflectivity has not been intensively studied. However, there are some works in the literature 

related to this topic, for example Astratov et al [Astratov 99], with a characterization of a 2D PhC 

for different angles, including vertical characterization and finding interesting results.  
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To understand how the use of a periodic structure, such as a periodic distribution of pillars of 

sub micrometric size, can report any improvement in terms of ∆resonance, the first aspect is that 

the sensing area is increased compared with a bulk sensor or a planar device. This can be 

observed in Figure 32, where the sensing surface of the pillars includes all the surface of the 

cylinder.   

 

 

Figure 32. Comparison between bulk sensing cell and the cell with a periodic lattice of pillars. 
 

Actually, the increase of the surface area can be easily calculated. For example, it can be 

considered a triangular lattice of parameter a, with a radius r and a height of the pillars h. 

Since the structure is periodic, this area can be calculated for the minimum periodic cell, in 

this case an equilateral triangle with a length of the side a. The total sensing surface in the 

bulk cell is the area of the triangle, this is, √lm × o3. In the case of the pillars cell, it must be 

added to the bulk surface the lateral area of the number of cylinders included into the 

equilateral triangle, in this case, one pillar. So the total sensing area of the pillars cell is: 

 

                                 �,!--��� = p√lm ∗ o3q + ℎ ∗ s ∗ t3    Equation 14 

 

And the ratio of increase of sensing area results: 

 

                                  �!������� =  %guvvwxh%yzv{ = |√}~ ∗�G��3∗�∗�∗0
√}~ ∗�G      Equation 15 
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To  give an order of magnitude, for a lattice of 600 nm in lattice parameter, a diameter of 300 

nm and a height of 400 nm, Rincrease =3.41. 

 

But apart from this increase, the most interesting effect is that, when the light is coupled to the 

pillars, the optical modes allowed to travel are confined mainly in the space between pillars, 

and this effect increases when the distance between pillars is small enough. This effect is 

similar to the slot-waveguide effect mentioned in Chapter 2.3.1.6; in this case the high 

refractive index areas are the nanopillars, whereas the air and the biomolecular layer act as the 

low index material. The design of the cell can take advantage of this effect, as it will be noted 

in the next pages.    

 

Finally, there are two important aspects that must be considered and have a great influence in 

the performance of the sensor. The periodic structures can be built directly over a silicon 

substrate, or over a film layer stack of different materials. This stack changes the reflectivity 

and spectrometry profiles, and has a great influence in both the shape of the peaks (and thus 

their Q factor) and the total ∆resonance reached. As it will be exposed later, a three dimensional 

periodic structure can be simplified under certain restrictions to a one dimensional thin film 

layer model, in which this periodic structure is considered as a single layer, with an effective 

refractive index. Several examples using layers of different thickness have been calculated. 

The other important issue to consider is the materials employed for the fabrication of the 

periodic structure and their optical properties. In this thesis, silicon dioxide (SiO2), silicon 

nitride (Si3N4) and SU-8 polymer, with several thickness of film, apart from silicon, are 

considered.  

 

After these preliminary considerations, it seems clear the need of a calculation tool for 

preliminary estimating the performance parameters of the sensor, mainly Q factor of a peak, 

and its corresponding ∆resonance. The development during past years of photonic design 

software, with the rise in the calculation power of computers, allows obtaining accurate 

results. For example, Rsoft software suite [Rsoft] includes a finite difference time domain 

(FDTD) method [Scarmozzino 00] (Fullwave), in which a calculation of all the components of the 

electromagnetic field is performed, even in three dimensions (which means a total of six 
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components, three for magnetic field and three for electric field). However, time and 

computation capabilities required for simulations still continue to be high. The complex 

design process turns into mandatory having a design tool which allows performing fast but 

accurate calculations, in order to optimize the several parameters involved into the design 

process. For this reason, in this thesis also an alternative for FDTD algorithm is proposed, and 

it is based on a combination of Beam Propagation Method [Scarmozzino 00] algorithm and 

analytical reflectivity models for multilayer film stack systems. 

 

4.1.3 Fluidics 

 

One of the most complex issues to deal with when working with sub-micrometric and 

nanometric sensors is taking the target sample to the sensing area. There is a huge variety of 

responses given to this, most of them involving the fabrication of microfluidic channels of 

polymeric materials, in particular PDMS. After evaluating different alternatives, in this thesis 

the solution proposed is the simplest option, which is introducing the liquid just by using a 

micropipette with a droplet of sample. 

 

From the photonic point of view, the conclusion is that using periodic structures as compact 

as possible can help in the improvement of the LOD of the sensor (due to increase on surface 

area and also more fraction of optical mode travelling through the sensing volume). There is 

an important limitation that must be considered. If the material used is hydrophobic, and the 

periodic structures are close enough, capillarity forces will prevent the liquid from entering in, 

at least, a portion of the sensing surface. An example of this is schematically shown in Figure 

33. For pillars to close to each other, and with enough height, the situation can be the 

represented in a). When the walls of the pillars are hydrophilic, the situation is the 

corresponding in b), where the whole sensing surface is wetted by the liquid sample.  
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Figure 33. Cross section of a lattice of pillars, with a droplet pulled on the surface.  
A) for hydrophobic walls B) hydrophilic walls.  

 

 

For example, in a pillar based structure, the liquid will remain in the top of the pillars, and 

will not wet their lateral surface. To overcome this, there are several options, one is using less 

compact lattice (increasing lattice parameter), and another one is increasing the pressure on 

the fluid in order to overcome capillary forces, and finally treating the materials surface to 

make it hydrophilic. In the experimental section of this thesis is described how are 

implemented this options.  

 

4.1.4 Fabrication  

 

From the fabrication point of view, the proposed devices are fabricated with CMOS 

microfabrication processes. This ensures an accurate fabrication, and also may allow a future 

production in a larger scale, which would reduce the cost of each device. The complexity of 

the whole fabrication process must be considered during the design process. How complex is 

obtaining a particular sensing cell can be quantified by the number of steps involved and the 

total time required to complete a fabrication process. This has been one of the reasons for 

using polymers, in particular SU-8, where these steps are fewer, compared with when using 

dielectric materials. 

4.1.5 Target characteristics of the sensing cells 

 

As a summary, the desired characteristic of the optofluidic cells are the following: 
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• Maximized shift of interference peaks and dips when a variation of the refractive 

index in the surface occurs. This is the most important parameter of the sensitivity of 

the photonic cells, and it is given generally in refractive index units (R.I.U.). 

 

• Obtaining interference dips and peaks easily detectable, which means, on one hand, 

obtaining peaks narrow enough and well-defined that can be detected using for 

example an algorithm for minimum and maximum detection. This property can be 

measured using parameters such as full width at half maximum (FWMH), and quality 

factor of the resonance peak (Q factor). On the other hand, having multiple peaks may 

make more complex analyzing the results, thus having few resonances or even just one 

is preferred. 

 

• It is interesting that proposed cells could be potentially scalable for mass fabrication of 

chips, with standard processes used in microelectronic industry, in order to minimize 

the cost per chip and per measurement, and thus making the sensor competitive 

compared with the current products existing in nowadays market.  

 

• The characterization of the sensor must be not complex, or at least as less complex as 

possible. One of the main advantages of the proposed cells is that the measurement 

process is simpler compared with system in which the light is coupled from a fiber to a 

waveguide using grating couplers or inverted tapers, among others. It is important that 

the designed sensor can be characterized with the proposed techniques. On the other 

hand, it must be taken into account which is finally measured, that is fluids in micro 

and submicrometric areas. In this sizes, behavior of fluids differs from which happens 

in macrometric scales. This will be analyzed below.  

 

• Possibility of carrying out multiple measurements with a combination of different 

techniques and with multiple similar devices. This multiple data increases both 

specificity and sensitivity of measurements, making more difficult to obtain a false 

positive or false negative. For this reason, devices with multiple sensing cells are 

fabricated.  
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4.2 Proposed sensing cells 

 

The main conclusion coming from the analysis of what are the target characteristic and the 

specifications of a desired sensor is that it is a complex problem, with several important areas 

that must be considered (summarized in the four cited: photonics, fabrication, characterization 

techniques and fluidics) and highly interrelated. The consequence of this is that there is not a 

solution that optimizes all these aspects. In this subchapter, several sensing cells are proposed, 

each of them with their advantages and disadvantages. After presenting the cells, it is 

described how the theoretical calculations have been performed, and some example expected 

results for each of them. Next steps are analyzing the fluidic behavior in such sensing cells, 

and detailing the fabrication process for some of them. All this data give indication about 

which is the best cell to be used for biosensing.   

4.2.1 Cell based on array of holes 

 

The first cell described is based on a triangular lattice of submicrometric holes, built on a 

Silicon wafer. This cell has been fabricated and characterized using fluids with several 

refractive indexes [Holgado 07], [Holgado 08-1].  

 

Figure 34 shows a schematic view of the cell, with the corresponding dimensions of holes.  

Their shape is not cylindrical, which may have been preferred, but conical, due to limitations 

from the fabrication process, as will be described in 4.6.1. The optical interrogation 

techniques used allow characterizing a single hole (spot size is 0.9 µm, and the holes are 650 

nm in width). This allows measuring the change in refractive index in an extremely small 

volume of liquid, in the order of 0.3 femtolitres [Holgado 07], when measuring just the volume of 

a single hole.  
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Figure 34. Schematic of a cell consisting of an array of holes fabricated over a SiO2/Si Wafer. From [Holgado 07]. 
 

The optical and fluidic characterization of this structure showed unexpected effects, for 

example, after filling the holes, the fluid introduced remained unaltered after at least 30 days. 

The experimental optical data showed a good agreement also with theoretical calculations 

proposed, which is important in order to improve future designs. Several configurations were 

fabricated and characterized, with different substrates and lattice configurations, for example 

Silicon on Insulator (an upper layer of 205 nm, an insulator layer of 3 µm of SiO2 and Silicon 

substrate), silicon substrate with silicon nitride; and arrays from 300 nm in lattice parameter to 

800 and with completely cylindrical holes; however the cell based on silicon dioxide shows 

the schematic of an optimized cell, fabricated to achieve the higher filling factor possible 

(relation between volume of air and total volume) and maximized height (in this case, of 1.3 

µm). 

 

4.2.2 Cell based on array of silicon dioxide pillars 

 

An alternative to holes is using an array of pillars. One of the main advantages comes from 

fluidic aspects; introducing the fluid and attaching the molecules to the surfaces is a process 

much less complex than in holes. The same can be said for cleaning and removing rests of 

unspecific bounded biomolecules. This is essential for having an easy to perform 

measurement protocol. From the optical point of view, there is an effect of confinement of the 
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evanescent field in the gap between pillars as this gap makes lower. This effect is interesting 

because this region in which is confined is the region where the biomolecular reactions take 

place, and may increase sensitivity of the sensor by an important factor. A theoretical 

approach to this typology of device has also been explained [Casquel 08].  

 

Another aspect of design is the multilayer film stack distribution. In the cell of  

Figure 34 there is only a SiO2 layer on a Silicon wafer, of 3 µm in thickness, which gives a 

reflectivity profile with several wide peaks. By using a multilayer film stack this width can be 

reduced. A possibility is having pillars with a top and a bottom layer of the same material, and 

a thicker central layer of another material, emulating a Fabry-Perot resonator.  Figure 35 

shows a general view of the cell proposed. The biomolecules are attached to the surface of the 

pillars, and for the thin layers two different possibilities are proposed: Si3N4 and aluminum. 

The diameter of the pillars is in the order of 500 nm, with a height of 1 µm.  

 

 
 

Figure 35. Schematic of the cell based in array of pillars. 
 

Figure 36 shows one of the particularities of this type of structures, which is the confinement 

effect produced by the periodicity of pillars. This confinement is similar to what occurs in 

slot-waveguides [Almeida 04]. The material with higher refractive index is in this case the pillar 

and the low index regions are the voids, which is the region where the biosensing takes place. 

The confinement is clearly higher as the lattice parameter is reduced: Figure 36-A has the 
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lower lattice parameter (a=600) and the highest intensity in the low index region. This 

intensity decreases for higher lattice para

single pillar.  

Figure 36.  Electric field distributions (TE) for a triangular network with different lattice parameters. The 
smaller the gap among pillars, 

parameter: A) 600 nm, B) 700 nm, C) 800 nm and D) a single pillar.
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lower lattice parameter (a=600) and the highest intensity in the low index region. This 

higher lattice parameter (B- 700 nm and C-800 nm), and finally 

.  Electric field distributions (TE) for a triangular network with different lattice parameters. The 
smaller the gap among pillars, the stronger the evanescence electric field confinement in the gap. Lattice 

parameter: A) 600 nm, B) 700 nm, C) 800 nm and D) a single pillar.
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lower lattice parameter (a=600) and the highest intensity in the low index region. This 

800 nm), and finally D for a 

 
.  Electric field distributions (TE) for a triangular network with different lattice parameters. The 

the stronger the evanescence electric field confinement in the gap. Lattice 
parameter: A) 600 nm, B) 700 nm, C) 800 nm and D) a single pillar. 
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4.2.3 Cell based on array of SU-8 pillars 

 

Microfluidic lab on a chip systems based on polymers [Guber 04] have had a huge development 

the last decade and their development is expected to grow, due to particular properties, such 

as versatility to fabrication, good mechanical and chemical resistance properties, and with an 

optimized fabrication process, easy to fabricate, with a lower number of steps, and therefore 

with lower final cost of the whole chip.  

 

In particular, SU-8 [Microchem] polymer has interesting properties for being used in these cells. 

From fluidic point of view, it has enough mechanical resistance to support high pressures, and 

also can resist temperatures up to 250º C. Regarding to optical aspects, it has a refractive 

index of 1.6 R.I.U. at 675 nm, which is higher than the other polymers used in microfluidics, 

and ensures contrast between buffer solution and fabricated pillars. Finally, it can be 

polymerized in several ways, which include photopolymerization and electron beam 

polymerization, under a single fabrication step. 

 

The proposed sensing cell is basically the same as in 4.2.3: a lattice of vertical pillars over 

which surface is functionalized with bioreceptors. In this case the pillars are not multilayer. 

Instead of this, it has been proposed to include one or several layers over the silicon wafer in 

order to improve reflectivity profiles. This layer can be, for example, a thin Si3N4 layer, a 

layer of SIO2, a combination of both, or Silicon on insulator multilayer stack. Figure 37 shows 

several images explaining this typology of sensors, which has been at the end fabricated and 

used in biosensing for BSA and antiBSA in a recent work [Holgado 10].  
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Figure 37. SU-8 based sensor. From [Holgado 10]. (A) SEM caption of the sensing cell (B) Schematic of a single 

pillar (C) optical microscope image of an array of sensing cells (D) Confocal 3-D topographical image.  
 

Figure 37-a shows a SEM caption from a general view of the sensing cell layout. In b we have 

a single pillar caption, with a schematic of how the BSA proteins and antiBSA antibodies are 

attached, showing also the size ratio between them. Caption c shows an optical microscope 

view from a chip including multiple cells with different parameters (which provoke changes 

in the reflectivity of light, and thus the different colors of the cells, and finally d is a 3D 

optical image obtained using confocal microscopy.  
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4.2.4 Cell based on vertical Fabry

 

This cell is a vertical Fabry

designed with a number of pairs of layers of different materials and a microcavity.  

shows the schematic of the device. The Bragg reflectors are four pairs of Si/SiO

There is a channel built on the surface of the device, where fluid and buffer solution are 

introduced. The bioreceptors are placed in the central cavity. In this 

cell, reflectivity profiles have a sharp resonance at a certain wavelength or angle of incidence

typical of the Fabry-Perot configurations

index in the cavity, as will be stated later

be proposed.  

 

Figure 38. Schematic of sensing cell based in vertical Fabry
 

4.3 Theoretical model

 

Commercially available software

for structures such as these proposed. In particular, 3D finite difference time domain (3D

FDTD method) is widely used for these purposes

proposed a method which combines Beam Propagation method

multilayer interference models. As a first step, fun

time domain (FDTD) method are exposed. 
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Cell based on vertical Fabry- Perot cavities 

Fabry- Perot interferometer, with two Distributed Bragg R

with a number of pairs of layers of different materials and a microcavity.  

shows the schematic of the device. The Bragg reflectors are four pairs of Si/SiO

There is a channel built on the surface of the device, where fluid and buffer solution are 

duced. The bioreceptors are placed in the central cavity. In this architecture

reflectivity profiles have a sharp resonance at a certain wavelength or angle of incidence

configurations and this position is highly sensitive to the refractive 

as will be stated later. Several pair of materials and cavity thickness can 

 
. Schematic of sensing cell based in vertical Fabry- Perot microcavitie

eoretical model 

software, such as Rsoft, allows the calculation of reflectivity profiles 

for structures such as these proposed. In particular, 3D finite difference time domain (3D

FDTD method) is widely used for these purposes. Besides FDTD calculation, h

proposed a method which combines Beam Propagation method (BPM)

multilayer interference models. As a first step, fundamentals of BPM

method are exposed.  
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Perot interferometer, with two Distributed Bragg Reflectors 

with a number of pairs of layers of different materials and a microcavity.  Figure 38 

shows the schematic of the device. The Bragg reflectors are four pairs of Si/SiO2 thin layers. 

There is a channel built on the surface of the device, where fluid and buffer solution are 

architecture of sensing 

reflectivity profiles have a sharp resonance at a certain wavelength or angle of incidence, 

y sensitive to the refractive 

. Several pair of materials and cavity thickness can 

 

Perot microcavities. 

the calculation of reflectivity profiles 

for structures such as these proposed. In particular, 3D finite difference time domain (3D-

Besides FDTD calculation, here is 

(BPM) algorithm, and 

damentals of BPM and finite difference 
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4.3.1 Finite Difference Time Domain Method. 

 

Finite-difference time-domain (FDTD) method is a widely used modeling technique for 

photonic devices [Scarmozzino 00]. Since it is a time-domain method, solutions cover a wide 

frequency range. This makes this method interesting for simulating spectrometry based 

techniques. The time-dependent Maxwell’s equations (in partial differential form) are 

discretized using difference approximations to the space and time partial derivatives. In a 

region which contains no flowing currents or isolated charges, Maxwell´s curl equations can 

be written as six scalar equations. For example: 

 

                                          
4�V4 =  − H� �4�W4� − 4��4" �       Equation 16 

                    
4�V4 =  − H� �4��4" − 4�W4� �                            Equation 17   

 
                           
The other four equations are symmetric equivalents of the above and are obtained by 

cyclically exchanging the x, y and z subscripts and derivatives. The FDTD method solves 

Maxwell´s equations by first discretizing the equations via central differences in time and 

space and then numerically solving these equations in software. The most common method to 

solve these equations, and also the method used by Rsoft software, is based on Yee´s mesh. 

The computation space is meshed into points spaced ∆x, ∆y and ∆z. Also time is divided into 

discrete steps separated ∆t. the E field components are computed at times t= n∆t and the H 

fields at times t= (n+1/2) ∆t, where n is an integer representing the compute step. This method 

results in six equations that can be used to compute the field at a given mesh point, denoted 

by integers i, j, k. Two of the six, corresponding to the previous example, are: 

 

�S�!,�,N���PG =  �S�!,�,N���PG + ∆ �∆� ��"�!,�,N�� − �"�!,�,N�H�� � − ∆ �∆" ����!,�,N�� − �"�!,��H,N�� �                  Equation 18 

 

�S�!,�,N���H =  �S�!,�,N�� + ∆ �∆" ����!,��H,N���PG − �"�!,�,N���PG � − ∆ �∆� ��"�!,�,N�H���PG − �"�!,�,N���PG �               Equation 19 
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These equations are iteratively solved in a leapfrog manner, alternating between computing 

the E and H fields at subsequent ∆t/2 intervals. This method is relatively simple, and is full-

vectorial without limitations on optical effects such as direction of propagation, index 

contrast, or backward reflections. The user should define the spatial and temporal griding, the 

total time of the simulation, and the optical properties of the materials used. The main 

disadvantage of the method is that is quite computationally demanding, in particular for three 

dimensional structures which require a small griding is required (for example, for a biofilm 

layer of 15 nm, with a needed grid of 5 nm or even less). This algorithm is used in this thesis 

to calculate some of the sensing cells proposed.  

 

4.3.2 Beam Propagation Method Algorithm 

 

Beam Propagation Method (BPM) [Scarmozzino 00] refers to a computational technique in 

electromagnetics, used to solve the Helmholtz equation under conditions of a time-harmonic 

wave. BPM works under slowly varying envelope approximation, for linear and nonlinear 

equations. The method is a particular approach for approximating the exact wave equation for 

monochromatic waves, and solving the resulting equations numerically. The simplest 

approach formulates the problem under the restriction of a scalar field and paraxiality 

condition. The scalar field assumption allows the wave equation to be written in the form of 

the Helmholtz equation for monochromatic waves: 

 

                                 4G∅4SG + 4G∅4"G + 4G∅4�G + M�K, �, ��3∅ = 0                        Equation 20 

 

where: 

 
                                  ��K, �, �, 	� = ∅�K, �, ����!�                                                  Equation 21 
 
                                   M�K, �, �� = M���K, �, ��                                                                    Equation 22 
 

With the refractive index distribution defining entirely the geometry of the problem. 

Considering that in typical guided-wave problems the most rapid variation in the field φ is the 
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phase variation due to propagation along the guiding axis, and assuming that axis is 

predominantly along the z direction, this rapid variation can be factored out of the problem 

introducing the so called slowly varying field u as follows: 

 

                                       ∅�K, �, �� = 2�K, �, ���!Nw��xw���                                   Equation 23 
 

Where kaverage is a constant number which represents the average phase variation of the field 

φ, and so is referred to as the reference wavenumber. Now the Helmholtz equation stands as 

follow: 

              
4G�4�G + 2�M�&����� 4�4� + 4G�4SG + 4G�4"G + �M3 − M�&�����3 � = 0                            Equation 24 

 

The above equation is completely equivalent to the exact Helmholtz equation, except that it is 

expressed in terms of u. Assuming that the variation of u with z is slow enough, the first tem 

can be neglected; this is called the slowing varying envelope approximation. With this 

condition, the equation reduces to: 

 

                       2�M�&����� 4�4� = !3Nw��xw�� p4G�4SG + 4G�4"G + �M3 − M�&�����3 �2q                 Equation 25 

 

This is the simplest BPM equation in three dimensions. Given an input field, u(x,y,z=0), this 

equation determines the evolution of the field in the space along the x axis. This equation is a 

parabolic partial differential equation that can be integrated using a number of numerical 

techniques. In the finite-difference approach, the field in the transverse plane is represented 

only at discrete points on a grid, and at discrete planes along the propagation direction (z). 

The goal is to derive numerical equations that determine the field at the next z plane. 

Considering a two dimensional simplification, and with 2!� denoting the field at transverse 

grid point I, and longitudinal plane n, and the grid points spaced by ∆x and ∆z, with the 

Crank-Nicholson method the equation can be discretized as follows: 

 

                   
�u��P∆� = !3Nw��xw�� � �G∆SG + �M |K!, ���PG�3 − M�&�����3�� �u��P��u�3               Equation 26 
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where  3 represents the standard second difference order operator,  3ui=ui+1+ui-1-2ui. Solving 

this equation allows obtaining the electric field as a function of the z axis. The assumptions 

made obviously have a cost associated. The paraxiality condition limits the range of angles, 

and also no backward reflections are considerated. However, this limitation can be overcome 

by implementing several variations to the algorithm, as shown for example in the work of 

Scarmozinno [Scarmozzino 00].The most important advantage is the speed of calculation, 

compared with FDTD method. This algorithm is employed for calculating effective refractive 

indexes in this thesis, as explained in the following subchapter. 

 

4.3.3 Equivalent multilayer method 

 

4.3.3.1 Description of the model 

 

There are several options for obtaining the theoretical reflectivity profiles and ellipsometric 

data of the four sensing cells described. To obtain broadband responses, the option usually 

chosen is using the three dimensional FDTD algorithm. When a photonic device is correctly 

modeled, the accuracy of this method is high. The modeling includes defining the geometry of 

the device, in this case of the sensing cell, the optical properties distribution (real and complex 

refractive index), the spatial and temporal grid, the parameters of the launch input source 

(shape, wavelength, dimensions, angle of incidence), a correct monitorizing of the results, and 

finally defining the parameters of the Fourier Transform performed at the end of the 

simulation.  

 

Rsoft software provides a variety of options for making a good definition of any of the 

sensing cells above described.  The main drawback of this model is the computing capabilities 

required and consequently the time consumed for a single calculation. The computing 

requirements for each simulation basically depends on the total number of grid points in 

which the electromagnetic field components are calculated, thus on the dimensions of the 

modeling space (width, height and depth) and its geometrical grid (this is, ∆x, ∆y, ∆z).  
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This number of point can be reduced either by limiting the dimensions of the space and 

increasing grid sizes. Any of these two possibilities obviously reduces accuracy of the 

measurements. There are two basic restrictions to be considered. The geometrical distribution 

includes a layer of 15 nm in width (the biolayer film) deposited on the sensing surfaces 

(pillars, microholes, F-P cavity). The recommendation is using for this layer at least a 

resolution of 2.5 nm (5 points modeling of this layer). The other restriction is the total volume 

of the space of simulation. This volume depends basically on the spot size of the incident 

beam and the vertical distribution of the cell. For example, for visible spectrometry, with an 

spot size of 2.5 microns, the X and Y dimensions range from -2.5 to 2.5, and the height z from 

-1 to 2 (to cover completely the submicrometric holes and the interface between silicon oxide 

and silicon. A simulation with these parameters gives a RAM required of between 8 and 12 

GB.  

 

The total time of simulation can be calculated by the time needed for calculating a temporal 

slice multiplied by the total number of slices. Temporal grid (∆t) has also to accomplish the 

stability time condition or Courant condition for FDTD, which is: 

 

              �∆	 < HJ P∆VG� P∆WG� P∆�G           Equation 27 

 

Where c is the velocity of light. Finally, total time of simulation is defined by observing the 

temporal signal on any of the output monitors defined. For the sensing cells of this thesis, the 

signal decays after the second term of the reflected light is collected. Actually, there are 

infinite terms of this reflected light, but the intensity of many of them (usually, all of them 

apart from the first and the second) can be neglected. Finally, the number of temporal slices 

calculated is related with the resolution of the wavelength signal (the higher is the number of 

points, the better the resolution). All this constraints result in a total time of simulation of 18-

24 hours using a computer with 16 Gyga Bytes of RAM.  

 

Obviously, these requirements are not an obstacle if the simulations to be performed are a 

few. However, to develop a design process, in which several parameters are still to define (for 

example, in a pillar based structure, period, height, diameter, materials, number of layers and 
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their thickness) it is not completely useful. An alternative to 3D FDTD is proposing a 

simplified 1D model that achieves a real gain in terms of time, and with no significant losses 

in terms of accuracy, as shown by the comparison with the experimental results. This 

equivalent multilayer method proposed is based on a combination of Beam Propagation 

Method and multilayer film stack. The basic idea underlying this simplified method is to 

consider the nanostructure (which can be the array of holes, array of columns, vertical Fabry-

Perot interferometer, or whatever structure proposed) as a thin layer with its thickness and an 

equivalent refractive index, or effective refractive index neff. This allows direct calculation of 

reflectivity spectra and ellipsometric parameters with an analytical model based on 

interference of thin layers and Fresnel coefficients using analytical equations. This model can 

be implemented in any mathematic software, for example Matlab [Matlab] or MathCAD[MathCAD]. 

(Appendix 1).The total time for a simulation performed this way, calculating reflectivity as a 

function of angle of incidence, as a function of wavelength and phase shift change is in the 

order of minutes. Figure 39 shows an example of this for a particular sensing cell, in this case 

a SU-8 pillars lattice built on a SiO2 layer, and covered with a monolayer of protein. This 

turns into a three layer model, as seen in b). Each of the layers has a particular thickness and 

refractive index. While for the SiO2 layer is clear that the thickness and n remain unchanged, 

for the other layers these parameters should be estimated. At the end a thickness and an 

effective refractive index, neff, are calculated. [Casquel 11-1]. 

 
 

Figure 39. Left) Structure of SU-8 pillars covered with protein. Right) Equivalent multilayer model with 
 three layers and the substrate. 
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The main goal of this model is obtaining an appropriate neff for each of the layers. First idea of 

doing this was calculating an equivalent index as a volumetric average of the different 

materials in the structure. This is an approximation which gives a general idea of what is 

happening when changing the refractive index into the structures, but is not as accurate as 

required, based on wrong correlation between experimental and theoretical data. Next step 

proposed was the calculation of an effective index using Beam Propagation Method. This 

method is widely used for calculating effective index in waveguides, in order to design 

dimensions, core and cladding materials, shape, among others. But the calculated index refers 

to the behavior of the waveguide when permanent regime is reached, and this is for 

waveguides of 100 µm in length or higher. The idea to calculate transitory regime is 

considering not only what happens at the end of the waveguide, but an average of the flowing 

of light in the region of simulation.  

 

This can be done by calculating the total phase change experienced by a Gaussian beam 

calculated for all the thickness of the layer.  Rsoft BeamProp software allows measuring with 

a monitor the phase of the slowly varying field u (x,y,z). Given that BPROP measures the 

phase change in degrees, the actual phase of the physical field can be calculated as: 

 

                              ¢ℎo���to`�o��� = H£�� ∗ ¤���	�t ���2¥	 �`�¦� + M�&����� ∗ �    Equation 28 
 

This equation has two terms. In the second term, kaverage represents the reference wavenumber, 

and is an arbitrary value similar to what is defined for BPM algorithm, and z the optical path 

length. Choosing this value will have an influence in the final result. There are two main 

options: considering as a reference the material background, or a value which in these 

calculations is the vacuum. Other option is using the value of the propagation constant for the 

fundamental mode (β). The closer kaverage is to actual k, the more accurate the results will be.  

 

To understand how this is done, Figure 40 shows Rsoft CAD layout images of a three 

dimensional lattice of pillars, with a material defined by its refractive index, in this case the 

pillars are SU-8 and the substrate is SiO2 and Silicon. The parameters of the lattice are:  

a=800 nm, width= 200 and height=500 nm. A monochromatic Gaussian beam of 1 µm of spot 
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size focus on the structure and the light travel on the structure forming a number of modes by 

total internal reflection. BPM software allows measuring an average phase of the beam at a 

particular plane, in the figure defined by the dashed line. Thus each z position has a phase 

value.  

 
 

Figure 40. Schematic of a SU-8 square lattice of 200 nm pillars, with 500 nm in height, and a lattice parameter 
a=800 nm. A Gaussian beam focus on the lattice along the vertical direction. The phase change is calculated for 

each XY transversal plane defined. 
 

Evaluating the phase change along the longitudinal axis, it is obtained a phase monitor curve, 

shown in Figure 41. In this example, kaverage has a value of 7.38, which is the value for a wave 

of 850 nm traveling in the free space (where n=1). The phase has been calculated from z= 0 

(which is the top of the pillars) to z=0.5 µm (the bottom) with a resolution of ∆x=∆y=∆z=5 

nm. 
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Figure 41.Relative Phase change for a Gaussian beam focusing on a square lattice of SU-8 pillars with a= 800 
nm . The calculation is performed using BPM, with a grid size of 1 nm in x and y, and 5 nm in z axis, and the 

wavelength used is 850 nm. 
 

This phase in each z position is related with a value of an average refractive index that the 

beam “sees” in each particular plane. For each position of z, this value of effective index can 

be defined as follows: 

                                        ��11�� !&� = /§0������/�    ∗   HN�V¨                                         Equation 29 

 

where kext=2π/λ. If Phase(z) were lineal, this effective refractive index would be constant. 

Given that there is a variation along z, an equivalent refractive index can be defined to the 

refractive index of a media which has the same total phase variation as the experienced by the 

calculated beam for a given total length z. This equivalent index can be calculated as the 

arithmetical average of neffective. Thus: 

 

��©�!&�-�� = ª ��««�¬¨u��/��P � = H�∗N�V¨ ∗ ª `¢ℎo���P� = §0��� &��!� !���∗N�V¨                         Equation 30 

This definition simplifies enormously the calculation of reflectivity spectra for 3d structures 

such as the examples proposed. For the particular cell exposed in Figure 41, the total phase is 

given by: 

Phase= (10.58.π/180)) + (7.39.0.5)= 0.18+ 3.69 = 3.88 radians 

 

The two terms in the equation represent the phase change that the beam will experience 

trough a reference media (219.58) and the fraction due to the interaction with the 

nanostructure (8.1). Finally, for this example using the equation 8, is obtained:  

 

nequivalent = 3.88/(7.39.0.4) = 1.05 R.I.U. 

 

Once calculated this value, with the example equivalent model of Figure 39, and using 

analytical equations for thin film stack models, Spectrometry or RPL/EPL profiles can be 

obtained. This neff can be also calculated when a biolayer covering the surface of the pillars is 
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considered. The procedure is exactly the same, apart from changing the refractive index 

distribution. As noted before, for this biolayer a refractive index of 1.41 is considered.  

 

4.3.3.2 Discussion of the model 

 

As stated before, the main advantage of using a simplified model is the speed of calculation. 

This has particular importance when performing an optimization of a particular structure, as 

done in chapter 4.5. Accuracy to predict shift in resonant peaks for some of the particular 

sensing cells is well proven due to correlation between experimental and theoretical data.  

 

The other important advantage comes from the nature of the optical techniques. For 

Spectrometry, considering a fixed angle of incidence, obtaining the reflectivity spectrum is 

not a complicated task, just requires some time in adjusting all the parameters involved in the 

simulation and the calculation time. However, modeling EPL and RPL is more complex. The 

main reason is that in this case is required an output monitor that replicates a linear array such 

as the RPL optical setup. This type of output monitors are spatial monitors that store the 

power as a function of position and are much more time consuming than the conventional 

electric field monitors. In some cases, this makes the simulation unviable or at least unviable 

with a reasonably good accuracy.  

 

There are some limitations that must be considered before performing any calculation. As the 

algorithm considers monochromatic source, the nequivalent value is only valid for the calculated 

wavelength.  The changes in the refractive indexes are not solely due to dispersive effects, but 

also due to the dependence of the interaction between electromagnetic field and the periodic 

structures as a function of the wavelength. From the example of Figure 40, Table 4 shows 

equivalent refractive indexes calculated for different wavelengths. 

 

wavelength 350 450 550 650 750 850 

nequivalent 1.0289 1.0380 1.0485 1.0532 1.0521 1.0470 

 
Table 4. nequivalent as a function of wavelength for structure of SU-8 pillars. 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       107 

 

 

However, it can be considered a constant neff for a limited range of wavelengths, for example 

centered in a peak position (a range of 50 nm) as the variations in this case is small. To 

overcome this limitation when the change in the equivalent index is significant, an 

approximation, such as a polynomial interpolation can be used.  

 

As the phase change variation is not lineal (Figure 41), when the height of the columns 

increases or decreases it is needed another calculation. So a different nequivalent is demanded 

when changing any of these parameters: width of columns (or increment of the thickness of 

the protein layer), lattice parameter, height, wavelength, and focus spot size. However this 

does not represent an important problem, as the total time to calculate in each case is in the 

order of minutes or less for nowadays computers, including BPM Rsoft and analytical 

models.  

 

Besides this, BPM only takes into consideration incident angles closes to the perpendicular 

angle (0º), which is known as paraxiality condition [Scamorzinno 00]. From 0 to until 30º, the 

calculation is valid, for angles higher from 30º a comparative between 3D must be performed 

to ensure results. For spectrometry techniques, angles of incidence are usually in the normal 

plane (0º degrees), or in a small angle range (15º to 25º), this angle can be considered constant 

and the spectra calculated with paraxiality condition. For RPL the situation is different, there 

is a variety of angles covering from 0 to 64º. The same situation occurs in EPL. However, in 

our RPL results, interference peaks are in values less than 30º, and in RPL the phase shift 

calculated is similar to the shift obtained an ellipsometry measuring with an angle of 

incidence of 32º. Although these considerations and the other limitations listed above, it is 

important to remark that the utility of the model resides in its simplicity; some information 

about the whole physical effects involved in the interaction is lost, however, an important gain 

in terms of time is finally obtained. This gain will be useful particularly for design 

optimization of the sensor, which is described in detail in subchapter 4. 7. 
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4.4 Calculations of the optical response of the sensing cells 

 

The calculations exposed are for a particular example of each of the sensing cells proposed, 

and for the different optical techniques analyzed: Reflectometry at profile level, Ellipsometry 

at profile level and spectrometry, by using the simplified 1-D model above described.  

4.4.1 Structure based on array of holes 

4.4.1.1 Theoretical model 

 

This cell was the starting point of the development of the vertical sensing cells presented in 

this thesis, and their experimental results validated the theoretical model. After evaluating 

different possibilities, the chosen proposal is a model considering three different layers, apart 

from the silicon wafer. These layers are a layer of SiO2 of 1.72 µm, which is the layer under 

the holes where the etching process stopped. The next layer is an equivalent layer with a 

thickness of 1.38 µm, which is the depth of the holes, and with an equivalent refractive index. 

calculated using BPROP software. And there is an extra layer of fluid that appears after the 

filling process. This conversion to a 1,5-D model is described in Figure 42. 

 

There are two important things to comment on this figure. An extra layer of fluid appeared 

during the experiments, although it was not considered at a first stage. This extra layer is 

covering all the sensing area, and must be considerate separately from the second layer (the 

combination of SiO2 and fluid). Further calculations and experimental measurements 

suggested its existence. More experiments in fluidic behavior, exposed in Chapter 4.6, 

demonstrate that this layer appears in general when nanostructures are involved, and must be 

correctly characterized.   

 

The other point is that the effective refractive index calculated depends on the optical 

technique considered. Figure 42-a shows the beam size of RPL and EPL (0.9 µm), whereas 

the spot size is of 2.5 microns on Figure 42-b (spot size of Visible Spectrometry). Changing 

the spot size also means changing the volume of simulation in BPROP, and at the end 

obtaining a different value of neffective for each characterization technique.  Not only this index 
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change, but also the thickness of the extra fluid layer considered as layer 1. The fluid surface 

tension may imply a higher thickness on the top of a sub-micro-hole. Thus, for spectrometry 

we have an average thickness holes-no holes estimated in 50 nm, and in RPL/EPL the 

thickness estimated has been higher, with a value of 100 nm. 

 

 
 

Figure 42. Theoretical model for cell based on array of holes. a) for RPL/EPL b) for Visible Spectrometry. 
 

 

Figure 43 illustrates the calculations of the effective refractive index considering different 

organic fluids, with refractive index ranging between 1.329 for methanol, and 1.42 for 

cyclohexane. In both cases the wavelength considered was 675 nm, as is the wavelength of 

the laser of RPL and EPL, changing the spot sizes (0.9 µm and 2.5 µm). The refractive 

indexes have higher absolute value for Spectrometry in general. As an example, for methanol 

this index has a value of 1.365 for RPL and EPL, and 1.378 for spectrometry. The reason for 

this is simple: the area covered by the spot of 2.5 µm is higher than in the case of RPL (0.9 
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µm); this area covers a total of seven holes filled with fluid and a fraction of the silicon 

dioxide wafer, whereas for RPL is just one hole and a fraction of the fluid. Since the ratio of 

volume of fluid/silicon wafer is higher in the case of RPL/EPL its refractive index should be 

lower (the refractive index of the fluid is, for methanol, 1.329, and 1.458 for silicon dioxide).  

 

 
 

Figure 43. Theoretical neffective results for RPL/EPL and Spectrometry. 
 

4.4.1.2 Reflectometry at profile level 

 

Using the neffective values above calculated, the 1,5-D model of Figure 42 and the equations for 

reflectivity in multilayer structures (Appendix 1), obtaining RPL profile is immediate. Figure 

44 shows theoretical calculations for RPL for both polarizations, considering different 

refractive indexes for the fluid, which are 1. 329, 1.36, 1.375 and 1.42. Actually these are the 

indexes used later in the experimental characterization (Chapter 5.1). 
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Figure 44.  Reflectometry at profile level for different fluids for cell based on array of holes. a) s polarization b) 

p polarization. 
 

There are two dips at each side of the curve, one between 20 and 30 degrees, and the other 

between 40 and 50. The dips position shift to a higher absolute value of angle of incidence as 

the refractive index of the fluid increase. The shift of any of this dips can be used as a sensing 

magnitude, obtaining a curve of dip position as a function of refractive index, which is a first 

approach to a refractive index sensor. However, the discussion of the theoretical model used 

suggests that is better to use the dip between 20 and 30 degrees, due to paraxiality condition 

(angles higher than 30º should be calculated separately). In Chapter 5.1 a comparison between 

these theoretical results and the experimental characterization is given.  

 

4.4.1.3 Ellipsometry at profile level 

 

For EPL, an equivalent phase shift has been calculated for a range of refractive index of fluid 

filling the holes, represented in Curve of Figure 45. The same as before, to see detailed 

equations in how to calculate EPL response are given in Appendix 1. As every ellipsometric 

curve, presents periodicity. In case of continuing the calculation for more refractive indexes, 

the obtained results are sinusoidal-like.  
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Figure 45. Phase shift as a function of refractive index of fluid for cell based in holes.  
 

4.4.1.4 Spectrometry 

 

Figure 46 shows theoretical calculations for Spectrometry, considering different refractive 

indexes for the fluid, which are 1. 329, 1.360, 1.375 and 1.420. The different maxima and 

minima shift to a higher wavelength as the refractive index of the fluid increase. Any of these 

resonances can be used to detect the refractive index variation.  

 
Figure 46. Spectrometry profiles for sensing cell based on array of holes. 
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4.4.2 Structure based on array of silicon dioxide pillars 

4.4.2.1 Theoretical model 

 

Figure 47  represents the proposed design of the device, and the equivalent multilayer model. 

The pillars consist of three different layers fabricated on a silicon wafer. They are one top and 

one bottom layer, which may act as reflectors, and a central layer which is the microcavity. 

When the surface is functionalized, a biolayer is attached on the surface of the pillars, and an 

extra layer in the top should be considered. The equivalent theoretical model consist of four 

different layers; layer 4, 3 and 2 have the same thickness as the multilayer pillar, and the extra 

layer has the thickness of the monolayer of protein considered. 

 

 
 

Figure 47. Equivalent theoretical model for array of columns. 
 

 

Two different materials are considered for the reflectors: Aluminum and Silicon Nitride. The 

calculations are performed for the two different configurations. The reference curve will be a  

first calculation considering the structure of pillars without any layer of protein in its surface.  

is carried out, being these results the reference data, and, instead of considering the voids 

completely filled with a fluid of a particular refractive index, in contrast with the array of 

holes, what is simulated in this case is the structure with a layer surface of pillars of 15 nm 

and a refractive index of 1.41 (layer of BSA/antiBSA), which is similar to a standard 

monolayer of protein attached to the surface; this situation is closer to a real immunoassay.  
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The dimensions of the cell calculated are: a central layer of SiO2 with a thickness of 800 nm, 

and the thickness of the Si3N4 layers is of 125 nm. For aluminum reflectors this thickness is of 

25 nm.  The lattice considered is a triangular lattice with a diameter of 400 nm and a lattice 

parameter of 500 nm. A more detailed description on these calculations has been published 

elsewhere [Casquel 08].  

 

4.4.2.2 Reflectometry at profile level 

 

In these reflectivity profiles, in Figure 48, there is only a dip, which shifts in the order of 5 nm 

when considering the protein monolayer (dashed line). For aluminum reflectors this dip is 

much narrower. This pattern repeats for spectrometry calculations also. The Full Width at 

Half Maximum (FWHM) is significantly lower for the case of aluminum reflectors.  

This is something expected, since these pillars have a Fabry-Perot like Structure. Using 

different combination of thickness of SiO2 and the aluminum reflectors, diameter and lattice 

parameter of the pillars, this FWHM can be reduced. In this case, this FWHM is of 2 degrees, 

compared with 9 degrees of the dips of the sub-micro-holes structure, and 15 nm for the 

pillars using Si3N4 reflectors instead Aluminum.  

 
Figure 48. Reflectivity as a function of angle of incidence for a) Aluminum reflectors   b) Silicon Nitride 

reflectors. 
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4.4.2.3 Ellipsometry at profile level 

 

For EPL, equivalent phase shift is calculated for different biolayer film thickness, from 0 to 

15 nm, considering a step of 0.5 nm. Each of this thickness has an equivalent refractive index 

associated that should be calculated separately using the 1-D equivalent model, and with the 

desired thickness of Layer 1, instead of 15 nm.  Figure 49 shows curves for both 

configurations:  

 
Figure 49. Phase shift change for a) Aluminum reflectors   b) Silicon Nitride reflectors. 

 

These ellipsometric curves are quite different compared with the curve of Figure 45. First 

difference is the non-periodic shape of the curve. Actually, this periodicity exists, but the 

variation of 0 to 15 nm is not high enough to see the complete shape of the curve. For higher 

thickness, this periodicity appears. The other difference is that there are two combined 

functions on the curves: A linear curve (increasing, for the Silicon Nitride, and decreasing, for 

the Aluminum reflectors), with oscillations up and down this function. The oscillations are 

due to the presence of the small reflectors. It is also remarkable the absolute variation of both 

structures (0.25 radians for silicon nitride reflectors and in the order of 0.5 for the aluminum 

reflectors pillars). 

 

4.4.2.4 Spectrometry at profile level 

 

For spectrometry the situation is similar than for reflectivity as a function of angle of 

incidence. The total shift now is in the order of 15 nm. Figure 50 are the spectrometry profiles 
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for reference (black curve) and for a monolayer of 15 nm (blue curve). The FWHM in this 

case is in the order of 5 for the aluminum reflector pillars, and 50 nm for the silicon nitride 

reflectors.  

 
Figure 50. Spectrometry profiles for   a) Aluminum reflectors   b) Silicon Nitride reflectors. 

. 

4.4.3 Structure based on array of pillars of SU-8 polymer 

 

This sensor is the key device of this thesis, as it is the final design chosen to be used as 

biosensor, and its ability for detect biomolecules is presented in chapter 5. The concept of the 

sensor is simple: a silicon substrate, a buried silicon oxide layer of 1 µm thick, and SU-8 

pillars built on it, with a diameter of 200 nm and a height between 400 and 500 nm. The 

presence of the SiO2 layer is to ease the detection (narrowing dips of reflectance).  

4.4.3.1 Theoretical model 

 

The theoretical model is the same previously introduced as an example in Figure 39, 

consisting of three different layers over the silicon substrate. First layer is the SiO2 layer, with 

a thickness of 1 µm and a refractive index of 1.458. Next layer is a protein layer, with a 

thickness of 15 nm (pair BSA-antiBSA), and a refractive index of 1.4. The reason for 

introducing this extra layer here is that the experiments have shown that the layer of SiO2 gets 

also covered of a monolayer of protein. Finally the top layer is a combination of SU-8, protein 

and air, and its effective refractive index is calculated using BPROP. The calculations 

presented in this subchapter are made for an example design of pillars of 200 nm in width and 

420 nm in height, forming a triangular lattice with a lattice parameter of 800 nm. The 

methodology for the optical calculation of this structure has been detailed elsewhere [Casquel 11].  
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Calculations for this example have been performed for EPL and RPL, similarly to the other 

sensing cells. FTIR Spectrometry is calculated instead of Visible Spectrometry, since is the 

technique which have been finally used to optically characterize the cell.  

 

4.4.3.2 Reflectometry at profile level 

 

With the parameters given, the calculated spectra for reflectometry at profile level are shown 

in Figure 51, for both polarizations. The profile of s-polarization presents a minimum between 

55 and 60 degrees. This minimum can be used to quantify the refractive index variation. The 

total shift is in the order of 2 degrees. For p-polarization, the option could be the maximum 

between 30 and 35 degrees.  

 

 
Figure 51. Reflectometry at profile level for the SU-8 pillars sensing cell. A) s-polarization b) p-polarization. 
 

4.4.3.3 Ellipsometry at profile level 

 

Similar as the other sensing cells, the value of equivalent phase shift is calculated as a 

function of thickness of a biolayer of refractive index of 1.41, with values of thickness 

ranging from 0 to 15 nm, with a calculation step of 0.5 nm.  In this case the resulting curve 

(Figure 52) is almost linear, and the rate of variation of shift is lower than in the other case, in 

particular compared with the silicon dioxide pillars cell. The total variation from 0 to 15 nm 

of biofilm layer is of 0.07 radians, and the curve is almost linear. The oscillations are small 

and can be neglected. 
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Figure 52. Equivalent phase shift as a function of thickness of biolayer for a SU-8 based sensing cell 

 

4.4.3.4 FTIR Spectrometry calculations 

 

The calculation of FTIR Spectrometry is similar to Visible; but it must be considered that the 

Cassegrain objective used covers a range of angles from 15 to 22 degrees (Chapter 3.2.2). 

However, considering an angle of incidence of 17 degrees as an average had shown to be 

satisfactory. In visible spectrometry, this angle was equal to zero (normal incidence); in this 

situation the reflectivity does not depend on the polarization, since Fresnel coefficients are 

equal from s and p. In contrast, when the angle of incidence is non-zero, the difference 

between polarizations must be considered. This is done by averaging both polarizations 

(considering half of the incident light s-polarized, and the other half p-polarized). The 

calculation for this structure, is shown in Figure 53 (black curve for reference data and blue 

when considering a 15 nm monolayer of protein attached to the surface. The curves have two 

main dips between 600 and 850 nm. Each of these dips experiences a shift in the order of 10 

nm. This shift can be increased with changes in the design, as will be shown in the subchapter 

for optimization of the design (Chapter 4.7). 
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Figure 53. Spectrometry for sensing cell based in SU-8 pillars 
 

4.4.4 Structure based in Fabry- Perot vertical microcavities 

4.4.4.1 Theoretical model 

 

For this structure the calculations are much simpler, compared with the other cases, as it is a 

one dimensional multilayer structure itself, and there is no need to calculate any effective 

refractive index. The theoretical model results in a structure of two pair of vertical Bragg 

reflectors. This can be calculated using MathCAD for example, just by considering the total 

number of layers (Appendix 1). As this vertical Fabry-Perot structure is a 1D photonic crystal, 

it has a photonic band gap, with only particular wavelengths or angles of incidence allowed to 

travel through the structure inside this photonic gap. These angles and wavelengths are the 

optical modes and are particularly interesting for sensing purposes.  

 

As a first approach, it is presented a calculation for a particular cell, consisting of a total of 10 

Bragg reflectors alternating Si and SiO2, with a thickness of 150 nm each reflector and a 

cavity of 1 µm in thickness. Same as before, black curve represents the reference data, and 

blue the reflectivity profile when functionalizing the cavity surface with a monolayer of 

protein.  In this case there is no influence of the spot size, as it is a planar structure.  
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4.4.4.2 Reflectometry at  profile level 

 

Figure 54 shows RPL profiles for the F-P structure. The curves show two symmetrical 

interference dips, which shift as expected when changing the refractive index of the cavity. 

These dips are sharp, in contrast with the array of holes or the SU-8 pillars, and quite similar 

to what happens with the aluminum/ SiO2 pillars. FWHM values are in the order of 2 degrees 

for both polarizations.  

 
Figure 54. RPL profiles for Vertical Fabry-Perot structure. 

4.4.4.3 Ellipsometry at profile level 

 

Figure 55 shows the calculated equivalent phase shift as a function of the refractive index of 

the cavity, ranging this index from 1.20 to 1.45 R.I.U. The curve presents a maximum at a 

particular refractive index, similar to what occurs in spectrometry and RPL. An optimized 

design of the structure could take advantage of this peak, centering it at the desired refractive 

index. In this example, the range in which the sensing cell is more sensitive is where d∆/dn 

maximizes, this is from 1.27 to 1.30, approximately.  
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Figure 55. Equivalent phase shift as a function of refractive index of the cavity for F-P sensor. 

 

This maximum is quite interesting and surprising. The total variation of the phase shift is of 1 

radians within a range of 0.02 R.I.U. (from 1.28 to 1.30 of refractive index inside the cavity).  

 

4.4.4.4 Spectrometry 

 

Finally Figure 56 shows the reflectivity as a function of wavelength. There is only one dip 

inside the photonic gap, which is the optimal situation from a sensing point of view. The 

FWHM has a value in the order of 3 nm in this case.  

 
Figure 56. F-P Reflectivity as a function of wavelength. 
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4.4.5 Comparative between multilayer model method and 3D FDTD. 

 

The main advantage of using a simplified multilayer model to perform calculations is that the 

time needed to obtaining results is really low compared when using a more complete model, 

such as 3D FDTD. It must be remarked that to calculate accurately the response of the 

proposed structures, the grid needed has to be in the order of 2.5 nm. This is for a biolayer 

film of 15 nm. If this thickness is lower, for example, in the case of calculating ellipsometric 

profiles, with a step variation of 0.5 nm, obviously the grid required is lower, thus increasing 

the computing capabilities and time required for a single simulation.  

 

Figure 57 shows an schematic of a 3D structure drawn using Rsoft CAD Layout. The cell is 

the second typology described in this chapter, consisting of a Silicon wafer with a periodic 

lattice of pillars of three layers: Two layers of Si3N4 of 200 nm in thickness, and a central 

layer of 800 nm of SiO2. The diameter is of 400 nm, and the lattice has a triangular shape and 

500 nm of lattice parameter. There are two important elements to define: the launch field, in 

this case is a Gaussian beam (there are other possibilities, such as rectangular beam, or 

computed mode file) with a size of 2.5 µm (the spot size of visible spectrometry). This launch 

field is centered in 675 nm, and focus on the surface at an angle of 0º (normal incidence), with 

non polarized light. It is also important to define if this field is a continuous wave (for 

monochromatic waves), an impulse (Dirac delta function) or a pulse, centered on a 

wavelength and with a total pulse duration. For broadband sources, the option chosen is the 

pulse field, with a pulse duration enough to cover all the desired range of wavelengths (a 

shorter pulse duration results in a higher wavelength width, and vice versa). This parameter 

has units of time constant (for Rsoft, µm), and by default is set equal to the value of central 

wavelength (in this case, time equals to 0.675 microns), and for the range of values simulated 

in this thesis, the pulse is wide enough.  
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Figure 57. Rsoft 3D CAD layout for a periodic structure of pillars. 
 

The other element to define is the time monitor, which is the crucial element to obtain good 

results. It has to be chosen its position, size and type. The time monitor stores a certain value 

of the electromagnetic field propagating through the structure. There are several typologies of 

monitor. The basic option is a monitor that stores a component of the electromagnetic field 

(generally E) in just one point, as a function of time. When the simulation is over, the 

program performs a Fourier Transform and gives as a result the value of the field as a function 

of wavelength. This is the simplest option and the less time consuming, since the storing of 

data is made for just one point of all the volume of simulation. Unluckily, this type of 

monitors cannot be used for periodic structures such as the example of the figure. The reason 

is that the reflected field is position dependent. A slight movement of the monitor across one 

of the axes, for example a distance of 100 nm, changes the obtained results.  

 

Thus, is mandatory using other options of monitor. Another typology is the Power monitor. 

The Power monitor stores the values of electromagnetic power contained in all the points 

within the area defined by the monitor, and finally performs a Fourier Transform, giving an 

average of reflectivity as a function of wavelength. This monitor is an approximation to what 

is measured in a conventional photodetector, and is preferred for these simulations; however 
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is more time consuming, compared with the field monitor, since the amount of information to 

store is significantly higher.  

 

The dimensions of the monitor must be at least the same of the dimensions of the spot size or 

higher. For the example of Figure 57, the dimensions are 5x5 µm. The larger the monitor is, 

the more data to store, but the average of the electromagnetic power will be closer to what is 

actually happen in a real experiment, or at least to what is measured with a conventional 

photodetector. Finally, the position of the monitor is chosen close to the launch field, in order 

to not increase the volume of simulation. But if it is too close to the periodic structure 

probably will capture reflected light that is not captured in an optical characterization such as 

the proposed in this thesis, mainly due to diffraction effects. These effects exist, but by using 

a one dimensional model are completely neglected.  

 

Figure 58 shows a comparison between a reflectivity profile as a function of wavelength 

calculated using 3D FDTD (a) and using the simplified 1,5-D model, for the cell of Figure 57.  

The shape of the curve is different; however for sensing purposes what is more important is 

the number of dips, their position and the shift experienced when adding the 15 nm biolayer 

film. Both curves have two dips, and the shift is quite similar (14 nm in FDTD and 13 nm in 

the simplified model), which results in similar detection limit calculations. The position of the 

dips is also different. One is centered in 750 for FDTD and 740 for 1,5-D model, but this has 

small influence from the sensing point of view. 

 
Figure 58. Comparison between calculations using a) FDTD algorithm b) Simplified 1,5D model. 
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In chapter 5 are compared the calculated results of several sensing cells with the experimental 

characterization. These results have shown good accordance. As FDTD calculations are much 

more time consuming, the proposed model seems to be a good option to understand how this 

typology of sensor works, and especially is useful to obtaining an optimized design from the 

sensing point of view. This concept is developed in chapter 4.7.  

 

 

Obviously the reduction in time using a simplified model does not come without a cost. The 

FDTD results should be, at least a priori, more accurate, and are really useful to achieve a 

better understanding of the sensing cells. Its main drawback has been partially overcome in 

latest versions of Rsoft Photonics Suite, which include a really interesting and useful feature, 

which is the possibility of variably gridding the space of simulation, with two gridding values: 

A bulk grid size, which is higher and can be used for volumes with constant refractive index 

(for example, substrates, buried oxide layers) and a edge grid size, lower, and employed in 

regions with the presence of interfaces between different materials: for example, for the 

pillars, and in particular for the biological layers. Another feature is the possibility of grading 

the grid size, with a grid turning smaller in the proximity of interfaces. An example of this 

variable gridding will be a bulk size of 20 nm (or even higher) and a edge grid size of 0.5 nm. 

This reduces drastically the total amount of RAM memory required to perform the 

calculations. 

However, the Courant stability condition states that the minimum time step used (also known 

as stability time) is related with the grid size. The value of ∆x, ∆y and ∆z to be considered in 

this equation is the edge value, and not the bulk, and consequently step times required are 

lower, and so computational time increases.  

 

4.4.6 Conclusions on theoretical calculations.  

 

Four sensing cells have been proposed and their reflectivity, spectrometry and ellipsometric 

profiles have been calculated using a simplified 1,5-D model. Each sensing cell has its 

particularities, advantages and disadvantages in terms of optical response; however the 

responses seem suitable for refractive index sensing. The analysis of the other factors 
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involved in the design of the biosensor (fluidics, fabrication and biochemical characterization) 

will give more clues to choose between them in order to obtain an optimized sensor.  

 

Regarding to the methodology of the theoretical calculations, a 1,5-D simplified model is 

proposed to obtain the information on the optical profiles in a time-effective way. This model 

has the advantage that it is not only immediate, but also allows the easy understanding on the 

physics of the sensor: the attachment of a layer of biomaterial on their surface just represents 

an increment in the effective refractive index of an equivalent layer, and thus a shift which is 

related to the thickness of this layer. However, this model must be validated with the 

experimental data, as done in Chapter 5. An additional help to compare experimental and 

theoretical results is the use of the more accurate 3D-FDTD algorithm. This is done for a 

better understanding of the BSA-antiBSA immunoassay performed at the end of this thesis.  

 

4.5 Fluidics at micrometric/submicrometric size 

 

One of the main issues found when characterizing these sensing cells has been the 

understanding of the behavior of fluids. Microfluidics [Bruus 07] and nanofluidics [Eijkel 05], and in 

particular the integration between microfluidics and optics is a new emerging research field, 

with promising high impact applications in the area of optical lab-on-chip devices [Monat 

07],[Psaltis 06]. This is the case of, for example, tunable Mach-Zehnder interferometers [Grillet 04] , 

photonic crystals [Domachuk 04], [Erickson 06] and ring resonators [Barrios 08-2], [Levy 06], which have been 

demonstrated recently and take advantage of this integration. The capability of characterizing 

optically small volumes of fluid can be applied to improve performance of optofluidic 

devices, and has clearly potential in bioapplications such as drug delivery and label-free 

immunoassays.  

 

Recent progresses in nanofluidics have been centered in the characterization of the flow 

parameters of a fluid in channels of submicrometric sizes, being water generally the fluid. 

These properties depend on not only the size of the channel, but also the hidrophobicity/ 

hydrophilility of the walls; which determine the capillary forces involved in the process. 

Interesting works related to these topics have been carried out, for example considering a 
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combination of hydrophobic and hydrophilic walls [Jokinen 08] and the characterization of 

nanochannels with a width of 27 nm [Han 06]. However, the particular case of study in this 

thesis is different, as there is no continuous flow to analyze, but a filling process of nanovoids 

that will result in a static process.  

 

Nanopatterning topology can change the properties of a surface, as reported in the literature. 

A good example is the work of Gang and collaborators [Gang 05], where they demonstrated that 

an array of nanocavities modifies the wetting behavior; being in this case the lattice parameter 

of the material in the order of 50 nm and even lower. The capillarity forces can be strong 

enough to trap a fluid into a structure, which remains into it until it is removed by heating at a 

high temperature, or blown using an N2 flow, for example. This is the effect found  when we 

found these effects, when characterizing slot-waveguide rings [Barrios 08-2] and when measuring 

an array of holes with different fluids [Holgado 07]. A change in thickness of fluid involves a 

change in the optical length of the travelling light, and thus different reflectivity spectra and 

ellipsometric parameters. Therefore, this behavior must be characterized correctly before 

starting any measurements with biological materials. Other important work in this topic is the 

study performed by Seeman and collaborators [Seemann 05], where an analysis of open channels 

is performed.  

 

Characterization using SEM microscope is not a good option, due to the vacuum conditions 

needed. An alternative is using Confocal microscopy, which allows making a qualitative 

evaluation of the situation when infiltrating fluids. The equipment used has been a Leica1 

Confocal Microsocope, with a data analysis software, owned by Leica, which main feature is 

the 3D imaging of a sample by measuring the confocal reflectivity at different focal planes.  

 

4.5.1 Fluidics of slot-waveguide ring resonator 

 

The slot waveguide ring resonator sensor (described in Chapter 2.3.1.6.) is an interesting 

example of how introducing fluids in open channels of nanometric size (with a width of 170 

nm). Previously to being used as a biosensor, this cell was characterized as refractive index 
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sensor, by measuring liquids with different refractive index [Barrios 07-2]. As an example, the 

images of Figure 59 show the confocal microscope characterization of a slot-waveguide ring 

resonator. The fluid was introduced on the region by just by dropping it on the sample using a 

micropipette. In this situation, there are several options: the fluid does not fill the channel at 

all, it gets partially filled, and finally it is completely filled, even with a remaining amount of 

fluid over the two strip waveguides. In the figure, there are four lines of different colors, 

which represent four planes, each one generating a transversal profile. The ring was firstly 

characterized without liquid (left image) and after this, a droplet of liquid was deposited. 

After a short time (a few minutes, varying depending on the size of the droplet, which is not 

always exactly the same) the droplet disappeared. Recharacterizing the ring the situation had 

changed, as can be seen in the figure of the right. The slot region seems to be almost 

completely filled.  

 

 
 
 

Figure 59. Slot waveguide ring resonator Empty (left) and with water infiltrated (right). 
 

The confocal microscope has not as high resolution as needed for resolving structures in the 

order of size of cents of nanometers, as the geometry of the slot waveguide is not as 

represented in the figure of the left, but it is completely rectangular. However, as a qualitative 

Empty
Nano-channel infiltrated
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evaluation tool is really useful. The transversal profiles of Figure 59 suggest that the fluid has 

filled the slot region, but probably not completely Moreover, there is probably fluid remaining 

on the strips of the ring resonator. The confocal profiles are more closely to the situation 

represented in Figure 60-b. The fluid enters in the slot region, with a height tslot, and also there 

is an extra layer on the rails, both covering their lateral walls, with a thickness trail. Figure 60-a 

shows a top view of the resonator.  

 

 
Figure 60. Slot waveguide Ring characterization.  

 

The optical transmission spectra, as presented in Figure 60, was measured using a tunable 

laser, and introducing several liquids with refractive indexes ranging from 1.32 to 1.42 

Results are in Figure 61. This curve represents the normalized total shift of one of the 

resonance peaks as a function of the increase in the refractive index of the fluid, normalized 

by its wavelength [Barrios 07-2]. The experimental data is placed in between two different 

calculated curves: one for the slot region totally full of fluid, with tslot equal to the height of 

the rail and other for empty slot. The conclusion is that the liquid penetrates into the slot 

region, but does not fully cover all the volume, and the actual situation is close to what is 

proposed in Figure 60-b. 

 

b)a)
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Figure 61. Comparison of dip shift between experimental data and calculation for filled  

slot and unfilled slot.From [Barrios 08-2]. 
 

4.5.2 Fluidics of sensing cell based on an array of sub-micro holes. 

 

The characterization of the cell based on holes, proposed in chapter 4.2.1 also presented 

problems in understanding the fluid filling process. The liquids, instead of just filling just the 

holes, formed an extra layer due to adsorption to the nanopatterned surface. This layer was 

measured optically and had a variable thickness depending on the liquid used, but in all cases 

was in the order of 100 nm. Introducing this thickness also made that the theoretical 

calculations correlated with experimental optical data characterization. Figure 62 shows 

reference SEM and confocal images obtained for this cell, with no fluid on it. 
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Figure 62. SEM images and Confocal topography of the empty array of holes.  
 

Spectrometry data and confocal images presented a good correlation. As the fluid is filling the 

holes, the refractive index of the equivalent layer rises, and eventually the thickness of the 

upper layer of fluid is also higher. This makes the reflectivity spectrum shift, as seen in  

Figure 63.  

~ 650 nm

Confocal scanning micrograph:
Microscope magnification 30x103

650 nm650 nm
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Figure 63. Reflectivity as a function of wavelength for the cell based on sub-micro holes, 

 empty and with water infiltrated.  
 

Several conclusions were extracted from these experiments. The first is that the fluidic 

behavior is not trivial and must be correctly studied and analyzed. A small change in the 

filling process provokes changes in the reflectivity profiles. These changes come from 

changes in the total optical length of the structure, and are similar to which are produced from 

bioaffinity reactions. This can involve confusion and mistakes when characterizing a device 

of these characteristics as biosensor, giving ambiguous results, where there is not clear 

whether the shift of the curves comes from biodetection or from changes in the size of liquid 

extra layer, for example.  A combination of spectrometry and Confocal measurements gives a 

good characterization of the total or partial filling of the holes [Holgado 08-2]. 

 

Another interesting effect observed is that the filling process and the final distribution of the 

fluid over the surface have a slow dynamic. After the droplet evaporates, the liquid forms a 

thin film layer over the structure. The shape and thickness of this film change during time, as 

noted when measuring after several hours, and after a day, shown by the change in the 

reflectivity spectra.  
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4.5.3 Fluidics of a sensing cell based on polymeric pillars 

 

The cell proposed in Chapter 4.2.3. also was characterized by using confocal microscopy, 

after introducing fluid on it.  In Figure 22, left image represents the liquid-infiltrated situation, 

whereas right image the empty sample, or reference. Green lines represent transversal cuts, 

with their profiles drawn in the center graph (red for infiltrated, black for empty).  

 

The transverse height profiles suggest that the fluid almost completely covers the voids 

between pillars, but again with a total height of the fluid slightly lower than the pillars 

themselves, as in the slot ring. Figure 64 shows a three- dimensional map obtained using the 

Leica software, with the same situations as before, with infiltrated and empty samples.  

 
 

Figure 64. a) 800 nm triangular lattice full of water b) without water at all. 
 

Measuring different structures checked that the fluidic behavior was highly dependent on the 

lattice parameter of the cell: reducing this parameter eases the fluid trapping, as expected. 

However, for similar devices it was found that there was no repeatability, presenting this 

behavior important variations. This could be due to factors such as organic rests in the 

surfaces or dirt in general, a small deviation in dimensions of the lattice, or even to the size of 

the droplets and the distance of the device to the chip border. Besides this, the total height of 

the fluid can vary in different areas of the cell, which is the case of Figure 65. 

 

a) b)
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Figure 65. Sample partially infiltrated with water. 
 

4.5.4 Conclusions on fluidics  

 

The characterization of fluid introduced in these nanopatterned structures suggests that before 

any bioassay, the fluidic behavior must be clearly understood, or at least enclosed into narrow 

margins. There is probably too many unknown factors related to what is the actual thickness 

of the fluid layer formed in the space between pillars, holes or the slot region. From the 

optical point of view, this has great influence in the obtained spectra. If the filling of the cells 

is not a repeatable process, this can provoke undesired shifting in the measured peak, and thus 

wrong biodetection analysis.  

 

The solution chosen to overcome problems with thickness of extra layers and filling voids is 

explained with more detail in Chapter 5.3. Basically consist of introducing the sample into a 

periodic pillars structure by throwing a droplet on the structure, with some time for the 

incubation of biomolecules (one hour). After this time, the chip is rinsed and blown with a N2 

flow. This is made to remove not only any remaining fluid but also any unspecific bounding 

on the surface of the pillars.  

 

 

Totally filled

Partially filled
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4.6 Fabrication of sensing cells 

 

Fabrication processes are key part to develop photonic structures and finally validate them by 

experimental characterization. The proposed nanostructures can be fabricated using  processes  

including etching, e-beam lithography, deposition of thin film layers by spin coating, 

chemical vapor deposition, among others. The basic element is a wafer, usually a silicon 

wafer, over which different layers of material are deposited or grown; after this lithography, 

deposition and development process take place, as many times as needed to achieve the final 

structure.  

 

The first device described is the cell based on an array of cylindrical holes (4.2.1), which is 

obtained by several standard fabrication steps. It is also described the fabrication of the device 

based on silicon dioxide pillars (4.2.2), which includes a lift-off process. Finally the structure 

based on an array of polymeric pillars (4.2.3) has a fabrication process which differs from the 

others mainly in the number of steps needed. A monolayer of SU-8 resist is deposited on the 

top of the wafer, and using just lithography and its correspondent development process the 

fabrication is completed. Finally different alternatives for fabrication are studied, which avoid 

using e-beam lithography, which is the step that requires more sophisticated tools, in order to 

reduce final cost of devices.  

 

4.6.1 Fabrication of structure based in holes 

 

This process, already described elsewhere [Holgado 07], is summarized in Figure 66. It started 

with a Silicon on Insulator Wafer (205 nm silicon, 3.01 µm silicon oxides). A 100 nm PMMA 

layer was placed using a spin coater; with e-beam technology the holes were drawn on the 

photoresin. The area inside the holes was removed by using a standard developing process. 

Once the PMMA mask is developed, the next step is an anisotropic and selective Si etching. 

A Reactive Ion Etching (RIE) by means of SF6/C4F8 was carried out by using Inductive 

Coupling Plasma Etching (ICP-Etching). 
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Figure 66. Fabrication steps for the sensing cell based on holes. 
 

When Si layer was removed the etching stopped; an oxygen plasma removed the remaining 

PMMA and the sub-micron cylinders over Si were created. In order to accomplish the target 

SiO2 sub-micron cone-shaped holes a SiO2 etching process was developed. By using this Si 

layer as a mask, a RIE using Ar/He/C4F8 as reactives was accomplished.  

 

The holes achieved into the SiO2 are not cylindrical, as initially intended, but conical. This 

occurs because the etching presents polymerization problems, and also the etching is not 

completely anisotropic; when the gases etch with high power a polymer is formed over the 

walls of the holes. In order to prevent this polymerization the power is lower; which produces 

horizontal etch, and thus the etch ratio is higher at the top of the holes than at the bottom.  In 

this sensor, approximately, the bottom diameter is 400 nm and the top diameter 650 nm. The 
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limit of depth of the holes is when the mask is totally removed; in this structure this limit is 

reached at 1380 nm in depth. Figure 67 shows SEM pictures taken from the fabricated sensor. 

 

 
 

Figure 67. Cross section (a) and top view (b) SEM pictures for array of holes. 
 

4.6.2 Fabrication of structure based in pillars 

 

The process for obtaining the arrays of pillars varies depending on the material used. For 

dielectric materials, this process is similar to holes fabrication, whereas in SU-8 pillars it has 

fewer fabrication steps. Main differences are exposed in this chapter. 

 

4.6.2.1 Pillars with dielectric materials 

 

The starting point a silicon wafer, over which the SiO2 and Si3N4 layers are grown by using a 

Plasma Enhanced Chemical Vapor Deposition (PECVD) equipment. Before starting 

deposition, the wafer must be clean. The wafer is cleaned using a piranha solution with a ratio 

of concentration of 2:1 (two parts of sulfuric acid per one part of hydrogen peroxide). With a 

PECVD equipment, three different layers are grown: first a layer of Si3N4 of 125 nm in 

thickness, then a layer of 800 nm of SiO2, and finally another layer of 125 nm of Si3N4. With 

these steps multilayer stack is accomplished. 

 

 

1.5 µm1.5 µm1.5 µm

650 nm650 nm

a) b)
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As the thickness of each layer determines the final reflectivity profile, it is important to 

control the final thickness of each layer, and ensure a small deviation for previously 

calculated values. Previous experience in fabrication of these layers allowed the definition of 

precise recipes of fabrication, having a final deviation less than 10 nm for each layer. 

However, interferometric measurements are performed to control the final thickness. 

 

Next step is obtaining the mask for the etching process. In this case is being used a lift-off 

mask of chromium. A layer of PMMA resin of 100 nm is spin-coated on the multilayer 

structure, and then the wafer is introduced in the e-beam equipment, and the pillars with the 

desired diameter are drawn. Since this photo-resist is positive, the area inside the holes is 

removed using a development tool, as done in the holes sensing cell. Next step is covering the 

PMMA with a Chromium layer in the order of 30 nm using an evaporator; and finally with a 

dry etching process the structure is finally fabricated. Several things must be taking into 

account in this step. On one hand, two different materials are being etched, silicon dioxide 

and silicon nitride. As the reactives are the same, the etching rate varies from one material to 

another. Generally silicon nitride etches is slower than silicon dioxide. On the other hand, 

chromium has a much slower etching rate than the other materials; because of this the process 

must stop when the last layer of silicon nitride is totally etched, and do not continue, 

otherwise the Chromium layer will be removed and therefore the fabricated structure 

destroyed or seriously damaged. Final step is a O2 plasma to remove rest of metal mask.  

 

The starting idea was to fabricate a complete sensing structure, with an area to deposit the 

buffer solution, that can be called reservoir, and a number of microchannels through which 

the fluid will flow. Inside this channels are fabricated the lattice of pillars, with different 

configurations: rectangular, triangular and honeycomb, and with different lattice parameters 

and diameters. Figure 68 shows SEM captions of the finally fabricated layout, and some 

detailed top views of the structures. Three different widths for the channels were chosen: 5, 10 

and 20 µm. The width of the pillars was of 400 and 600 nm,  
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Figure 68. SEM schematic layout of the device fabricated and top view of several cells. 
 

Some problems presented during the fabrication. As in the ICP etching used to fabricate the 

lattice of holes, the attack is not completely anisotropic, this makes the chromium mask over 

the pillars reduce its width, and this finally results in conical shape of the pillars, as shown in 

Figure 69. This effect is difficult to overcome with pillars of this width (in this case of 400 

and 600 nm) without using a more anisotropic etching, provided for example by inductive 

coupling plasma equipment (ICP).  Figure 70 shows a detail of another structure fabricated. 
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Figure 69
 

Figure 70. Detailed view of a square lattice of pillars. The shape is far from being cylindrical.
 

Actually, the height of these pillars is clearly lower than the height of the channels. This 

means that the chromium 

started etching the Silicon Nitride layer. 

the pillars was quite accurate (

material; this suggest that to obtain a better fabrication of pillars is mandatory to increase the 

diameter.  
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69. SEM captions of fabricated lattice, with conical shape. 

 
 

. Detailed view of a square lattice of pillars. The shape is far from being cylindrical.

Actually, the height of these pillars is clearly lower than the height of the channels. This 

 mask was totally removed during the etching process, and also 

started etching the Silicon Nitride layer. In contrast, the fabrication of the walls surrounding 

the pillars was quite accurate (Figure 71). They maintain the thre

this suggest that to obtain a better fabrication of pillars is mandatory to increase the 
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ape.  

. Detailed view of a square lattice of pillars. The shape is far from being cylindrical. 

Actually, the height of these pillars is clearly lower than the height of the channels. This 

mask was totally removed during the etching process, and also 

In contrast, the fabrication of the walls surrounding 

). They maintain the three layers of dielectric 

this suggest that to obtain a better fabrication of pillars is mandatory to increase the 
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An alternative to obtain high aspect ratio pillars is using polymeric materials instead 

dielectrics. Their main advantage is that the fabrication process consists of less steps. Next 

subchapter shows how cell of sub

cylindrical shape of their conceptual design. Regarding to the fluidics of the channels, 

although the first approach 

of a reservoir and several microchannels, finally introducing the target sample into the sensing 

area just by dropping water on it was a solution not only easier but also reproducible. 

 

4.6.2.2 Pillars based on polymeric materials

 

Polymers are widely used for fabricating microfluid

broad range of material, chemical and optical properties, and allow the designing and 

fabrication that cannot be obtained by any other class of material or process. For example, 

polydimethylsiloxane (PDMS) is nowadays the most commonly used material for 

bio/microfluidic applications, as can be noted by the huge number of publications every year 

involving this material (up to three hundred in 2006, for example).

 

Several advantages of polymers are: they are easy to fabricate, generally are biocompatible, 

which is a key point when performing bioassays, and present good optical properties. In 

particular, photopolymeric materials can be fabricated using lithographic te

electron [Pepin 04] or two-photon
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Figure 71. Detail of a microfluidic channel. 

An alternative to obtain high aspect ratio pillars is using polymeric materials instead 

dielectrics. Their main advantage is that the fabrication process consists of less steps. Next 

subchapter shows how cell of sub-micro pillars obtained with this materials 

cylindrical shape of their conceptual design. Regarding to the fluidics of the channels, 

 to the microfluidic design was developing such a design consisting 

everal microchannels, finally introducing the target sample into the sensing 

area just by dropping water on it was a solution not only easier but also reproducible. 

n polymeric materials 

Polymers are widely used for fabricating microfluidic systems [Becker 08]

broad range of material, chemical and optical properties, and allow the designing and 

be obtained by any other class of material or process. For example, 

polydimethylsiloxane (PDMS) is nowadays the most commonly used material for 

bio/microfluidic applications, as can be noted by the huge number of publications every year 

erial (up to three hundred in 2006, for example). 

Several advantages of polymers are: they are easy to fabricate, generally are biocompatible, 

which is a key point when performing bioassays, and present good optical properties. In 

ic materials can be fabricated using lithographic te

photon [Knoll 06] beam lithography.  
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An alternative to obtain high aspect ratio pillars is using polymeric materials instead 

dielectrics. Their main advantage is that the fabrication process consists of less steps. Next 

o pillars obtained with this materials maintain the 

cylindrical shape of their conceptual design. Regarding to the fluidics of the channels, 

to the microfluidic design was developing such a design consisting 

everal microchannels, finally introducing the target sample into the sensing 

area just by dropping water on it was a solution not only easier but also reproducible.  

[Becker 08], because they offer a 

broad range of material, chemical and optical properties, and allow the designing and 

be obtained by any other class of material or process. For example, 

polydimethylsiloxane (PDMS) is nowadays the most commonly used material for 

bio/microfluidic applications, as can be noted by the huge number of publications every year 

Several advantages of polymers are: they are easy to fabricate, generally are biocompatible, 

which is a key point when performing bioassays, and present good optical properties. In 

ic materials can be fabricated using lithographic techniques, such as 
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For fabricating a vertical sensing cell it has been chosen SU-8 [Microchem] polymer, which is one 

of the most important photoresist used in high aspect ratio (HAR) lithography [Del Campo 07];  

also have other properties that make it suitable for the bioassays proposed in this thesis: as 

there is low energy needed for photopolymerization, the fabrication requires short time of use 

of tools; it supports relatively high pressures and temperatures, thus it support the  infiltration 

with fluids, and its refractive index (1.6) is high compared with the refractive index of the 

proteins and biomolecules to measure (usually in the order of 1.4), thus there is a significant 

refractive index contrast.  

 

4.6.2.3 Properties of SU-8 

 

SU-8 is a chemically amplified photoresin, in which a post exposure process (known as post- 

bake) provokes a secondary chemical reaction that cross links the material. It contains a 

oligomer epoxy Bisphenol A with eight reactive epoxy groups (Figure 72).  

 

  

 

Figure 72. Chemical structure of SU-8 resist. 
 

It has interesting mechanical properties [Hammacher 08] (Table 5): low Young-modulus, which is 

ideal for being used as building material for structures such as cantilevers or microchannels; 

resistance to pressure, which makes interesting for its use in MEMS [Lorenz 98],microfluidics 

[Carlier 04], lab on a chip systems [Jiang 08], optical waveguides [Nordström 07], and also for  

biosensors [Esinenco 05]. 
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Properties Value 

Young Modulus (postbake at 95 ºC) 4.02 GPa 

Young Modulus (hardbake at 200 ºC) 4.95 Gpa 

Maximum strength (hardbake at 200 ºC) 34 MPa 

Friction coefficient (postbake at 95 ºC) 0.19 

Glass temperature (cross linked) > 200 ºC 

Degradation temperature (cross linked) 380 ºC 

Thermal expansion coefficient (postbake at 95 ºC) 52 ppm K-1 

Refractive index at 639.5 1.6 R.I.U. 

 
Table 5. Properties of SU-8 2000.5 photoresin. From [Hammacher 08]. 

 

The most important characteristic from the fabrication point of view is that the resin is 

polymerizable using photolithography (for example, UV lithography) and electron-beam 

lithography. The material needs low levels of energy for polymerize, and this factor reduces 

drastically the exposure process time. 

 

Several chips have been fabricated with different multilayer structure, and also varying 

diameter and lattice parameter. The substrates chosen were Silicon Wafer, Si Wafer with a 1 

µm SiO2, and a Si Wafer with a 90 nm layer of Si3N4.  

 

4.6.2.4 Fabrication process 

 

Figure 73 represents the schematic layout for the fabricated chips. Each sensing cell has a size 

of 60x60 µm. Each file represent a lattice parameter, from 400 nm (file 1, at the bottom), to 1 

µm. Rows 1 to 8 (starting by the left) are quadratic lattices, whereas row 9 to 16 are triangular 

ones. Each cell inside a particular file has different exposure time, in order to achieve 

variations in the diameter of the pillars. Each biochip has a total of 112 sensing cells per chip, 

and is an example of what could be a future development with multiple cells inside a chip, 

each one measuring a different analyte. The total size of the substrates used is of 1 mm x 1 

mm. A first glance could suggest that the layout is emulating the well distribution 

characteristic from ELISA tests. Actually this was not the first idea, but in any case the fast 
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fabrication of the device clear

multiple chips in a single device.

 

Figure 
 

The fabrication process has been described in 

multiple steps.  At a first stage, is important to clean the substrates to remove any particles or 

organic residues remaining in the surface. This cleaning improves the adhesion of the SU

the substrate, resulting in a better uni

cleaning protocol, widely used in microelectronic fabrication processes. 

cleaning of the surface with optic paper and acetone, an acetone bath in an ultrasound 

equipment, after this an immersion in Piranha dissolution (H

minutes, at 80 ºC; hydrofluoric acid etching (HF:H

in hydrochloric acid during 20 minutes (HCl:H

washed with ultrapure water and ethanol, and are 

dissolution removes organic rest, whereas HF removes the SiO

1.5-2 nm). The last step of the cleaning process is he

minute using a hotplate.  
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fabrication of the device clearly demonstrates the capability of this technology for integrating 

multiple chips in a single device. 

 
Figure 73. Layout for SU-8 optofluidic sensing cells 

has been described in a recent work [López-Romer

At a first stage, is important to clean the substrates to remove any particles or 

organic residues remaining in the surface. This cleaning improves the adhesion of the SU

the substrate, resulting in a better uniformity of the deposited layer. It has been used a RCA 

cleaning protocol, widely used in microelectronic fabrication processes. 

cleaning of the surface with optic paper and acetone, an acetone bath in an ultrasound 

immersion in Piranha dissolution (H2SO4: H

minutes, at 80 ºC; hydrofluoric acid etching (HF:H2O2   1:10) during 60 seconds, and etching 

in hydrochloric acid during 20 minutes (HCl:H2O2:H2O 1:1:6). Finally the substrates are 

washed with ultrapure water and ethanol, and are dried with a N

dissolution removes organic rest, whereas HF removes the SiO2 native layer (in the order of 

2 nm). The last step of the cleaning process is heating the chip up to 100 ºC during a 
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Romero 10], and consists of 

At a first stage, is important to clean the substrates to remove any particles or 

organic residues remaining in the surface. This cleaning improves the adhesion of the SU-8 to 

formity of the deposited layer. It has been used a RCA 

cleaning protocol, widely used in microelectronic fabrication processes. It consists of a 

cleaning of the surface with optic paper and acetone, an acetone bath in an ultrasound 

: H2O2 2:1) during 20 

1:10) during 60 seconds, and etching 

Finally the substrates are 

with a N2 flow. The Piranha 

native layer (in the order of 

ating the chip up to 100 ºC during a 
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After this, a SU-8 layer is deposited on the substrate using a spin-coater equipment. The 

thickness of the layer depends on the rotating speed of the plate and the type of resin used. For 

this fabrication it was used a resin SU-8 of the 2000.5 family, commercialized for Microchem 

Corp [Microchem]. With this resin, and at a speed of 5000 r.p.m., the thickness obtained is 

between 400-500 nm, with a good uniformity, except in the borders. As the size of the 

substrates is of 1 mm x 1 mm, in the centre of the chip there is available space enough to draw 

the layout of  

Figure 73 considering uniform thickness. 

 

After the spin coating, the sample is heated in a process called Soft-bake, which helps in 

removing the dissolvent of the photoresin, which in this product is Cyclopentanone, and 

moreover improving the adhesion of the resin layer to the substrate. Typical values for the 

temperature of the soft bake are in the range of 80 ºC to 120 ºC. Higher temperatures can 

provoke a thermal cross linking of the structure. The 2-D periodical patterns are performed by 

e-beam using a high resolution electron beam system, at an energy of 50 KeV. This energy is 

higher than energies reported in the literature, i.e. the work of De Vittorio et al [De Vitorio 04], 

where a 300 nm lattice is reached, with an energy of 5 KeV, but a lower height (300 nm).   

 

For a given e-beam current, a matrix of 2D spot periodic patterns, with various lattice 

parameter (400 nm–1 µm) and different e-beam exposure times (texp) that ranged from 20 to 

50 ps, was created. From the layout of Figure 73, each row represents a lattice parameter, 

starting from 400 and increasing in 100 nm each row. Columns 1 to 8 were quadratic lattices, 

whereas columns 9 to 16 were triangular lattices. Each of the cells had a particular exposure 

time in order to optimize fabrication. After exposure, the samples were baked (PEB) on a hot 

plate for 1 min in order to selectively cross-link the exposed portion of the films. Several PEB 

temperatures (TPEB) were studied, ranging from 75 to 110 ºC. Post bake is carried out for 

enhancing the polymer cross-linking. The areas of the polymer exposed to the e-beam current 

do harden and they are converted in non-soluble to the developer material. An overheating or 

excess of time can generate undesired cross linked areas, which have had some exposition. 

This is a key point of the process; and determines the final quality of the fabricated structure.  
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After the postbake, the resin is developed, using the specific chemical developer given by the 

resin provider. This process is fast, we used an immersion of 10 seconds to remove all the 

material. The rest of liquids in the sample are cleaned with a N2 flow at low pressure (2 bar), 

to prevent damage in the array of columns (which still have not been hardened at their 

maximum). Finally an optional step is the hardbake, which enhances the hardening of the 

resin, resulting in its optimal mechanical and chemical properties. As these chips were 

intended to be used in bioassays, with chemical process involved, the hardbake was 

performed, at 150 ºC during 15 minutes over a hotplate. Next figures are SEM captions of the 

fabricated structures. Figure 74 is a lattice of pillars with 1 mm of lattice parameter. The 

height of the pillar is in the order of 450 nm, and its width of 200 nm.  

 

    
 

Figure 74.a) Lattice of SU-8 pillars. b) Detail of a single pillar. From [López-Romero 10]. 
 

A curious effect is produced when reducing lattice parameter. Pillars join each other by the 

top forming structures as shown in Figure 75. This have been reported. As SU-8 is a 

chemically amplified resin, the diffusion of the photoacid generated during the post exposure 

baking. The collapse occurs when the adhesive forces between the features in contact 

overcome the forces required for bending them. It may take place during development and 

rinse and is a consequence of the capillary forces acting on the resist walls during solvent 

evaporation. Figure 75  shows the collapse of different nanostructures. Several columns join 

to each other forming curious patterns. This effect is an important limitation for the 

fabrication process, since states a limit for the lattice parameter. Actually, this limit is related 

also with the height of the pillars (the higher they are, the more probability of collapsing) and 

a) b)
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with the lattice parameter itself (when the pillars are closer to each other, the attractive forces 

are higher and thus they are more likely to join each other). Another explanation for this 

comes from the energy used for polymerizing the material, which is low, and

affects to the resistance of the pillars from bending. 

               

Figure 75. Collapse of SU
 

These problems are overcome

out in this thesis, structures with a

problems of collapsing.  From 700 nm to 1 

correct. Although different exposure time are used for each lattice parameter, the diameter of 

the pillars is roughly the same for all, with a value around 20

420  nm, which are the parameters used for the theoretical calculations. 

Figure 76- SEM micrographs of arrays of SU

 

a)
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attice parameter itself (when the pillars are closer to each other, the attractive forces 

are higher and thus they are more likely to join each other). Another explanation for this 

comes from the energy used for polymerizing the material, which is low, and

affects to the resistance of the pillars from bending.  

 
Collapse of SU-8 structures. a) Top view b) general view. From 

These problems are overcome with a higher lattice parameter. During the experiments carried 

structures with a lattice parameter under 700 nm generally presented 

From 700 nm to 1 µm, Figures 76 to 80 show that the fabrication was 

ent exposure time are used for each lattice parameter, the diameter of 

same for all, with a value around 200 nm, and a height in the order of 

nm, which are the parameters used for the theoretical calculations. 

 

  

 
of arrays of SU-8 pillars, of 700 nm of lattice parameter, and width of 200 nm. 
Left: quadratic lattice, right: triangular lattice. 

a) b)
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attice parameter itself (when the pillars are closer to each other, the attractive forces 

are higher and thus they are more likely to join each other). Another explanation for this 

comes from the energy used for polymerizing the material, which is low, and this probably 

       

) Top view b) general view. From [López-Romero 10]. 

lattice parameter. During the experiments carried 

lattice parameter under 700 nm generally presented 

show that the fabrication was 

ent exposure time are used for each lattice parameter, the diameter of 

0 nm, and a height in the order of 

 

 

nm of lattice parameter, and width of 200 nm. 
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Figure 77. SEM caption of triangular lattice of SU-8 pillars. In order to improve the SEM captions, the sensing 
cells can be covered with a thin layer of metal. This has been done in cells in which a whole biorecognition 

process has been performed.  
 

Figure 78 shows a cell with a lattice parameter of 600 nm, after covering the columns with a 

layer of BSA and antiBSA proteins, and with a post metallization of Au/Pd of 30 nm using a 

sputter equipment (in order to improve SEM pictures). The diameter in this case is in the 

order of 300 nm (200 nm of diameter of SU-8 pillars, 30 nm of biolayer film, plus 60 nm of 

diameter added by the Au/Pd film. This figure shows clearly how the columns collapse, and 

the difficulties to reach a sensing cell with a lattice parameter lower than 700 nm.  

 
 

 
 
 

Figure 78.Collapse of structures of a lattice parameter of 600 nm, after biochemical process. 
 

In contrast, Figure 79 and Figure 80 show sensing cells with lattice parameters of 800 and 

1000 nm, in which there is no collapsed structure, and have good periodicity and uniformity. 

This pictures demonstrated also that the cells support all the fluidic infiltration and the 
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biochemical process, since as mentioned are taken once performed a complete BSA/antiBSA 

immunoassay on them.  

 
Figure 79. (a) Quadratic lattice of SU

 

Figure 80. Triangular lattice of SU
 

Finally, Figure 81 shows an image of a chip of 1 cm x cm where several arrays of sensing 

cells based on this typology of pillars have been fabricated. This figure giv

integration capabilities of these sensing cells. 
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lattice of SU-8 pillars with lattice parameter of 800nm (b) Triangular lattice

 
. Triangular lattice of SU-8 pillars with lattice parameter of

an image of a chip of 1 cm x cm where several arrays of sensing 

cells based on this typology of pillars have been fabricated. This figure giv

integration capabilities of these sensing cells.  

b)
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biochemical process, since as mentioned are taken once performed a complete BSA/antiBSA 

 

(b) Triangular lattice. 

 

pillars with lattice parameter of 1000nm 

an image of a chip of 1 cm x cm where several arrays of sensing 

cells based on this typology of pillars have been fabricated. This figure gives an idea of the 
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Figure 81. Example of chip of 1 cm x 1 cm with a set of arrays of BICELLs. 
 

4.6.3 Laser direct writing  

 

An alternative to using CMOS techniques to fabricate sensing cells evaluated for this thesis is 

using laser-based fabrication systems. Their main advantage is the reduction of fabrication 

steps, generally it is only needed two: deposition process and material ablation (or exposure, 

in case of photopolimerizable materials, such as SU-8 polymer). Other advantages are the 

possibility of obtaining complex structures, and the wide variety of materials that can be 

processed. In particular, processing polymeric materials is an interesting area, due to their 

particular optical properties in the ultraviolet spectrum range, which is the wavelength range 

of the most common laser microfabrication systems. In this range, polymers present a high 

value of optical absorption.  

 

Two are the alternatives of fabrication on laser microfabrication: direct removing of material 

(ablation), or photopolymerization (when using photoresist, like SU-8). The incident energy 

of the laser beam is used to vaporize or cross link the material, for an appropriate wavelength. 

Lasers used for this purpose are  for example exciter-based, which have emission wavelengths 

of 250 nm or even lower, i.e. Kef provides a 248 nm centered peak with a top hat beam with a 

good quality; or solid state lasers based on Nd:YAG crystals, with harmonic generation, using 

generally the third harmonic, with the emission wavelength centered at 355 nm.  
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Not only is the wavelength important during the fabrication process, but also the beam width, 

shape and quality, and the interaction time. Nowadays lasers with a pulse width of 

nanoseconds, picoseconds and femtoseconds are available in the market [Spectra], and have 

demonstrated high quality in ablation process, as there is less thermal damage to the surface, 

obtaining structures with less roughness. However, nanosecond lasers are still a good 

alternative, as the results obtained are good when optimized [Molpeceres 07], [Molpeceres 09], and the 

maintenance of the equipments is less complex and are more robust in general. 

 

A microfabrication system consisting of a three-dimensional positioning system, with three 

axis, each one with a resolution of 0.1 µm, and two laser sources: an excimer laser of Krypton 

Fluoride (KrF) emitting at 248 nm, and a solid state laser with an harmonic generator, 

emitting at 355 nm, previously detailed [Molpeceres 05] is proposed as an alternative equipment 

for fabrication. The system software also allows automatic process, by designing structures 

using a CAD platform and converting these data to numerical control instructions.  

 

These two lasers have different beam properties; the solid state laser has a Gaussian beam 

shape, whereas the excimer shape is Top Hat (rectangular shape), which consists of a 

rectangular beam with uniform energy. This beam focus into the samples though a set of 

different mask, each one for a different geometry. For example, Figure 82 is a periodic 

structures of holes fabricated on a Si/SiO2/Perilene photoresin layer structure, with a 

projection mask consisting on a hole of 250 µm. The relation between the mask and the 

projected beam is 10:1, as the holes have a diameter of 25 µm, with a lattice parameter of 35 

µm. Holes of lower diameter can be obtained using smaller diameter masks, and with 

improvements of the optical system, until the diffraction limit. Some examples of structures 

obtained using this process can be found in the literature, for example waveguides fabricated 

by laser writing in SU-8 [Raba 07], photonic crystals in SU-8 obtained by interference of several 

laser beams [Miziekis 05].  
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Figure 82. SEM picture of periodic lattice of holes fabricated by d

 

One advantage of this technology is that a more complex device can be fabricated by only one 

exposure to the beam when using an appropriate projection mask; for example this lattice of 

holes. The mask are also fabricated using a laser, 

metallic, which reflect the light, in contrast with polymeric materials, for example, which 

absorb light in the UV range and can degrade fast with relatively high laser power. 

processing of metallic materials is dif

is using a solid state laser, with higher power. 

 

Finally, photopolymeric resins can be cross linked using direct laser exposition instead of UV 

and e-beam lithography [Sanza 10]

this method, achieving patterned structures in the micrometric size

energy required is much lower than in the case of di

the exposure process can be an interesting alternative. 

micropillars of over 10 µm in diameter and 500 nm in height, with a lattice parameter of 

µm over a Silicon wafer with a spin coated layer of SU

as the nanopillars lattice fabrication, but 

A) is a SEM caption and b) 

obtaining good aspect structures; higher energy makes wider pillars, but also produces 

undesired cross-links in the gap between columns. 

for the exposure, fabricated using a
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SEM picture of periodic lattice of holes fabricated by direct ablation using 

One advantage of this technology is that a more complex device can be fabricated by only one 

exposure to the beam when using an appropriate projection mask; for example this lattice of 

The mask are also fabricated using a laser, and the materials used are generally 

metallic, which reflect the light, in contrast with polymeric materials, for example, which 

absorb light in the UV range and can degrade fast with relatively high laser power. 

processing of metallic materials is different from polymeric; an option to fabricate the masks 

, with higher power.  

Finally, photopolymeric resins can be cross linked using direct laser exposition instead of UV 

[Sanza 10]. In particular, SU-8 structures resin has be

patterned structures in the micrometric size [Sanza 

energy required is much lower than in the case of direct ablation. Using an excimer

n be an interesting alternative. Figure 83

m in diameter and 500 nm in height, with a lattice parameter of 

m over a Silicon wafer with a spin coated layer of SU-8. The fabrication steps are the same 

as the nanopillars lattice fabrication, but using laser exposure instead of e

b) a confocal image. The level of energy employed is important for 

obtaining good aspect structures; higher energy makes wider pillars, but also produces 

links in the gap between columns. Figure 84 shows the projection mask used 

e exposure, fabricated using a solid state laser. This structure can also be used as 
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irect ablation using an excimer laser.  

One advantage of this technology is that a more complex device can be fabricated by only one 

exposure to the beam when using an appropriate projection mask; for example this lattice of 

and the materials used are generally 

metallic, which reflect the light, in contrast with polymeric materials, for example, which 

absorb light in the UV range and can degrade fast with relatively high laser power. The 

; an option to fabricate the masks 

Finally, photopolymeric resins can be cross linked using direct laser exposition instead of UV 
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[Sanza 11]. In this case the 

rect ablation. Using an excimer laser to 

83 shows an array of 

m in diameter and 500 nm in height, with a lattice parameter of 25 

8. The fabrication steps are the same 

laser exposure instead of e-beam lithography. 

employed is important for 

obtaining good aspect structures; higher energy makes wider pillars, but also produces 

shows the projection mask used 

solid state laser. This structure can also be used as 
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biosensor, as reported [Sanza 11]. This is a promising result; the use of lasers as lithography 

sources involves versatility of geometry and materials, and can reduce the final cost of the 

devices.  

 

  

Figure 83. SEM and Confocal figures of lattice of columns fabricated with direct lithography in a SU-8 sheet. A) 
SEM caption b) Confocal 3-D image. From [Sanza 11] 

 

 
Figure 84. Projection mask for a lattice of micropillars. 

 

4.6.4 Conclusions on fabrication of sensing cells.  

 

In this subchapter the fabrication process for the proposed sensing cells has been exposed. 

Each cell has its particularities, and some conclusions can be extracted from its fabrication. 

For example, in the sensing cell based on dielectric pillars, there is clearly a limitation in 

terms of diameter. For diameters considered ranging from 500 to 700, the pillars resulted in a 

conical shape far from the previous expectations. This can be overcome, at least partially, by 

a
a) b)
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using a more anisotropic etching process, i.e. with an Inductive Coupling Plasma (ICP) 

equipment. If conic pillars are achieved, next step of fabrication would be obtaining micro–

resonant pillars based on Fabry- Perot cavities, with two vertical Bragg reflectors embedded 

in a single pillar, using for example a certain number of pairs of Si3N4 /SiO2 layers.  

 

In the SU-8 cell, the main limitation affects to the lattice parameter, which should be 700 nm 

or higher. Overcoming this constraint can result in an important improvement of the 

performance of the sensing cell, as will be exposed in 4.7.3. In contrast, the main advantage of 

this typology of cell is the number of steps required to process (it is not necessary a mask or a 

lift-off, the e-beam directly focus and harden the resin), besides of the time needed for 

photopolimerization, which is low compared with the other cells: the time of e-beam 

processing for a layout such as the proposed in Figure 73 is less than five minutes. All this 

aspects give this cell some advantage in terms of complexity of fabrication compared with the 

other two.  

 

4.7 Optimization of sensing structures 

 

Once the proposed sensing cells have been described and their optical response calculated for 

a particular example, next step is obtaining an optimized design or layout for a particular 

configuration. From the optical point of view, the better sensor option is which has a 

maximized LOD. But, as previously described, there are many other aspects that have to be 

considered in the design process; there are limitations that can make this sensitivity 

unreachable, or can make the fabrication process complicated.  

 

• Fabrication: The most simple fabrication process is preferred. One of the focusing 

points of this thesis is obtaining sensors scalable at wafer level, with multiple sensing 

cells in a single chip; this factor is crucial for obtaining cost-effective sensors. 

 

• Fluidics: This is one of the important challenges found in the design of lab-on-a-chip 

devices: how to get the target analytes into the sensing regions. Implemented 

alternatives include generally microfluidic systems fabricated with polymers, 
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consisting of microchannels and microfluidic pumps, etc. An alternative to this is 

exposed in this thesis, as the droplets are thrown directly on the sensing devices, with 

no helping elements. The sensing cells proposed include nanostructures with surfaces 

that have to be functionalized, and in some cases with distances between each other in 

the order of 100 nm or even less. This means that the fluid must fill this volume and 

the biomolecules attach to the surfaces in a nanometric scale volume. Some problems 

can appear, for example fluids not filling the sensing areas; these problems must be 

analyzed for each sensor, resulting in a fluidic strategy.  

 

• Optical sensitivity. Obviously reaching the highest optical sensitivity as possible is 

the one of the goals of the design process. However this usually comes with a cost in 

terms of fabrication (can be too complex), which finally results in a higher cost of the 

device.  

 

The conclusion is that an optimal sensor should be obtained with a non-complex fabrication 

process, the introduction of bioanalytes into the sensing region must be simple, and the final 

sensitivity must be high enough to be competitive with sensors found in nowadays state of the 

art. Sensing cells proposed are intended to accomplish these three requirements. However 

they should be analyzed individually, with the objective of detecting their advantages and 

drawbacks. 

 

4.7.1 Discussion of proposed sensors 

 

The comparison among the different typologies of sensing device can be done by means of 

their optical performance. As noted in Chapter 2.3.1.1, there are different ways of 

characterizing this performance, but for theoretical calculations is preferred the LOD in terms 

of refractive index, since a theoretical estimation of BioLOD involves not only optical 

performance but also fluidics and the biochemistry of the immunoassay chosen. The 

calculation of LOD can be made by particularizing Equation 2 for each of the three optical 

techniques analyzed:  
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 RPL:                                 �����. �. '� = '®/ �∆x�h°�w�¬�∆� �                      Equation 31 

 
EPL:                                 �����. �. '� = '®/ �∆g±wh�h±u«¨∆� �                       Equation 32 

 
Spectrometry:                �����. �. '� = '��&�-��� 0/ �∆x�h°�w�¬�∆� �                        Equation 33 

 

Up to this point, an important aspect must be noted. One of the main problems when 

comparing different sensors is that they do not measure the change in refractive index of 

exactly the same volume. For example, the cell based on holes was intended to be 

characterized with different fluids as bulk refractive index sensor. For this reason, the sensing 

volume in which ∆n is measured consist not only of all the volume of the holes but also of an 

extra layer with a thickness of 100 nm which remained in the top of the cell. Opposite to this, 

the other sensors just measure the change of index in a layer of 15 in the surface of pillars, 

from 1 to 1.41. This is an important difference, since increasing the total volume of sensing 

generally will result in a higher sensitivity.  Moreover, this is a problem also found when 

searching in the literature different typologies of refractive index sensors: the thickness and 

the variation on refractive index considered to calculate LOD have important variations. 

 

To partially overcome this problem, in this subchapter is the calculation of two different 

values for the sensitivity and the LOD. The first calculation refers to the "bulk" sensitivity of 

the sensor; this calculation is quite common in the field of optical biosensors, and represents a 

first estimation of the performance of the device in the detection of refractive index variations. 

The volume of detection in this case is completely full of fluid. For example, this is what it 

has been already calculated in the sensor based on microholes. In this case, several refractive 

indexes have been considered, each of them corresponding with the refractive index of an 

organic fluid. The advantage of obtaining bulk sensitivity is that it can be experimentally 

corroborated in an easier way, since it does not require any functionalization of the surface 

with bioreceptors, and the study of an immunoassay on this sensing surface. In contrast, its 

main disadvantage is that it does not correlate necessarily with the values actually obtained in 

biodetection.  

In the other calculation is considered a 15 nm in thickness biofilm with a refractive index of 

1.41. This biofilm represents the thickness of the layer that "grows" on the sensing surfaces 
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when is performed an immunoassay, including the steps of biofunctionalization and 

biorecognition. Of course, the thickness of this layer varies depending on the immunoassay 

chosen, but is an average estimation of some common immunoassays, such as BSA/antiBSA.  

The values of sensitivity and LOD obtained for this calculation are called Biofilm Sensitivity 

and Film LOD, in contrast with bulk values.  

 

In the two cases, for the estimation of the uncertainty the previous calculations are used 

(Chapter 2.3.1.1); Equation 8 can also be used to determine uncertainty of angular shift, 

which is the transduction parameter of RPL and EPL.  For preliminary measurements, it can 

be considered an optimized measurement tool, with good values of resolution; this means, in 

this case, for angular resolution 0.01 degrees, and for wavelength 0.01 nm. These values can 

be maintained for all the calculated devices.  

 

4.7.1.1 Sensor based on array of microholes 

 

As noted before, this sensor was fabricated and experimentally characterized using several 

fluids[Holgado 07],[Holgado 08-1] , which is exposed in Chapter 5.1.  Figure 44 to Figure 46 had show 

the theoretical performance for RPL, EPL and Spectrometry. The device shows ability to 

detect change of refractive index inside the holes.  

 

Considering a resolution of 0.01 nm for Spectrometry measurements, and 0.01º for angular 

characterization, values of uncertainty are, using Equation 5, and assuming that n is high 

enough to make the second term of the expression neglectable, Uθ equals to 0.0058º, and Uλ 

to 0.0058 nm. For Spectrometry, the position of any of the maxima and minima of Figure 46 

can be evaluated as a function of the refractive index of the fluid. As will be described in 

Chapter 5.1, the position of the dip placed between 680 and 720 nm can be fitted to a linear 

function, giving a slope value (Sensitivity) of 126.01 nm /R.I.U. This results in a theoretical 

value of LOD of 4.6.10-5 R.I.U.  

For Reflectometry at profile level, the dip chosen is the dip between 20 and 30 degrees. Again 

linearly fitting the curve of its position as a function of refractive index gives a sensitivity of 
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62.3 for s polarization and 60.7 for p polarized light, with a resulting values of Bulk LOD of 

9.3.10-5 (s-polarization) and 9.55.10-5 (p-polarization). For Ellipsometry at profile level, the 

value of Bulk LOD is of 10-4 R.I.U. The values of Biofilm LOD are obtained in a similar way, 

resulting in 10-3 (RPL) 2.1.10-4 (EPL) and 2.5.10-4 (VIS). 

 

Apart from the optical performance of the sensor, the fabrication of the device did not present 

particular problems, apart from its complexity. The main drawback of this kind of sensor 

resides in the fluidic process. The filling process, although has been successful, and it is 

proved that the holes get completely filled, present important problems related to removing 

the remaining fluid in it. This is particularly important when performing an immunoassay, 

where is preferred to have a device easy to clean and which does not leave rests in the sensing 

area apart from the proteins specifically attached to the surface and their complementary 

analytes, in case that any reaction occurs.   

 

4.7.1.2 Sensor based on dielectric pillars.  

 

Designing a sensor based on pillars instead of holes is a response to these fluidic problems. 

Intuitively, removing remaining fluid in this type of device should be simpler than in an array 

of holes, as it results to be. Eventually an on-line measurement process can be implemented, 

which can have direct and important applications.  

 

The optical calculated performance is satisfactory for both cases of aluminum reflectors and 

silicon nitride reflectors. Although more complex structures, such as pillars based on Bragg 

reflectors instead of a single layer are in study, for simplicity they are a good starting point. 

Again, using Equation 5,  with the same values of uncertainty (0.0058 nm and 0.0058º), and 

considering a increase in the refractive index of 0.41 when introducing the biofilm layer, the 

calculated values of LOD are, for  the examples given in 4.4.2 are, for the structure based on a 

combination of  Si3N4 and SiO2, 8.7.10-4 (RPL), 1.8.10-5 (EPL), and 1.69.10-4 (Spectrometry). 

For the pillars with aluminum layers, these values are 8.7.10-4 for (RPL), 7.4.10-5 (EPL) and 

2.61.10-4 (Spectrometry). 
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Although metallic reflector pillars have lower FWHM, its fabrication is not yet optimized. 

Opposite to this, dielectric layer pillars were supposed to be more easily reachable. However, 

experimental fabrication have led to conclude that is necessary a redesign of the structure 

(lower height, different diameters), and an optimization of the fabrication process. An 

alternative to these materials is using polymers.  

 

4.7.1.3 Sensor based on SU-8 pillars 

 

This kind of device presents an important advantage from the point of view of fabrication. 

Although the photopolymerization process is far from being simple, needs lees fabrication 

steps than the other devices. Finally, resulting fabricated structures have been satisfactory: 

cylindrical shape, high aspect-ratio (up to 3), and also good results in fluidic infiltration, and 

finally biosensing measurements (Chapter 5.3.3). However, reaching lower lattice parameters 

present problems (proximity effects, collapse of the structure).  This can be solved improving 

the fabrication process and studding also the possibility of building multilayer pillars, with 

two distributed bragg reflectors.  

 

Using the previously estimated values of uncertainty, calculated values of film LOD for the 

particular example presented (lattice parameter of 800 nm, diameter of 200 nm) are 9.28.10-4 

(RPL), .8.8.10-4 (EPL) and 2.14.10-4 (Spectrometry).  

 

4.7.1.4 Sensor based on F-P vertical cavities. 

 

The theoretical modeling is the less complex: the reflectivity profiles can be obtained using 

directly multilayer stack equations. Again, this cell has been calculated as bulk sensor, 

considering all the space in the cavity filled with fluid; using the results of Figure 56 to 58, 

the calculated values of bulk LOD are 1.3.10-5 (RPL), 7..10-6 (EPL) and 7.5.10-6 

(Spectrometry), considering the same values of Uncertainty of the other cells.  However, the 

fabrication process is still under study. There is no complication in obtaining such a vertical 
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structure; the main problem comes to fabricate the channel in which the fluid is intended to 

enter.  

4.7.1.5 Comments on comparative of

 

Table 6The boxes in blue represent the minimum values of LOD for each optical technique, 

for the two values (bulk and 

values (for RPL and VIS, Vertical Fabry
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differences are useful to state the utility of t
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Table 6. Comparison of Bulk LOD and Film LOD for several sensing cells. 
 

Several conclusions can be extracted from this table. First of all, the values for Bulk LOD are 

higher than the Biofilm LOD for the same sensing cell

of magnitude higher. This difference is reasonable, since the volume of bulk sensing is 

generally higher than the total volume of the biofilm layer considered in the second case 
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the main problem comes to fabricate the channel in which the fluid is intended to 

Comments on comparative of optofluidic sensing cells.  

The boxes in blue represent the minimum values of LOD for each optical technique, 

for the two values (bulk and biofilm).  The optimized cells are different considering Bulk 

values (for RPL and VIS, Vertical Fabry-Perot cell; and dielectric pillars for EPL) from 

8 pillars for VIS and Dielectric pillars for RPL and EPL). These 

differences are useful to state the utility of the calculation of two different values of LOD. 

Bulk LOD 

RPL EPL VIS RPL 

Micro holes 9.3.10-5 3.5.10-5 4.6.10-5 10-3 

Dielectric 

pillars 

(Aluminum) 

8.5.10-5 3.6.10-6 2.4.10-5 8.7.10-4 

Dielectric 

3N4) 
1.5.10-5 7.6.10-6 2.1.10-5 8.7.10-4 

Vertical Fabry-

 
1.3.10-5 7.1.10-6 7.5.10-6 2.10-3 

8 Pillars 8.1.10-5 8.7.10-5 2.8.10-5 9.3.10-4 

 
 

. Comparison of Bulk LOD and Film LOD for several sensing cells. 

Several conclusions can be extracted from this table. First of all, the values for Bulk LOD are 

higher than the Biofilm LOD for the same sensing cell , actually betwee

of magnitude higher. This difference is reasonable, since the volume of bulk sensing is 

generally higher than the total volume of the biofilm layer considered in the second case 
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Perot cell; and dielectric pillars for EPL) from 
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he calculation of two different values of LOD.  

Biofilm LOD 

EPL VIS 

2.1.10-4 2.5.10-4 

 7.4.10-5 2.6
.10-4 

 1.8.10-4 2.4.10-4 

 1.1.10-4 4.1.10-4 

 8.8.10-4 2.1.10-4 

. Comparison of Bulk LOD and Film LOD for several sensing cells.  

Several conclusions can be extracted from this table. First of all, the values for Bulk LOD are 

, actually between one and two orders 

of magnitude higher. This difference is reasonable, since the volume of bulk sensing is 

generally higher than the total volume of the biofilm layer considered in the second case 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       161 

 

 

(actually this volume is between one and two orders of magnitude higher, depending on the 

cell).  

 

Secondly, the absolute values of LOD are minimized for Spectrometry for all the sensing 

cells. Opposite to this, the maximum values are obtained for Ellipsometry at profile level.  

The optimized values of Biofilm LOD are found for the SU-8 pillars cell (VIS) and the 

dielectric pillars cell (EPL and RPL). These two cells are the more likely to be used for 

biosensing purposes of the four typologies analyzed.  

 

Finally, in the literature the sensing performance is commonly given as the LOD value 

obtained, in terms of refractive index sensing. The problem is that this LOD values refer both 

to bulk sensing and to biofilm sensing, making quite difficult the comparison among different 

sensors.  Furthermore, the uncertainty term depends of the resolution of the optical setup 

employed, and strongly varies depending the optical components used. For these two reasons, 

a new parameter to characterize biosensing process, namely Sensing Quality Factor (SQF) has 

been recently introduced [Lavin 12]: 

 

                   ������¦ ²2o¥�	� ³o�	�t ��²³� = ∆´����/�� !�� .���! �/�∆´0!�N���� �1 µ!�1!-.       Equation 34 

 

For this magnitude, the refractive index of the biofilm is fixed at 1.41. Another advantage of 

using SQF instead of LOD are, besides the two mentioned, is that its value does not depend 

on the bioapplication considered: in particular of its thickness, which can vary from few 

nanometers to 15-20 nm (as the BSA/antiBSA and Gestrinone/antiGestrinone immunoassay 

of this thesis) and even up to hundred of nanometers for bioapplications considering virus. 

The conversion from BioFilm LOD to SQF is immediate, considering the characteristics of 

the biofilm considered for the calculations (15 nm and 1.41 in refractive index): 

 

                                 (����¥� ��� =  ∆�.� 0!�N����.%¶·                                                  Equation 35 

 

This equation shows clearly the limitation of Biofilm LOD: depends on the thickness of 

biofilm layer (sensing volume) considered. However, the main drawback of SQF is that does 

not allow the comparison between different transduction magnitudes, as shown in Table 7 (in 
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RPL and EPL what is measured is the angular shift in degrees, whereas in VIS this shift has 

units of length, in this case nanometers); this comparison is possible with BioFilm LOD and 

any of the LODs in terms of refractive index obtained. 
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The values of SQF are in the same order of magnitude for Spectrometry and Reflectometry at 
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important differences (from 0.15 to 2.13)
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These two cells have been 
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RPL and EPL what is measured is the angular shift in degrees, whereas in VIS this shift has 

units of length, in this case nanometers); this comparison is possible with BioFilm LOD and 

any of the LODs in terms of refractive index obtained.  

Biof ilm Sensing Quality Factor

RPL 

(º/nm biofilm) 

EPL 

(º/nm biofilm) 

Micro holes 0.16 0.75 

Dielectric 

pillars 

(Aluminum) 

0.18 2.13 

Dielectric 

pillars 

4) 

0.18 0.84 

Vertical 

Perot 
0.08 1.37 

8 Pillars 0.17 0.15 

 
Table 7. Sensing Quality Factor for each sensing cell.  

The values of SQF are in the same order of magnitude for Spectrometry and Reflectometry at 

profile level for the five cells analyzed, whereas in Ellipsometry at Profile level t

from 0.15 to 2.13). For RPL and EPL, the optim

cell based on dielectric pillars, and for spectrometry, the best option is using SU

 chosen for perform an optimization process, since the experiments 

with fluidics have shown that the introduction and removal in the case of the cell 

holes is quite complex, and moreover their values of SQF are the higher of all sensing ce

First of all is presented a detail of the optimization of the SiO2 pillars cell, for the two 
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RPL and EPL what is measured is the angular shift in degrees, whereas in VIS this shift has 

units of length, in this case nanometers); this comparison is possible with BioFilm LOD and 

ilm Sensing Quality Factor  

VIS 

(nm/nm biofilm) 

0.63 

0.6 

0.66 

0.68 

0.75 

The values of SQF are in the same order of magnitude for Spectrometry and Reflectometry at 

whereas in Ellipsometry at Profile level there are 

optimal configuration is the 

cell based on dielectric pillars, and for spectrometry, the best option is using SU-8 pillars. 

, since the experiments 

with fluidics have shown that the introduction and removal in the case of the cell based on 

holes is quite complex, and moreover their values of SQF are the higher of all sensing cells. 

pillars cell, for the two 
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configurations: with Si3N4 layers and with Aluminum layers. The three proposed techniques 

(RPL, EPL and Spectrometry) are analyzed. After this, an optimization of the sensing cell 

based on SU-8 pillars is performed, particularized for FTIR Spectrometry. This optimization 

have the interest that is the cell actually used for BSA/antiBSA biosensing, and its results give 

an order of magnitude of what are the possibilities of improvement sensitivity and LOD for 

future developments.  

 

4.7.2 Optimization of sensor based on array of SiO2 pillars 

 

Once is defined a model for making fast calculations of  RPL,EPL and Spectrometry profiles, 

performing an optimization in  terms of  expected SQF of the sensor is a feasible task, in 

terms of needs of computing time. The process is detailed elsewhere [Casquel 08], and consists of 

the same theoretical model described in 4.4.2.1. The pillars are considered to have 800 nm in 

height in their SiO2 center layer, and two different possibilities are evaluated for the top and 

bottom layers: layers of 125 nm of Si3N4, and layers of 25 nm of Aluminum. Spot size of RPL 

and EPL is 0.9 µm, and 2.5 µm for Spectrometry is considered. As the height and layer film 

stack remain constant, the optimization is performed for two parameters: a (lattice parameter) 

and d (diameter of the pillars), as defined in Figure 85. Values of a range from 200 nm to 600 

nm, with a calculation step of 100 nm, whereas d values range from 150 nm to 550 nm, with a 

calculation step of 50 nm.  

 
Figure 85. Layout distribution of a lattice of pillars and parameters to optimize. 

 

4.7.2.1 Reflectometry at profile level 

 

For optimization of RPL results are shown in Figure 86 in the form of so-called SQF maps. 

The color bars represent the SQF, with red color stating its maximum values. What is 

d



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       164 

 

 

expected to happen is that the shift of the dips is higher when the void between columns is 

low (d close to a), and this is what happens in both cases, for example, a maximum of 2.55 is 

reached for a=200 nm and d= 150 nm for Aluminum reflector pillars. There are significant 

differences comparing the two reflector possibilities, since the maximum SQF reached for 

Silicon Nitride reflectors is of 0.7 (for a=500 nm and d=450 nm).  

 
Figure 86. Optimization for Reflectometry at profile level. a) for Aluminum reflectors and b) for Si3N4 

reflectors.  
 

By using Equation 35, the minimum value of Biofilm LOD using RPL would be obtained for 

Aluminum reflector pillars, º; this configuration has a value 14 times higher than the value 

obtained for the example of Table 7, and gives a BioFilm LOD value, considering a resolution 

of 0.01º, and thus an Uncertainty of 0.0058, of 6.2.10-5 R.I.U.  

 

 

 

Aluminum Reflectors

Silicon Nitride Reflectors

a)

b)

10 15 20 25 30 35 40 45

0,4

0,5

0,6

0,7

0,8

0,9

1,0

 reference
 with biofilm

R
el

at
iv

e 
re

fle
ct

iv
ity

Angle of incidence (degrees)

200 250 300 350 400 450 500 550 600
100

200

300

400

500

D
ia

m
et

er
 (

nm
)

Lattice parameter (nm)

0,25
0,50
0,75
1,00
1,50
2,00
2,50
3,00
3,00

SQF- RPL (deegres/nm)

200 250 300 350 400 450 500 550 600
100

200

300

400

500

D
ia

m
et

er
 (

nm
)

Lattice parameter (nm)

0,15

0,30

0,45

0,60

0,75

0,75

SQF-RPL (degrees/nm)

0 10 20 30 40 50 60

0.3

0.4

0.5

0.6

0.7

R
el

at
iv

e 
re

fle
ct

iv
ity

Angle of incidence (degrees)

 reference
 with protein layer



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       165 

 

 

4.7.2.2 Ellipsometry at profile level 

 

The results for EPL are shown in Figure 87. Previously calculated values of SQF, for a lattice 

of 600 nm and pillars with 500 nm in diameter are 0.84 degrees/nm for Silicon Nitride 

reflectors, and 2.13 degrees/nm for Aluminum reflectors (Table 7). The Aluminum 

configuration SQF parameter reaches a maximum at a= 200 and d=150 nm, with a value of 

2.6 degrees/nm. However, although the values of the Silicon Nitride configuration are 

generally lower for the majority of geometrical configurations, it reaches a maximum of 2.14 

degrees/nm for a= 200 nm and d = 150 nm, value in the same order of magnitude of the 

maximum of Aluminum reflectors. With these maximum values, considering an angular 

resolution of 0.01º, the minimum value of BioFilm LOD obtained is of 6.10-5 R.I.U.. 

 

Figure 87. Optimization for EPL a) for Aluminum reflectors and b) for Si3N4 reflectors.  
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4.7.2.3 Spectrometry 

 

For the spectrometry calculations, the trends are quite similar to the RPL results, reaching 

maximized values of SQF for highly compacted structures, as seen in maps of Figure 88. The 

maximum values are of 3.5 nm/nm biofilm for Aluminum reflectors, and 2.6 nm/nm biofilm 

for Silicon Nitride reflectors. As in RPL, there is an important gain in terms of SQF compared 

with the example values of Table 7, since the optimized values are in between 4 and 6 times 

larger than the previously obtained. With the maxima of SQF for Aluminum (3.5 nm/nm), the 

value of Biofilm LOD obtained is of 4.5.10-5 R.I.U.. 

 

 
 

Figure 88. Optimization for spectrometry  a) for Aluminum reflectors and b) for Si3N4 reflectors.  
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4.7.2.4 Conclusions and discussion 

 

Results shown in Figures 86, 87 and 88 show different values of theoretical Sensing Quality 

Factor for multiple planar distribution of a lattice of pillars, and represent an example of how 

a design process could be performed.  Results suggest that lower diameter and also lower 

lattice parameter reach the highest shift possible, however they might present problems both 

from the point of view of fabrication (accurate fabrication of thin pillars in this case is a 

complex task), and fluidics (what would happen if the void between pillars is in the order of 

100 nm is still an open question).   

 

The methodology can be also generalized to any design parameter, including height of the 

pillars and their geometrical configuration (triangular or quadratic lattice, for example), the 

number of layers and their thickness (in this case this parameters are fixed, but they have also 

an important influence in the expected values of SQF), and their refractive index, which 

means using other materials instead of Silicon Dioxide, Silicon Nitride and Aluminum. The 

introduction of an additional parameter increases drastically the number of possible 

configurations (for example, considering ten different thicknesses for the silicon dioxide layer 

would result in a total of 540 configurations); the difference in time of using the 1,5 D model 

proposed in this thesis compared with a 3D FDTD calculation represents in this case an 

important gain in terms of time of computation.  

 

Besides the SQF parameter calculated, other magnitudes defining the optical resonance modes 

of the RPL and VIS spectra (not necessarily of EPL curves) can be also calculated, such as 

their throughput and Quality factor (Q-Factor). These figures of merit give more information 

about the shape of the resonance, and can be important to ensure an accurate sensing process 

(for example, experience shows that resonances with extremely low Q-Factor and throughput 

are not valid for sensing, since the values of uncertainty previously estimated are not valid, 

and the actual values are significantly higher). This concept has been developed in a recent 

work [Lavin 12]. 
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Finally, from the point of view of Engineering, the SQF maps give useful information for the 

design process. They show how is affected the final performance of the sensor (given by 

SQF) when a small change in any of the design parameters is produced. This change could be 

due to a deviation in the fabrication process, for example. What is interesting in this case is 

developing a stable device, in which these changes do not affect drastically the sensing 

process. Matematically this means that the partial derivatives of SQF respect all the design 

parameters have low values (the closer they are to zero, the less is the final change in SQF, 

and thus the less restrictive are the fabrication tolerances). This problem can be solved 

numerically, but a glance to the SQF maps gives a general idea of where to find a “stable 

fabrication position”.  

 

4.7.3 Optimization of sensing cell based on array of nanopillars of SU-8 polymer 

 

The optimization of these sensors has a higher interest since experimental results have 

demonstrated their capability for detecting proteins [Holgado 10]. These experimental results have 

been also useful for validating the 1,5 D-simplified model; these concepts are developed in a 

previous work [Casquel 11-1]. Figure 89 shows a comparative between the experimental and 1,5D 

theoretical data (for a cell totally covered with a BSA and antiBSA layer, for the experiments, 

and a layer of 15 nm and 1.41 in refractive index for the theoretical data). The agreement both 

in the shape of the curve and in the shifts is quite good. The curves have two different dips, 

Dip 1 (between 625 and 650 nm), and Dip 2 (between 825 and 850). For Dip 1 there is a shift 

of 10.1 nm (experimental) and 8.9 nm (theoretical), and in Dip 2 12.2 nm (experimental) and 

10.9 nm (theoretical).  
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Figure 89. Comparative between experimental FTIR-VIS  measurements and 1,5-D calculated data. From 
[Casquel 11-1]. Dotted lines are the theoretical curves. Black curves are the reference data, and blue with 

saturation of protein.  
 

The starting hypothesis is that, as for columns closer to each other the confinement in the 

sensing area (voids between pillars) is higher, this will result in a better detection and thus a 

higher dip shift. In the 1,5 D theoretical model, this means that the equivalent layer which 

replaces the nano pillars experiences a higher increase in refractive index when the biofilm is 

added to the surface. Figure 90 shows the electric field distribution calculated with BPROP 

for one polarization for two different lattice parameters (800 nm and 500 nm), for a fixed 

diameter (200 nm). 

 
Figure 90. Electric field distribution for two different calculated lattices. a) lattice parameter = 800 nm and  

b) lattice parameter = 500 nm.  
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The influence of three different parameters is studied: as a first approach, the dimensions of 

the lattice (diameter and lattice parameter), and after this the height of the pillars is also fixed 

at different values. As in the previous sub-chapter, is calculated the SQF for several 

configurations, but instead of plotting SQF maps, the influence of each variable is isolated by 

fixing the value of the other two. The first example of this is shown in Figure 91, where is 

plotted the expected dip shift when reducing lattice parameter in the range of 400-800 nm, 

with a step of 100 nm, keeping fixed diameter at 200 nm and height at 420 nm This is in 

accordance with what expected. Dip 1 and Dip 2 refers to the two different minima of Figure 

89. The maximum SQF value is almost three times higher than what obtained for the 

fabricated sensor, for Dip 1 (1.7 vs. 0.66).  

   
Figure 91. Shift as a function of lattice parameter, for a fixed diameter and height of the pillars.  

 

A similar effect is expected when increasing the diameter for a constant lattice parameter of 

800 nm and a height of 420 nm.  However, in this case the confinement enhancement is 

lower. This comes from the lower magnitude of the field discontinuity presented at the surface 

of the pillars, as for a higher diameter the light is more confined into the pillar, and thus 

magnitude of evanescent field is lower. 

 

Figure 89 shows dip shift as a function of diameter, for a constant lattice parameter of 800 

nm. Displacement of dips increases for higher diameter for Dip 2. Dip 1 shows a maximum at 
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400 nm, and decreases for 500 and 600 nm. Maximum values for SQF are 1.2 (Dip 1) and 

1.05 (Dip 2).  

 
Figure 92. Theoretical shift as a function of the diameter of the pillars, for a fixed lattice parameter and height.  

 

In this case, for dip 2 the shift increases as the diameter rises. However, for dip 1 there is a 

maximum at 400 nm, and for 500 and 600 the shift is lower. This is because it is not only 

important the confinement effect but also the influence of the interferences coming from the 

several layers of the model. This is particularly important when the effective refractive index 

of the top layer is high (for a lattice of 800 nm and a diameter of 200 nm is in the order of 1.1, 

whereas for a diameter of 500 reaches 1.3), which provokes not only a shift but also a change 

in the shape of the curve, in contrast to lower index adding the protein layer does not change 

the shape of the curve, there is only an almost constant shift along the wavelength range).  

 

Besides, from the limitations of the fabrication process, smaller diameters are preferred; each 

single column is fabricated by exposing a single point with the e-beam, at a low dose. 

Obtaining higher diameter involves multiple-point exposing, with difficulties to achieve 

circular shape, and increasing undesired cross-linking of the material. So is more interesting 

reducing lattice parameter for a constant small diameter than increasing this diameter. 

 

Last parameter to analyze is the height of the pillars. Figure 93 shows the obtained shift for 
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diameter at 200. The behaviour varies in each case. In A), Dip 2 shows similar to the case of 

420 nm in height, whereas SQF reaches a maximum of 2.7 for Dip1, but  decreases from 700 

to 500 nm. In B) SQF for Dip2 shows an irregular trend, with regions of decreasing and 

increasing, whereas SQF for Dip 1 shows to increase as the lattice parameter gets reduced, 

until reaching a maximum of 2 nm/nmbiofilm. 

   

Figure 93. a) Theoretical displacement of dips for a height of 750 nm  
b) Height of 1000 nm.  

 

With these values, considering a maximum value of SQF of 2.7 (for pillars of 200 nm in 

diameter, 750 nm in height and 400 nm in lattice parameter), the expected value of Biofilm 

LOD, considering a resolution of 0.01 nm would result in 5.8. 10-5 Refractive index units, 

which is in the order of the better values obtained for the optimization of the dielectric pillars 

of the previous subchapter.  

 

4.7.4 Conclusions on optimization of sensing cells.  

 

The four sensing cells proposed in subchapter 4.2 have been analyzed in terms of not only 

expected optical response and thus spectral or angular shift, but also their particularities in 

terms of fabrication process and the expected difficulties in terms of taking fluids and thus 

bioanalytes to the sensing surfaces.  

 

The cell based on an array of holes present problems not when introducing the fluids, which is 

proven, but when removing. This is a problem when the goal is to perform an immunoassay, 

where several processes of introducing/removing fluids have to be performed. Regarding to 
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the cell based on vertical Fabry- Perot cavities, in spite of providing optical resonances with 

higher Q factors, compared with the other cells, its fabrication is complex and still needs more 

study. For these reasons, the cells chosen for an optimization process are the two based on 

arrays of pillars.  

 

For this two sensing cells, examples of optimization are provided. The results show that the 

most important parameter to improve the performance of a sensor of these typologies is the 

lattice parameter of the structure, understanding this performance in terms of total shift of a 

dip (angular or wavelength shift) when introducing a biofilm. This shift is optimized when the 

pillars have small diameter (for example, in SU-8, 200 nm in diameter) and are as closer to 

each other as possible (lattice parameter is reduced). This has particular importance in the 

sensor based on SU-8 pillars, which have been fabricated, characterized as a biosensor, and in 

which experimental and theoretical results have shown good correlation. With all the other 

design parameters remaining constant (diameter and height of the pillars, refractive index of 

materials and thickness of the SiO2 layer), a reduction in the lattice parameter from 800 nm to 

500 nm results in a spectral shift three times higher. When the height of the pillars increases 

up to 750 nm, this shift is up to five times higher.  

 

These results have to be analyzed carefully, since the dimensions proposed in some cases are 

not reachable with nowadays technologies in nanofabrication, and also it is not clear if the 

fluidic behaviour of the cell does not change when the pillars are closer to each other, as will 

be exposed in Chapter 5. However, are interesting clues to chose new lines of fabrication and 

design in order to improve the design of the sensing cells.  
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5 EXPERIMENTAL RESULTS  

 

Two of the four proposed sensing cells have been fabricated and characterized as refractive 

index sensors using the variety of optical techniques described in chapter 3. At a first stage, 

the structure based on an array of holes was measured using Reflectometry at profile level, 

Ellipsometry at profile level, and Visible Spectrometry. The first step for checking the 

performance as refractive index sensor was filling the voids with several liquids, with 

refractive indices ranging from 1.32 to 1.42. This gives a first performance curve, in which 

the shift in reflectivity peaks as the refractive index increases can be stated.  

 

The second stage of the process was designing and fabricating a structure based on an array of 

polymeric pillars instead of holes. The performance of this sensor was expected to be better 

than the holes array, for a variety of reasons exposed in chapter 4. After the fabrication, it has 

been characterized using Fourier transform infrared and visible spectrometry. The final step of 

the process was the validation of this sensing cell based on pillar as biosensor by means of the 

BSA/antiBSA immunoassay. These three steps are described in this chapter. 

 

5.1 Structure based on array of sub-micro holes 

 

This process, and also the theoretical background underlying it, have been described in detail 

elsewhere [Holgado 07], [Holgado 08-1]. The first stage was the characterization of the layer structure 

with no holes fabricated, which is the reference data. Next step is filling the holes with 

different organic fluids. After attempts with ethanol/water and methanol/water mixtures, 

lower surface tension fluids were chosen, as they entered easier into the holes. The fluids are 

methanol (refractive index 1.329), pentane (1.360), hexane (1.375) and cyclohexane (1.420). 

Indexes are taken at 675 nm [Weber 03]. 

 

Previous consideration on fluidics (Chapter 4.5.2) had shown that the filling of the holes 

could be non uniform. To ensure a complete filling, it was applied both hydrostatic pressure 

on the sample and temperature on the fluid to ensure the fluid had totally filled the sub-micro 
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holes. Then, the samples were optically characterized, repeating the measurements 5 times to 

ensure repetitiveness, and the fluid was removed by heating up to 600 ºC during 4 hours.  

Finally, the sample was re-characterized to check out that the measurement at the end of the 

process was exactly the same than the reference data. The whole process was repeated for 

each fluid.  

5.1.1 Reflectometry at profile level 

 

Figure 94 shows the experimental RPL spectra for both s and p polarizations with different 

fluids inside the holes. Dips and peaks move to a higher absolute value of angle of incidence 

as the refractive index of the fluids increases, according with theoretical calculations.  The 

reflectivity of light normally incident on the sample also gets reduced. The quasi-symmetrical 

shape of the spectra ensures that the measurement has been done just in the centre of a sub-

micro hole, as the reflected signal is measured from -64º to 64º; otherwise both sides of the 

spectra would be drastically different. It must be remarked that spot size with this 

characterization technique is 0.9 µm. 

 

Figure 94.Reflectivity as a function of angle of incidence for polarizations a) s and b) p. 
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focus should be moved in the axis parallel to this polarization until symmetry is reached for 

this profile. At this point, it can be ensured that the focus is on the centre of the hole. 

However, due to the shape of the fluidic layer formed over the holes, it is not possible to reach 

a total symmetric profile; in this case what is expected is obtaining a spectrum as symmetric 

as possible.  

 

As seen above, reflectivity profiles experience an important change as the refractive index of 

the fluid changes. The sensing parameter was the position of the dip between 20 and 30 

degrees for the different refractive indexes. Figure 95 shows theoretical and experimental dip 

position for each polarization as a function of the introduced fluid, for both s and p 

polarizations. The theoretical curve is taken from the calculations of 4.4.1. 
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Figure 95 . Theoretical and experimental dip position for a) s polarization  b) p polarization 

 

By performing a linear fitting, the value of LOD can be estimated using equation 28, in which 

the value for the uncertainty is calculated as ½����-� !��/√12, where θresolution is the minimum 

angle variation which can be detected, and ∆resonance/∆n is obtained from the parameters of the 

linear fitting (Figure 95). In the optical setup used for the measurements the angle resolution 

depended on the resolution and size of the linear array detector for each polarization, which 

gives a θresolution=0.5º, and thus U equals to 0.144. From the linear fitting, the Sensitivity has a 

value of 82.55 for s polarization and 65.55 for p polarization. With this data, LOD= 0.0017 (s-

polarization) and 0.0022 (p-polarization). This resolution can be improved by using a setup 

with a higher resolution. The current technology offer linear arrays integrated in hundreds of 
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detectors per inch. Thus, LOD may be reduced to values in the order of 10-5 R.I.U. with a 

θresolution=0.01º, which is easily feasible 

 

5.1.2 Ellipsometry at profile level. 

 

Equivalent phase shift was also measured as a function of the refractive index of the filling 

fluid. Figure 96-a shows theoretical curve compared with experimental data. It is also shown 

theoretical phase shift  calculated for incident angle equal to 26º (Figure 96-b), which is 

roughly similar to the equivalent phase shift curve. Again, to estimate LOD for this technique 

it can be used Equation 26. The value of ∆phaseshift/∆n depends on the range of values chosen. 

By Calculating the slope of the curve from n = 1.365 to 1.38, where it is similar to a linear 

function, the sensitivity has a value of 155.8 º/R.I.U.; with this data, LOD = 3.72.10-5 R.I.U 

considering an angular resolution of 0.01º. This value is in accordance with the theoretical 

calculated values of chapter 4.4.1 (3.5.10-5). 
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Figure 96(a) Theoretical and experimental data for equivalent phase shift (b) Ellipsometric 

theoretical for angle of incidence of  26º. 

5.1.3 Visible Spectrometry 

 

Using visible spectrometry, with an spot size of 2.5 µm and wavelengths ranging from 470 to 

870 nm, results obtained are shown in Figure 97. The shape of these profiles is in agreement 

with theoretical results, and also is the wavelength shift experienced when the refractive index 

changes. 

 

 

Figure 97. Reflectivity as a function of wavelength for the different fluids. 
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The dip chosen for chosen for detection has been the dip positioned between 690 and 710 nm. 

Both experimental and theoretical curves for dip shift are in Figure 98. Results show good 

agreement between the two curves.  

 

 
Figure 98. Dip position as a function of refractive index of fluid, theoretical and experimental 

 

In order to estimate LOD with this technique, it have been used Equation 27, in which 

wresolution is the wavelength resolution of the measurement setup. LOD in this optical technique 

significantly depends on the spectrum analyzer resolution. In the optical setup used, the 

spectrum resolution was quite poor (2 nm), which gives a value of U of 0.58 nm. From the 

linear fitting of the experimental data, the sensitivity equals to 118.10 nm/R.I.U.; these data 

result in a value for the LOD of 0.0049 R.I.U.. This resolution can be improved drastically 

with higher spectrum analyzer resolution. Several technologies nowadays easily permit to 

obtain spectra resolution in the order of 0.01 nm or even better. As a result, the estimated limit 

detection may be reduced to values in the order of 10-5 R.I.U. 
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5.1.4 Discussion of results 

 

Two basic conclusions can be extracted from the characterization process: the device works as 

refractive index sensor, and the theoretical model can be validated. All the results presented 

are in good agreement with the theoretical calculations described in point 4 of this thesis, both 

reflectivity profiles and calibration curves (Figure 95, Figure 96 and Figure 98).  

 

However, in Figure 95 agreement is worse than in the other figures. The explanation to this is 

that the effective refractive index considered is equal for both polarizations, in order to 

simplify not only reflectivity but also ellipsometry calculations. A theoretical model including 

different results depending on the polarization could overcome this partially wrong 

agreement.  

 

Calculated LOD are in the order of the target values expected at the start of the design 

process. The next step is using biomolecules, performing an immunoassay instead of using 

organic liquids, which is described in next point. Unexpected issues appeared with the fluidics 

of the devices, as explained in subchapter 4.5.2. The formation of an extra layer over the 

surface is demonstrated with optical calculations and also with the confocal microscopy 

characterization.  Also problems presented when removing the fluid from the holes. The 

conclusion is that was a better idea to have another typology of “open” structures, e.g. pillars 

based, where intuitively (and in fact experimentally) the removing of the fluid would be 

easier.  

 

Finally, Ellipsometry at profile level is the technique with the minimum LOD of the three 

compared. This conclusion is coherent with the theoretical results, and it is also in accordance 

with the higher performance of ellipsometry in optical characterization compared with any 

other technique; actually refractive indexes of materials are usually given at 632.8 nm, which 

is the wavelength of the He-Ne lasers used in common ellipsometers. However, both VIS and 

RPL give important information about the nanostructured surface. In particular, with the 

reflectivity spectra of RPL is possible to determine with high precision where is focusing the 

laser, given by the symmetry of the profile. And the fact that in VIS this position does not 
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affect significantly the shape of the spectra represents one of its main advantages: eases the 

process of focusing, obtaining an average of the characterized area rather than a particular 

sub-micro hole, as in RPL or EPL.  

5.2 Structure based on array of nanopillars.  

 

As mentioned, the use of an array of pillars instead of holes presents several advantages, 

including a simplest way to remove fluids and organic rests, which is essential to obtain a 

sensor performance curve: the sensor is filled with a buffer solution and a particular 

concentration of a biomolecule, and this is done as many times as required until reach the 

saturation concentration. With a good cleaning process it can be ensured that the unspecific 

bounded materials have been completely removed, or at least the remaining rests have no 

significant effect in optical measurements. From the optical point of view, the possibility of 

increasing the electric field concentration when reducing the distance between pillars, allows 

reaching better values of BioFilm LOD, compared with a structure of submicron holes. 

 

Different possibilities have been studied and fabricated: nanopillars composed of several 

layers (silicon nitride and silicon dioxide), with modest results: pillars are conical, which does 

not correspond with the calculations performed. In contrast, fabrication using SU-8 polymer 

was satisfactory: high aspect ratio columns with cylindrical shape were obtained, with a fast 

and simple fabrication process, with just one complex equipment involved, which is the e-

beam lithography. Obviously there are several drawbacks: the properties of the photoresist 

deteriorate if it is not used within several months, and at the moment it have  not been reached 

lattice parameters under 600 nm. However, the final conclusion is that this is a better option to 

perform the bioassay in instead of silicon dioxide columns, with a fabrication process that 

must be improved.  

 

So in this subchapter is presented the optical characterization of several of the fabricated SU-8 

sensing cells with no fluid or biomolecule inside it, which is called the reference data. As 

shown in  
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Figure 73 (Chapter 4), fabricated chips consisted of multiple devices, with lattice parameters 

ranging from 400 nm to 1000 nm. Each sensing cell has a size of 60 x 60 µm. There is a 

reason for these dimensions: as the width of the pillars is in the order of 200 nm, it is difficult 

to measure refractive index changes in a single pillar, with RPL and EPL techniques; thus it 

was decided to characterize optically using FTIR spectrometry only. Although spot sizes 

down to 10 µm are easily obtained, signal to noise ratios are better for spot sizes up from 50 

µm. As the fabrication time is low (5 minutes of e-beam exposition for 116 fabricated cells), it 

could have been chosen 100 µm in size or even more. However signal to noise ratio is not 

significantly higher than for 60 µm, so this was considered to be a better solution, to reduce 

the total time of fabrication for each cell.  

 

Apart from this, there is another important advantage of using wide measuring areas: it is not 

critical that the fabrication process has not been perfect, or a column collapse, as the final 

measurement gives an average of the contribution of each individual pillar. This characteristic 

at the end has great importance, since represents higher fabrication tolerances, which at the 

end result in lower cost of the process. Furthermore, the precision required for focusing the 

beam is not as high as in other techniques: there is no significant change in the reflectivity 

spectrum when the position of the beam is moved in the order of some micrometers. And 

finally, if some of the columns collapse during an immunoassay experiment, the results 

remain to be valid. This usually happens due to the processes involved in a typical 

immunoassay: introducing liquid, blowing and manipulating the sample, among others. It 

could be said that the characterization process is quite robust to changes in the process of 

fabrication, in the optical characterization and also in the biochemical manipulation.  

 

Presented results are centered in FTIR-VIS spectrometry. The chip is built on a silicon wafer, 

with a layer of silicon dioxide of 1 µm. There is a reason for using a layer of this thickness. If 

the SU-8 nanopillars are fabricated directly on the silicon wafer the reflectivity profile is 

almost flat, with just one interference dip. The addition of an extra layer results in a spectrum 

with several maxima and minima. The number of peaks and dips is correlated with the 

thickness of the extra layer and its refractive index. A similar thing occurs with the width of 

the peaks, or its Full Width at Half Maximum (FWHM), which is lower as the thickness of 
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the extra layer increases. This could be an advantage from the sensing point of view, however 

it is observed that narrower peaks experience a lower shift when a biomolecular layer is 

introduced on the surface of the chip. An intuitive explanation to this is that the reflectivity 

spectra depends not only of this bio-layer, but on an average of the refractive indexes of each 

layer and their relative volumes. So there is a compromise between no layer of silicon (flat 

profile, just one wide dip, but higher shift) and a layer too thick (narrow interference dips, but 

with lower shift). A layer of 1 µm of silicon dioxide is a good solution for the optical 

characterization equipment used.  

 

5.2.1 Characterization using FTIR spectrometry 

 

For measuring the structure, the light pass through a square pinhole, using the 15x microscope 

described in chapter 3. The spectra are collected with 256 scans, and divided by a background 

measured over a silicon wafer reference. Figure 99 show several examples of spectra obtained 

for different lattice parameters and configurations (square and triangular lattices): a square 

lattice of pillars with a lattice parameter of 700 nm, a 900 nm triangular lattice, and triangular 

1µm lattice spectrum. 

 

 

Figure 99. Comparison of three different spectra. 
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All these lattices are based in the 1 µm of SiO2/Silicon chips. Actually, the silicon dioxide 

layer is the main responsible for the shape of the curve, with three dips between 500 and 900 

nm. A first impression suggests that the lattice parameter has an influence in the shift of the 

peaks, and the shape of the curve mainly remain almost unchanged. This two things are 

important for the sensing purposes: changing lattice parameter is somehow similar to adding 

an extra-protein layer, and the fact that the shape do not experience big changes is helpful 

when analyzing the measured data (compared with, for example, a situation in which another 

dip appears, as reported [Casquel 11]).    

5.2.2 Discussion of results 

 

The conclusion of these initial measurements are that, on one hand, using a SiO2/Si substrate 

seems to help for sensing purposes, compared with other substrates. The signal to noise-ratio 

of the spectra is also good enough. Finally this structure seems suitable for developing an 

immunoassay. Next step is finally performing a real immunoassay on the nanostructure, and 

then check also if the biofunctionalization process over the surfaces occurs in the expected 

way.  

5.3 BSA/antiBSA immunoassay 

 

After collecting the reference data for the structures, the bioassay is the final step of the 

process and the ending point of this thesis. This has been performed by means of a 

BSA/antiBSA immunoreaction, and has been the object of a recent work [Holgado 10]. Mainly 

two different steps are considerated: firstly, the functionalization of surfaces with layers of 

proteins, and after this, the optical characterization using different concentrations.  

5.3.1 Functionalization of SU-8 surfaces 

 

The first step of the bioassay is the functionalization of the sensing area with bioreceptors. For 

this immunoreaction there are two different possibilities: detecting the BSA proteins (direct 

detection) or detecting antiBSA (indirect detection). The choice has been the detection of 

antiBSA. The reason for these is that a bigger protein will result at the end in a higher 

resonance shift, and thus in a better detection.  Once chosen BSA as bioreceptors, several 
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strategies for their biofunctionalization were analyzed as alternatives (Chapter 2.4). The 

alternative chosen was direct adsorption, by treating the surface with sulfuric acid in order to 

make the surface highly hydrophilic [Tao 08], and ready to immobilize the BSA antigens on the 

surface by liquid infiltration. The hydrophilization of the polymer with H2SO4 breaks the 

epoxy groups, forming OH- groups, and leaving a free covalent linking, where the NH2 

groups of the protein attach.  

 

Prior to functionalize the SU-8 sensing cells, the process was studied over plane substrates 

instead. For this purpose, XPS characterization is quite useful, because it gives important 

information on the chemical bonds produced on the surface.  

5.3.2 Characterization using XPS 

5.3.2.1 Experiments 

 

The XPS measurements permitted a better understanding of what is happening upon a surface 

when carrying out the functionalization step.  A first analysis on the chips suggests that a 

residual layer of SU-8 remains after the developing process. The existence of this layer is 

proven by comparing a reference SiO2/Si substrate and a chip with SU-8 polymer deposited 

by spin coating and finally developed.  The changes in the element composition of these two 

chips suggest that the chemical composition of the surface have changed. In these 

experiments a total of four different chips. Chip 1 is the reference chip (Silicon substrate with 

a 1 µm layer of SiO2; Chip 2, has a layer of SU-8 have been deposited and developed; Chip 3 

has the same stack of layers of Chip 2, but with a acid catalyst treatment, and finally Chip 4, 

with a 500 nm SU-8 layer deposited and exposed.  

 

CHIP/Element  Carbon (%) Oxygen(%) Nitrogen(%)   Silicon(%)  Sulfur(%) 

SiO2/Si 10.7 61.4 - 27.9 - 

SiO2/Si+SU-8 developed 60.58 28.17 - 11.25 - 

SiO2/Si+SU-8 developed 

+ acid catalyst. 
25.86 49.95 1.3 21 2.3 

 
Table 8. XPS comparison of SU-8 treated chips. 
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Table 8 shows the atomic percentages for chip 1, chip 2 and chip3 without any BSA 

treatment. The presence of SU-8 on the surface of chip 2 can be seen by comparing the 

percentage of carbon in chip 1 and chip 2. In the reference chip, this 10.7 % comes from any 

kind of organic rest on the surface, and is a typical percentage for any sample (is higher when 

the sample is not properly clean); for chip 2, a 60.58 % comes clearly from the carbon groups 

on the polymer upon the surface. Though XPS equipment do not allow the direct 

measurement of thickness of films, this SU-8 has a maximum thickness in the order of 4-5 

nm; the penetration of the electrons through the surface is at maximum of 5-6 nm, with a 

thicker SU-8 there will not be any detection of silicon, while in chip 2 the percentage of this 

material is of 11.25 %. For chip 3, after acid catalyst, this percentage rises up to 21, but still 

lower than the reference chip percentage (27.9). Also, the rate of Carbon (25.86 %) is lower, 

but also higher than in the reference, which means a thickness of SU-8 in between of chip 1 (0 

nm) and in chip 3 (5-6 nm); thus 2- 3 nm. There is presence of nitrogen and sulfur groups 

after the acid catalyst.  

 

The XPS measurements are also useful to characterize the functionalization of SU-8 over 

plane substrates with BSA. For this purpose, it have been measured a total of 4  chips with 5 

different values of BSA concentration (0, 0.25, 1, 2.5 and 20 ppm), incubated for 60 minutes 

into a Phosphate Buffered Saline (PBS) solution.  The chips are the three analyzed in Table 8 

plus one more chip: SiO2/Si+SU8 exposed and developed, with a thickness of 400 nm, and 

finally with an acid catalyst process (Chip 4). The aim of these experiments is to demonstrate 

that the BSA actually attaches to all the different surfaces present in the sensing cell, and also 

compare the influence of the acid catalyst in the BSA functionalization process. Table 9 show 

the atomic percentages obtained for each of the BSA concentration incubated on the reference 

chip (Chip 1).  
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[BSA] (ppm) Carbon(%) Oxygen(%) Nitrogen(%) Silicon(%) Sulfur(%) 

0 

0.25 

1 

2.5 

20 

10.7 

33.96 

32.35 

35.3 

38.01 

61.4 

42 

42.67 

40.59 

38.3 

0 

5.21 

5.98 

6.18 

7.2 

27.9 

19.02 

17.94 

17.94 

16.4 

0 

0 

0 

0 

0 

 
Table 9. Atomic percentages for Chip 1. 

 

The curve of Nitrogen versus BSA concentration (Figure 100) shows that the BSA proteins 

attach to the surface with a low concentration (0. 25), and the process almost saturates in 

between 1 and 2.5 ppm. For 20 ppm the nitrogen concentration still increases (up to 7.2 %); 

this can be due to unspecific bonding of proteins to each other. The rate of silicon and oxygen 

also gets reduced.  

 

Figure 100. Nitrogen percentage as a function of BSA concentration for Chip 1 
 

Also concentrations for Chips 2 and 3 (Table 10 and Table 11) show the same effect on the 

Nitrogen concentration (Figure 101 and Figure 102). The concentration of Silicon decreases 

as expected, except for 2.5 ppm BSA concentration.  
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[BSA] (ppm) Carbon(%) Oxygen(%) Nitrogen(%)   Silicon(%) Sulfur(%) 

0 

0.25 

1 

2.5 

20 

63.77 

59.61 

59.53 

47.98 

56.63 

26.49 

26.85 

25.59 

34.86 

28.2 

0 

4.6 

5.24 

5.68 

6.483 

9.9 

9.2 

9.25 

11.54 

8.65 

0 

0 

0 

0 

0 

 
Table 10. Atomic percentages for Chip 2.  

 

 

Figure 101. Nitrogen percentage vs. [BSA] for chip 2. 
 

Table 11 shows atomic percentages for Chip 3. In this chip the starting rate of Silicon is 

higher compared with chip 2, and the rate of Carbon is lower, due to the acid catalyst 

treatment. Nitrogen concentration rises up to a rate in the order of 7 per cent for a 

concentration of 1 ppm of BSA and seems to remain stable for higher concentrations. This 

suggest that the saturation for this typology of chip is reached faster, compared with Chip 2 

and 3.  
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[BSA] (ppm) Carbon(%) Oxygen(%) Nitrogen(%) Silicon(%) Sulfur(%) 

0 

0.25 

1 

2.5 

20 

25.86 

38.323 

44.69 

41.83 

42.76 

49.95 

38.31 

38.38 

36.16 

35.41 

1.3 

5.70 

7.27 

7.3 

7.09 

21 

16.94 

13.19 

14.45 

14.75 

2.3 

0.2 

0.48 

0.26 

0 

 
Table 11. Atomic percentages for Chip 3.  

 

 

 

 
Figure 102. Nitrogen percentage vs. [BSA] for chip 3. 

 

The comparison of the percentage of nitrogen for the three chips is drawn in Figure 103. The  

percentage for chip 3 at 2.5 ppm is higher than in the two other chips. But it must be taken 

into account that initial percentage is different from zero. With this effect corrected, the 

percentages of chip 2 and 3 are similar. Is difficult to extract conclusions from this curve, but 

in between 1 and 2.5 ppm the nitrogen percentage does not change for chip 3 and still 

increases for chip 2. This suggest that the effect of the acid catalyst is increasing the rate of 

bonding of BSA to the surface.  
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Figure 103. Comparison of chips 1, 2 and 3. 

 

Finally, Table 12 summarizes the results for Chip 4. In this chip, the SU-8 has been deposited 

by spin coating, exposed with UV light, developed, and finally treated with the acid catalyst 

procedure. In this case, the percentage of carbon is significantly higher than in the other chips. 

This is due obviously to the presence of the carbon groups in the polymer. This carbon 

percentage remains stable from 0 to 20 ppm of BSA.  

 

[BSA] (ppm) Carbon(%) Oxygen(%) Nitrogen(%) Silicon(%) Sulfur(%) 

0 64,59 28,16 0,896 3,11 2,99 

0,25 68,09 22,05 6,31 2,23 2,35 

1 63,41 24,9 7,91 2,55 1,57 

2,5 66,09 22,63 8,45 1,09 1,8 

20 65,14 23,1 9,43 0,48 1,82 

    
Table 12.  Atomic percentages for chip 4. 

 

There is also unexpected presence of Silicon on the surface of this chip. This silicon cannot 

come from the SiO2 layer, since the thickness of the SU-8 is of 400 nm, and probably is due 
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when the BSA groups bond to the surface. The curve of nitrogen percentage (Figure 104) also 

confirms this bonding process.  

 

Figure 104. Nitrogen percentages for chip 4. 
 

5.3.2.2 Conclusions of XPS experiments 

 

There are several conclusions to extract from these measurements. First of all, the 

characterization of chips 2 and 3 show that there is a remaining layer of SU-8 over the Si/SiO2 

layer, which is not completely removed after the developing step. This layer has a thickness in 

the order of 5 nm, and after the acid catalyst gets reduced to 2-3 nm. Three different chips 

have been incubated with several BSA concentrations, replicating the process that is carried 

out in the immunoassay, but in plane substrates instead of periodic nanostructures. The results 

suggest that the BSA bonding is faster on the chip treated with sulfuric acid (Chip 3). 

However, the other two chips also show bonding of BSA and saturation at low concentrations 

(in the range of 1-2 ppm). This is probably due to the nature of BSA, which bonds easily to a 

wide variety of surfaces. To state clearly the difference of functionalization of the three 

surfaces it is probably required another biochompound in future developments. 
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5.3.3 Immunoassay 

 

Once analyzed what occurs on plane substrates, the next step was replicating the process in 

the fabricated sensing cells. These cells were incubated for 60 minutes into a Phosphate 

Buffered Saline (PBS) solution with BSA of concentrations ranging from 0 to 60 ppm, by 

using a micropipette. This time is chosen in order to ensure that the functionalization occurs. 

However, lower times can be used (in the order of 10-15 min) with good results.  After this 

time, the chips were rinsed with deionized water (DI)-H2O and blown with N2 under clean 

environment. The use of a N2 flow ensures that the liquid remaining on the surfaces, and any 

unspecific bonding on the walls of the pillars is also removed, and the changes produced in 

the optical spectra are solely due to the BSA adsorption to the surface. Finally, the cells are 

optically characterized by means of Fourier Transform Visible and Infrared spectrometry at 

room temperature stabilized at 20 ºC. A schematic of this process is shown in Figure 105.  

 

 
 

Figure 105. Functionalization process. The biomolecules are introduced into the sensing devices using a 
micropipette. An hour of incubation seems to be enough for good incubating process. After this, the samples 
were washed and blown them using N2, to prevent or at least reduce unspecific adsorption on the surfaces.  

 

 

When the surface has reached the limit of BSA, the remaining links are blocked with 

ethanolamine, to prevent undesired attachment of antiBSA protein. Then starts the process of  

recognition of antiBSA, repeating the same procedure, with 60 minutes of incubation, rinsing 

and blowing, and finally optically characterizing. The process ends when there is not 

significant change in the measured curve as more antiBSA concentration is used.  
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Figure 106 helps in understanding the whole BSA functionalization and antiBSA recognition 

process. The initial chip consists of the nanopillars of SU-8 built in the silicon dioxide/silicon 

wafer. However, there is a remaining layer of SU-8 covering the SiO2 surface. This layer has 

not been removed in the developing process, and its thickness has been estimated to be in the 

order of 5 nm. From the optical point of view, this layer provokes a shift in the spectra in the 

order of a couple of nanometers. But from the functionalization point of view, it has to be 

taken into account.  

 

After ten seconds into sulfuric acid, some of the SU-8 epoxy rings break. This can help to the 

BSA bonding, as suggested by XPS measurements, but also ensures that the solution fills 

completely the space between columns (see Figure 33). The remaining layer of 5 nm turns 

into a layer of 2-3 nm, due to an etching process produced by the acid catalyst.  
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Figure 106. Process of functionalization 
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link of antiBSA proteins on the surface of the pillars, and which is the fourth step of this 

process. Finally the BSA antibodies are recognized, until saturation.  

5.3.4 Results 

 

The optical characterization was accomplished by means of Fourier Transform Visible-

Infrared (FT-VIS-IR) spectrometer (Bruker Vertex 70 adapted to visible range), described in 

chapter 3. Figure 107 show the obtained spectra, measured after sulfuric acid catalyst, and 

after antiBSA saturation, and have two interesting  dips to analyze, one centered in 635-650 

nm, which is called DIP1,  and the other one centered at 815-830 nm (DIP 2), as predicted by 

theoretical calculations from chapter 4.4.3.4. Also according with the calculations, the 

addition of a biolayer over the cell results in a shift of the dips to higher wavelengths (the 

curves shift to the right, in the figure.). 

 

Figure 107.  Reflectivity spectra for a 200 nm diameter – 800 nm lattice parameter SU-8 sensing cell. 
 

Figure 108 shows the shift experienced for each of the interference dips, for a triangular 

structure of 800 nm in lattice parameter, 200 nm in diameter and 420 nm in width when 

changing the concentration of BSA and antiBSA proteins, from several points: the acid 

catalyst, a high concentration of BSA, the ethanolamine block and a high concentration of 

antiBSA. Figure 108-a is for DIP1 (630 nm) and b for DIP2 (815 nm).  
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Figure 108. Dip shifts for both dips, in several situations. X axis is in both wavenumber and wavelength. (a) for 
Dip 1 and b for Dip 2.  

 

Finally to strengthen the reliability of the biosensing system 12 similar cells were analyzed 

with BSA/antiBSA concentrations offering a good level of performance during the 

interrogation process. To determine the wavelength dip position values, signal processing 

techniques were used to reduce the dip position uncertainty. The signal to noise ratio was 

reduced by applying a low-pass filter processing based on discrete Fourier transform 

processing (DFT). The DFT was obtained from the original signal, then the high frequency 

components related with the noise of the signal were rejected by applying a low-pass filter 

with cutoff number of 0.0026 cm-1, and finally applying the inverse DFT the filtered signal 
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was obtained. The signal processing is programmed and carried out automatically, also for 

determining the minimum of the signal. Filtered signal does not show important distortion in 

the intervals of interest. After using this data processing, the performance curve for a 

particular sensing cell can be drawn. In particular, Figure 109 and Figure 110 show the 

recognition curves for a cell of 800 nm in lattice parameter, for both dips 1 and 2. There are 

two differenced areas in the curves. Firstly, the BSA immobilization curves, which end in the 

ethanolamine block step, and later the antiBSA recognition curves.   

 

 
Figure 109.  BSA immobilization and antiBSA recognition for DIP 1.  
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Figure 110. BSA immobilization/AntiBSA recognition curve for DIP2.   

 

In the first part of the curve, the BSA protein seemed to attach to the surface fast; actually the 

process is almost saturated over concentrations of 10-15 µg/ml.  The BSA incubation stopped 

at 60 µg/ml.  After this, a blocking step with ethanolamine 0.1M in PBS was performed to 

deactivate the remaining epoxy groups on the surface, in case of existing any. However this 

part of the curve has more oscillations than antiBSA recognition. This can be due to non-

covalent absorption of BSA to the SU-8 surface or to other BSA proteins that are not 

completely removed after the blowing and rinsing process. Since these oscillations occur for 

high concentrations of BSA (up from 10 ppm), the recommendation is stopping the BSA 

functionalization after 5 ppm. 

 

The procedure for biorecognition of antiBSA proteins is the same as BSA: one hour of 

incubation in PBS solution. The shift in this case is one order of magnitude higher, which is 

according with expected results, due to the size of antiBSA protein. Also the saturation seems 

to be reached at a higher concentration, in the order of 35 µg/ml. Given that the mass of the 

BSA protein is of 66.4 KDa, and the mass of the antiBSA is of 150 KDa, ratio of mass 
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antiBSA/BSA results in a value of 2.26, whereas the ratio of saturation antiBSA/BSA gives a 

value of 2.33, which means at the end that almost each antiBSA protein recognized 

correspond to a BSA molecule attached, and thus there is low influence of undesired 

adsorption and recognition. 

5.3.5 Discussion 

5.3.5.1 Comparison with theoretical results.  

 

An estimation of the shift of the reflectivity curves as the BSA proteins are being attached to 

the surface of the pillars, and also when the antiBSA immunoglobulins are recognized can be 

given by using any of the models proposed in this thesis. It can be also obtained a more 

detailed calculation of the shift produced as the monolayer of protein increases, instead of a 

total shift when this layer has a thickness of 15 nm and a refractive index of 1.41 (saturation).  

There are two simple ways of simulating the process of biofunctionalization and 

biorecognition. The first is considering a layer of protein with a constant refractive index, 

with a thickness growing from 0 to 15 nm. Using this methodology, there is a direct 

correspondence on the experimental concentration measured, and the equivalent layer of 

thickness that is created on the surface of the pillars. The other option is considering a layer of 

constant thickness (15 nm), and with a refractive index varying from 1 (no protein) to 1.41 

(saturation). 

 

Using a layer with variable thickness is closer to what is actually occurring during the 

immunoassay. However, its main drawback is that a low step size for the calculation is 

required. This drawback can be partially overcome by using a special feature of latest versions 

of Rsoft, which is the possibility of variable gridding the space of simulation, using a finer 

gridding when needed (for the protein layer), and a bulk step size for the rest of the volume. 

Figure 111 show an image caption of the Rsoft Cad Layout used to calculate the reflectivity 

spectra of the nanopillars structure.  Both the launch field and the monitor are tilted at 18º in 

order to reply the angle of incidence and collection of the light of the 15x Cassegrain 

objective.  
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Figure 111. Transversal view of the Layout used for Rsoft Calculation. 

 

The volume of simulation must be carefully defined in order to maintain the time of 

simulation and memory required under a manageable level. It is not possible to simulate the 

60 x 60 µm actual size of the cell, or at least is not worthy; a scalable model gives valid 

results instead. Figure 112 shows a transversal cut of the volume of simulation chosen for this 

calculation. To ensure the scalability of the model, this volume must cover at least one 

periodic cell. A higher size would be preferred, but the increase in computation capabilities is 

high. In this case, the ranges covered are -1.4 to 1.4 µm in X axis, -1 to 1 µm in Y axis, and     

-1.2 to 1.6 µm in Z axis (depth).  

 

 
Figure 112. X-Y transversal cut for the volume of simulation. 
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With this volume of simulation, using a grid size of 15 nm for the three axes, a single 

calculation has computation requirements of 510 MB. This step size is enough for an accurate 

calculation of pillars of 200 nm; however for see the change in the reflectivity spectra as the 

thickness of the protein layer increases, a finer grid size is mandatory. For example, with 1.5 

nm of gridding size, the computation capabilities are multiplied by a factor of 1000, resulting 

in a total of 510 GB. Latest versions of Rsoft allow the non-uniform gridding of the space. 

Figure 113 show an example of this feature. The software uses a bulk grid size, in this case of 

15 nm, for the majority of the volume of simulation, but a finer grid in the interface between 

different materials (known as edge region). This is particularly useful for the thin layer of 

protein. This finer grid is of 1.5 nm. The interface between materials comes defined in the 

figure by the red lines, whereas the calculation points are represented by the intersection of 

black lines. Another interesting feature is that the grid size does not change abruptly from the 

bulk region to the edge region, but it decreases for the points getting closer to the interface,  

called grading process.  

 

 
Figure 113. Example of non uniform gridding.  

 

The time of calculation required for obtaining a reflectivity spectra using this feature is highly 

increased compared with when using just a bulk resolution (of 15 nm), since the stability time 

given by the Courant condition is calculated by using the minimum values of grid size present 
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in the whole volume of simulation. However, it does not occur the same with the computation 

capabilities, which experiences just a slight increase. This means that this simulation can be 

performed in a standard simulation computer, with a time of simulation in the order of one 

day. For a better understanding of the biofunctionalization and biorecognition process, it have 

been calculated reflectivity profiles for protein layer thickness ranging from 0 to 16.5 nm, 

with an increment of 1.5 nm each. The refractive indexes have been 1.46 for SiO2, 1.6 for  

SU-8, 3.8 for Silicon and finally 1.41 for the biolayer.  

 

The results for the calculations are shown in Figure 114. Both dip 1 and 2 experience a shift 

to higher values of wavelength as the thickness of the protein layer increases. Focusing on 

Dip 2, in the experimental results the reference position (0 nm of protein) is at 814 nm, and 

with saturation reaches 826.2 nm, whereas for the calculations the initial position is 815.8 and 

moves to 828.1 Total shift is thus 12.3 nm for theoretical calculations and 12.2 for 

experimental results.  

 
Figure 114. Results for FDTD calculations. 

 

The detail of Dip 2 for several thickness of protein is shown in Figure 115. This curve is the 

equivalent to Figure 108 for theoretical calculations. Analyzing the position of the dip as a 

function of the increase of the thickness of the layer, it can be established a direct 
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correspondence between analyte concentration in the sample, and the thickness of the 

equivalent layer created on the surface of the pillars and the wafer. 

 
Figure 115. Detail of shift of Dip 2 for different protein layer thicknesses. 

 

The total dip shifts as a function of the thickness are given in Figure 116. Each point 

represents an increment of 1.5 nm in thickness. This shift can be fitted to a linear function; 

however, the rate of increment seems to be higher up from 10 nm of thickness. The 

correspondence between the thickness is also drawn, the BSA saturated has an equivalent 

thickness in the order of 3 nm, 5 ppm of antiBSA form a layer of 7.5 nm, whereas when the 

cell is totally saturated of BSA and antiBSA, this equivalent thickness is of 16.5 nm. This is in 

accordance with expected and previous results.  
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Figure 116. Dip 2 shift as a function of the thickness of biofilm.  

 

5.3.5.2 Limit of Detection Values 

 

The process of BSA functionalization, and also the antiBSA recognition have shown 

satisfactory results. From the point of view of the BSA bonding, there are several phenomena 

to discuss. The functionalization curve suggest that the process reaches its saturation at a 

concentration in the order of 5 ppm. This is in clear contrast with what happens with plane 

surfaces (1-2 ppm). This is clearly due to the presence of the periodic pillars, since all the 

other variables remain unchanged in both processes. Also in the functionalization, there is a 

huge variation between 20 ppm and 40 ppm. As suggested, this can be due to adsorption 

between proteins, but requires more study. To avoid these effects, the recommendation is 

clear: stopping the process as soon as the saturation is reached.  

 

To calculate values of BioLimit of detection (BioLOD) for antiBSA it should be used  

Equation 3: 

   ¿ÀÁÂÃÄ = ÅÆÇÈÉÊËÀÆÊÌ¿ÀÁÍÈÆÎÀÊÀÏÀÊÌ = ÅÐÑÒÈÊÈÇÊÀÁÆ      

 

where Uw is the uncertainty of the measurement, and mdetection the steep of the detection curve. 

This value is taken from the linear range of the curve of detection. A value of BioLOD can be 
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estimated for any of the two dips analyzed. For Dip 1, approximating to a linear function in 

the range of 0 to 7.5 µg/mL of antiBSA concentration, mdip1= 1.025 nm/(µg/mL), and for Dip 

2, mdip2= 1.01 nm/(µg/mL).   

 

Uw is usually estimated as the spectrometer wavelength resolution. But at this point, where a 

real buffer has been measured, it can be considered a probability distribution with constant 

probability density for the interferometer wavelength resolution (wres).  For calculating Uw  

firstly is defined the uncertainty of the measurement,  uw
2 = (wres)

2/12. The expanded 

uncertainty corresponding to a coverage probability of approximately 95% [GUM]  is obtained 

by multiplying uw by a coverage factor k=2 (Uw =2uw). 

 

Considering the minimum resolution of the spectrometer, it can be calculated the optimized 

value of LOD. For this tool, resolution is constant in terms of wavenumber, and has a 

minimum value of 0.1 cm-1. This results in a wavelength resolution of 0.0041 nm for Dip 1, 

and  0.0067 nm for Dip 2. With these values, Uw equal to 0.0024 nm for Dip1 and 0.0039 for 

Dip2 . Thus, the antiBSA LOD equal to 2.3 ng/mL for Dip1 and 3.8 ng/mL for Dip2. The 

obtained values of LOD are comparable with the performance of other optical label-free 

biosensors for BSA–antiBSA (Chapter 2.4), for example with the SPR work of Ho and 

coworkers (7.4 ng/mL).  

 

5.3.5.3 Affinity of the immunoassay.  

 

The affinity of the antiBSA recognition can be calculated as the antiBSA concentration at half 

saturation. Since this level is reached at [aBSA]= 5 ppm, with this methodology, the affinity 

constant obtained is KD = 33 nM (the Weight of an antiBSA immunoglobulin is 

approximately 150000 Da). This value is high compared with other values obtained by other 

authors, for example, 4.44 nM for Olkhov and coworkers [Olkhov 2010]. This deviation can be 

due to multiple factors, since a biorecognition reaction is actually a complex process. But 

these results, and also the comparison between the biofunctionalization with BSA on plane 

substrates (half saturated at 0.25 ppm) and over nanostructures (half saturated at 2.5-3 ppm) 



BIOSENSORS BASED ON VERTICALLY INTERROGATED OPTOFLUIDIC SENSING CELLS                       207 

 

 

suggest that the presence of the periodic pillars have an influence on how the biorecognition 

works. In the theoretical calculations, it has been consider that the only parameter that finally 

defines the detection limit (in terms of refractive index sensing) is the total wavelength shift 

of a dip or peak when the considered biolayer has reached its maximum thickness, or its 

saturation thickness. For an immunoassay, the characteristics of this layer in terms of 

refractive index and thickness does not strongly change for one bioapplication to another if 

the antibodies are single Y shaped immunoglobulins. This type of antibodies has a majority of 

common elements with each other, not depending on the antigen to detect. Regarding this 

antigen, it usually will be smaller than the BSA, but finally the total size of the monolayer 

will remain in the order of 12-14 nm, instead of 15 for the antiBSA-BSA.  

 

However, what changes from an application to another is the affinity of the reaction, this is, 

the speed of the recognition. This speed is characterized by the affinity constant Kd. The same 

experiment, with similar conditions, was repeated using another bioapplication, in this case 

the steroid gestrinone, and its immunoglobulin antiGestrinone [Ortega 12]. Figure 117 shows the 

results of the experiment and the total shift produced when the biorecognition of 

antiGestrinone stops (at saturation level). Figure 118 presents a comparison between the 

recognition curves of antiBSA and antiGestrinone. 

 

 
Figure 117. AntiGestrinone detection. Comparison with curve after acid catalyst. 
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Figure 118. Comparison Gestrinone/antiBSA recognition.  

 

The total dip shift at saturation for both applications is roughly the same, whereas is clear that 

the saturation for gestrinone recognition is reached first. The affinity constant for this reaction 

is of 6 nM, compared with 33 nM of BSA/antiBSA.  

 

The calculation of expected BioLOD can be generalized for any sensing cell and 

bioapplication, just taking into account its Kd value and the theoretical wavelength shift 

calculated for that cell. Instead of using a sigmoidal fitting for the biorecognition curve, it is 

proposed a linear approximation, shown in Figure 119.  
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Figure 119. Linear approximation to wavelength shift as a function of analyte concentration.  
 

In this example, the optical resonance shift  can be fitted to a piecewise-defined function, 

where: 

 

�Ó	��o¥ �ℎ�� = Ô     ∆λÕwV3.Ö× , 0 < ^o�o¥�	�_ < 2.]/0∆λ.�S ,        ^o�o¥�	�_  ≥ 2.]/
Ù      

              Equation 36 

 

This function show a good fitting in the linear range, for values of concentration lower than 

Kd, and in the saturation range, but not for values of concentration in between Kd and 2.Kd. 

However, its simplicity allows defining a generalized equation for the value of BioLOD, 

using equation 3: 

 

                         (����� = �Ú.×�¨�¬¨u°� =  3�ÚÖ×∆λÕwV                  Equation 37 

 

Using this expression, the value of BioLOD for antiBSA detection results in 2.35 ng/mL for 

Dip 1, similar to previous calculations. The advantage of this expression is that allows 

estimating the response of a sensing cell when changing the bioapplication, or when changing 

its optical properties, and thus the expected maximum optical shift. This can be used as a 

design tool; for example, given a bioapplications with a particular Kd, and a maximum value 
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required for BioLOD, it can be obtained the minimum value of ∆λmax that accomplish this 

specifications. It is also important to note that the same expression is valid for any other 

sensing parameter instead wavelength shift, for example angular shift in the case of RPL 

characterization.  

 

Next question is how these values could be improved. In the optimization performed in 

Chapter 4.7.3 are calculated several values of  ∆resonance considering a biolayer of 15 nm and 

1.41 in refractive index, which can be considered to be equivalent to the sensing cell saturated 

with BSA and antiBSA. For example, for the configuration of lattice parameter of 400 nm, a 

diameter of 200 nm and a height of 750 nm, the calculated value results in, for Dip1, 

∆resonance=  40.1 nm (for a SQF value of 2.67 nm/nmbiofilm). This is significantly higher than 

the actual shift measured in the experiments (10.2 nm). Assuming that the saturation occurs 

for the same values of BSA and antiBSA, from equation 3, this results in a value of mdetection 

multiplied for a factor of ∆resonancecal/∆resonanceexp= 40.1/10.2=3.9313, and thus mdetection = 

1.025.3.9313 nm/(µg/mL) = 4.029 nm/(µg/mL). Finally, since Uw remains unchanged, 

estimated BioLOD for this configuration has a value of 0.59 ng/mL[Casquel 11-1].  

 

 

The hypothesis of improving the value of BioLOD by reducing the lattice parameter of the 

cell has been partially demonstrated in a recent work [Sanza 11-2]. With a sensing cell based also 

on SU-8 pillars, with a diameter and height similar to the described in Chapter 4.6.2.3, is 

performed the biodetection of antiGestrinone antibodies, using transmission spectra instead 

reflection. There were mainly two typologies of cell fabricated, with lattices parameter of 700 

and 800 nm. The conclusion is that the obtained value of BioLOD is significantly lower for 

700 nm (4.5 times lower) compared with the value for 800 nm.  

 

5.3.6 Conclusions 

 

The BSA/antiBSA immunoassay has demonstrated the biosensor capabilities of the sensing 

cell based on nanopillars of SU-8. The value of BioLOD for antiBSA recognition has been of 

2.3 ng/nL, which is a value comparable with other similar devices detecting the same protein. 
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One of the most remarkable aspects of this immunoassay is its simplicity of measurement: the 

introduction of the buffer solution into the sensing area is made just by dropping it over the 

sensing cell.  

 

The biofunctionalization of the sensing surfaces has not presented particular problems. BSA 

is a protein which easily bond to any surface, however, subsequent experiments with other 

substances (gestrinone) [Sanza 11-2] demonstrated that the process is also valid for other 

immunoassays. However, incubating concentrations above 20 ppm lead to oscillations in the 

spectral shift that may be avoided by stopping the process at its saturation point (10 ppm is 

enough).  

 

The comparison between the saturation of the surfaces with BSA in plane substrates, 

measured with the XPS experiments (half saturated over 0.25 ppm), and the saturation in the 

cell of nanopillars (half saturated over 2.5 ppm) and also the affinity constant obtained for the 

antiBSA recognition (33 nM), compared with the values found in the literature (4.4 nM) 

suggest that both biofunctionalization and biorecognition processes are slowed by the 

presence of the periodic lattice of pillars. However, for extracting any conclusions on this, 

more research must be made, comparing, for example, the rate of biorecognition of antiBSA 

by using several times of incubation, instead of one hour. For plane substrates, this time is 

enough to reach equilibrium, but the results suggest that the time needed in these typologies is 

higher, due to the time required for the diffusion process to be completed.  

 

The correlation between theoretical (3D FDTD) calculations and experimental results has 

been proven to be good. This allows establishing a direct correspondence between a 

concentration of bioanalyte and the equivalent thickness of biofilm which is created both on 

the surface of the nanopillars and the top of the SiO2 layer.  

 

Performing a different immunoassay, in this case Gestrinone-antiGestrinone, has been useful 

to prove, on one hand, that the functionalization process is not only simple but also valid for a 

variety of bioapplications, and on the other hand, that the speed of biorecognition (given by 

the affinity constant) changes depending on this bioapplication. This leads to obtaining an 

expression for the calculation of BioLOD in which is not only taken into account the total dip 

shift expected for a biolayer film of antigen-antibody at saturation state and the uncertainty of 
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the measurement, but also the speed of the bioreaction itself, by using its affinity constant. 

This expression can be used as a predictive model of expected sensitivity for future assays in 

new bioapplications with this sensing cell, or instead with improved sensing cells.  

 

Finally, an example of the optimization process detailed in Chapter 4, with a reduction of the 

lattice parameter from 800 nm to 400 nm, and the increase in the height of the pillar to 750 

nm, using equation 29, the expected BioLOD reached has a value of 0.59 ng/mL, four times 

lower that what has been calculated for the performed experiments.  
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6 CONCLUSIONS AND FUTURE DEVELOPMENTS  

 

6.1 Conclusions 

 

In this thesis a new concept of refractive index sensors based on optofluidic sensing cells 

characterized using vertical techniques have been described. It has been demonstrated that the 

proposed optical sensing system works as a refractive index sensor, and finally as biochemical 

sensor. The sensing cells are based on 2D photonic sub-micrometric structures measured 

using different optical techniques: Reflectrometry, Spectrometry, Confocal microscopy and 

also Ellipsometry.   

 

Several sensing cells have been designed and fabricated: a sensing cell based on sub-micro 

holes has worked as refractive index sensor, with an integrated system which includes three 

different optical techniques. Finally, a sensor based on polymeric pillars (SU-8) has been 

proven as biosensor, by an immunoassay based on the BSA-antiBSA reaction. The results in 

terms of biodetection limit reached have been of 2.3 ng/ml for antiBSA recognition, and can 

be considered competitive compared with another works found in the literature.  

 

However, the process of obtaining a biosensor is a complex task, which requires expertise in 

several areas. In the particular case of optical biosensors, these areas are four: Optical 

characterization, fabrication, photonic design of the sensor and fluidics, biofunctionalization 

of surfaces and biorecognition. These fields cannot be treated separately, but all of them are 

strongly related.  

 

The characterized sensing cells present several advantages, compared with other label free 

optical sensors. In a general term, photonic devices require of complex systems of coupling 

the light from a fiber to a waveguide. Instead of this, focusing just by using a microscope 

objective is much simpler. Besides this, the process of taking bioanalytes to the sensing area 

is simplified by dropping the sample directly upon the sensing cell by using a micropipette. 

The fabrication techniques are similar to what is common in other optical devices, but the 
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advantage is that the fabrication requirements are not as high: the device will work, though 

probably with worse performance, with slightly different dimension as designed, and even 

with a part of the cell broken, since the optical techniques measure an average of the whole 

cell. This is in contrast with highly precise photonic elements required in other sensors to 

work, for example in resonant disks.  

 

However, BioDetection Limits are not as good as in other sensors, in particular compared 

with SPR, which is the most mature technique. There is, nevertheless, room for improvement 

of these values. This has been done partially with the theoretical optimization of two of the 

sensing cell proposed, using combinations of values of design parameters: height of the 

pillars, diameter and lattice parameters. For this purpose, it has been defined a simple 1D-

theoretical calculation method, which combines Beam propagation method with multilayer 

film stack equations. The advantages of this method are its simplicity, helping in the 

understanding of the sensor and also reducing computing time.  There is a good agreement 

between results of this model and both experimental results and the 3D-FDTD models, for the 

particular cases analyzed. Finally, one of the examples of optimization performed led to a 

calculated biodetection limit of 0.54 ng/ml, for antiBSA recognition, with nanopillars of SU-8 

polymer.  

 

Using confocal microscope measurements has helped to understand the fluidic behaviour and 

the process involved when trying to introduce fluids and functionalizing the cells surfaces 

with proteins. At the end, simply depositing a droplet over the sample, and with one hour of 

incubation, has proven to be enough to satisfactorily functionalize the surface and perform the 

biorecognition, at least in the case of antiBSA/BSA couple.  

 

Finally it have been studied several microfabrication techniques. In a general term, they 

involve complex processes, such as e-beam lithography and dry etching; this means that the 

cells fabricated can be considered still in prototyping stage. If any switch to higher scale 

fabrication was intended to be done, other processes should be considered. Other kinds of 

lithography, which are mentioned in this thesis, would be using laser fabrication, to obtain 
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both projection mask and photopolymerize the resin, and finally Deep-UV based lithographic 

systems. 

 

6.2 Lines of future development. 

 

There is a variety of lines of research clearly open up to the date of finishing of this thesis. 

They can be divided into several groups. The first is the measurement of different analytes. 

The detection of antiBSA is useful as a starting point, to check that the device works as 

biosensor, and also for the understanding of the fluidics in submicrometric sizes; and finally 

BSA is a common protein present in a variety of bioassays. However, next step are 

applications for detection of diseases (for example, hepatitis B virus or A influenza), or 

doping agents (steroids), and finally performing multianalyte measurements with real serum 

samples. A first advance in this line has been recently carried out, and has been the 

biorecognition of antiGestrinone antibodies using a sensing cell of similar typology of the 

SU-8 pillars cell proposed in this thesis [Sanza 11-2]. 

 

Although the biodetection limit reached can be considered in the order of what is found in 

nowadays scientific literature, it can be improved; this task has been performed partially with 

the theoretical optimization of two of the sensing cells, analyzing the influence of several 

parameters in the expected limit of detection. The main conclusions are that lower lattice 

parameter pillars are expected to have higher sensitivity. Recent experimental results also 

confirm this hypothesis [Sanza 11-1]. This implies also advancing in the performance of the 

fabrication techniques.  

But not only by more compacted periodic structures can this limit of detection be improved. 

There are a wide variety of possibilities for this purpose: changing diameter of pillars, height, 

layout, using other materials instead of SU-8; also changing the vertical film layer stack 

(multilayer stack instead a single layer of SiO2, or a thickness different from 1 µm), using 

sensing cell based on structures different from pillars (e.g. lines, crosses, concentric rings), or 

employing alternative characterization techniques.  
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However, before optimizing values of limit of detection, there is a need of reformulating how 

this value is estimated. There is a lack of a unified criterion in the literature about its 

calculation, mainly due to two reasons. The first is that there is not a standardized 

immunoassay to characterize all the variety of sensors. The closer assay to this standard is the 

measurement of the sensor as bulk refractive index sensor, by means usually of liquids with 

different refractive index, and finally calculating a value of bulk limit of detection, in terms of 

refractive index units. However, this magnitude presents an important problem: each sensor 

has a different sensing volume, which makes these bulk LOD values not intercomparable. A 

clear example of this is the sensing cell based on holes measured in this thesis. There is an 

important difference between the volume measured as bulk sensor (all the volume of fluid on 

the holes and a remaining fluid layer) and its expected BioLOD (considering a biolayer film 

of 15 nm). This can be overcome, at least partially, by using a standardized immunoassay to 

compare each sensor. Actually, in the literature BSA-antiBSA immunoassay is something 

similar to this standard, mainly due to its functionalization simplicity.  

 

The second reason is that the uncertainty term for the BioLOD calculation is not completely 

understood. It is commonly accepted to be equal to the characterization setup resolution, 

which is conceptually wrong. This means that the only parameter which has influence on the 

BioLOD value is the shift (in terms of wavelength or angle of incidence) produced when 

introducing the proteins, not taking into account the width of the interference, measured by its 

full width at half maximum, and its throughput, defined by the total gain of a maximum or 

minimum of an optical mode. Some authors have suggested that FWHM, throughput and also 

signal to noise ratio of the spectrum have influence, obviously not in increasing the spectral 

shift, but in reducing or increasing the term of Uncertainty, and thus in the final value of 

BioLOD. So this is an interesting line of research, which can help in the fully understanding 

of all the parameters with influence in the sensing process, and what is more important, how 

to reach its better performance.  

 

Other line of future research is the improvement of the tools for calculating the optical 

responses. The 1-D model developed presents some advantages in terms of time of computing 

and simplicity. However, this model must be validated with more experimental data, i.e. 

highly compacted sensing cells and measurement of biofilm layers with RRL and EPL 

techniques. And, though the time required for calculation is small, especially compared with 
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the 3D FDTD method, is not an automatized method yet; requires a calculation using BPROP 

software, after this a calculation on the effective refractive index, and finally a calculation of 

the reflectivity response, using a mathematical software. This elements can be combined with 

a programming software, for example Matlab [Matlab], modeling separately the Beam 

propagation Method algorithm, and the multilayer structure, integrated in a single 

computational model.  

 

The combination of, on one hand, the clear definition of the performance of the sensor, and 

the influence in the BioLOD value of shift, FWHM and throughput; and in the other hand, the 

possibility of using a completely automatized model will ease the process of optimization and 

understanding of the sensors. In this thesis some work has been made in this direction, with 

the optimization of two sensing cells in some particular cases; however, to make sensors 

actually ready to compete with other emerging optical biosensors, in particular, and with 

established biochemical sensing techniques existing in the market, these two steps are 

mandatory.  

 

Also other optical techniques, or the improvement of the already used, can be employed in the 

characterization to increase BioLOD, or reducing the cost per device with substrates cheaper 

than silicon wafers. Some advances have been done in this field, by using transparent glass 

substrates instead of Silicon, and measuring the Transmitivity instead of Reflectivity, for 

sensing cells of nanopillars of SU-8 [Sanza 11-2]. The measurements were carried out with the 

same equipment used for FTIR characterization, since it allows the transmission measurement 

by changing the position of the mirrors, with the same photodetector. Apart from this, the 

already used techniques can be improved, or at least make the most of them. This applies in 

particular from RPL and EPL measurements. Some tests shave been done on the 

measurements of nanopillars of SU-8, but the understanding of the results needs more study. 

Besides this, it can be taken advantage of the polarized nature of the laser light, by 

measurement of the differences of light travelling through the periodic nanostructures 

depending on its polarization. Actually the periodic cells behave optically as birefringent 

materials. This has been partially seen in the RPL characterization of the holes sensing cell, 

with different correlation between experimental and theoretical data for both polarizations, 

and is expected to be particularly important for highly compacted cells, and probably will 

increase the shift between reflected s and p waves.  
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Finally, the aim of developed more sensitive and miniaturized sensing devices continues to be 

developing an integrated measurement platform, which may allow automatized 

measurements, with also automatized data treatment, and which combines multi analyte 

measurement in a single chip. This is the final goal of the design of this family of biosensors: 

a wafer with multiple arrays, each array consisting of a number of sensing cells. Taking the 

concept from a single cell to wafer scale production means highly reducing the cost for each 

cell, and thus the cost per analysis. This parameter is what determines at the end if all the 

sensing procedure proposed is competitive with the other techniques already existing in the 

market.   

 

How to arrive to such a wafer of multiple cells? Reducing the cost per analysis requires a 

cheaper fabrication process compared with e-beam. Nano photolithography and 

nanoimprinting seem to be the best options existing nowadays in the market. They have a 

high initial cost for developing the projection mask, or the master, in case of nanoimprinting, 

but once this mask is optimized, the cost is drastically reduced. Figure 120 shows an already 

fabricated photomask with multiple arrays of sensing cells of different configurations and 

design parameters. The fabrication of these arrays at wafer level implies few steps of 

fabrication; actually the deposition of the SU-8 resin on a wafer, the exposition using an UV 

photolithography equipment, and finally the developing and removing of the undesired resin.  

 

 

Detail of arrays of sensing cells
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Figure 120. Detail of a photomask. 

 

Their limitations are the dimensions reached by nowadays conventional equipments, which 

probably will not allow obtaining highly compacted nanostructures (for example, 200 nm of 

diameter and 400 nm in lattice parameter). But a proper design optimization of all the 

parameters of the cell, and not only its compacting, will lead to sensing cells sensitive enough.  

 

How much sensitiveness has a cell sensitive enough? This is probably the key question to 

answer, and unluckily, it has not a trivial answer. It depends basically on the bioapplication, 

and the desired positioning on the market. Generally, if the sensors are intended to be low 

cost, the clear goal of positioning is high throughput screening applications, in particular 

Point of Care approach. To find a proper answer to this, the research group involved in this 

thesis have run a spin-off company from the Universidad Politécnica de Madrid, originally 

named “BIOD (BIo Optical Detection), settled in Madrid (Spain). The aim of the company is 

develop sensitive and cheap biosensors for high throughput multianalyte sensing, started its 

activity in 2010, and the objective is to have sensors developed ready to exit to the market by 

the years 2014/2015, based on the concept of sensor sketched along this thesis.   
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Appendix 1. Theoretical calculations for multilayer film stack 

structures.  

 

Reflectometry at profile level and spectrometry. 

 

The reflectivity of a multilayer structure of m layers and a substrate, each layer with a 

refractive index nm and a thickness tm, and a refractive index of the substrate nsubstrate, an angle 

of incidence of the light θ0, and a wavelength, with a refractive index of the background 

media n0, such as the structure schematically drawn in Figure 1, can be calculated analytically 

in a non complex manner.  

 

 
    Figure 1-A. Multilayer film stack 

 

The total reflectivity of the film stack can be named as Rs,p, where s and p represent the 

polarization state of the incident wave, Is,p. This reflectivity is represented with a complex 

number, with its modulus and its phase, due to the oscillating nature of travelling light, and is 

the vectorial summatory of a number n of components of the reflectivity, named Rn . 
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The strategy for calculating the final reflectivity of the multilayer stack Rs,p is considering the 

last layer, the layer m of the stack. Over this layer there is an incident wave Im and the total 

reflection can be called Rm. This reflection is the summation of n components, as shown in 

Figure 2. 

 

 

Figure 2-A. Reflectivity of the last layer of the stack.  
 

 

The component R0 can be calculated as the product between Im and the Fresnel equations for 

the interface between layers m and m-1, which define the fraction of incident light that is 

reflected in the interface, and which travels through the following media. The Fresnel 

equations for polarizations s and p, for an interface between two layers m and m+1 are 

defined as: 

   t.� = �Õ�P∗���®Õ�P��Õ∗���®Õ�Õ�P∗���®Õ�P��Õ∗���®Õ             and      t., = �Õ�P∗���®Õ��Õ∗���®Õ�P�Õ�P∗���®Õ��Õ∗���®Õ�P          Equation 1-A 

 

where θm and θm+1 are the angle of the traveling light within the layer m and m+1. This angle 

is obtained directly from θ0 by means of Snell´s law.  
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Next components, or secondary reflections, R1, R2… Rn are the portion of light that reflects a 

number of times in the surface of the substrate and again in the interface between m-1 and m 

and refracts to m-1. The modulus of any of these components depends on Fresnel equations of 

this interface and also on the Fresnel equation between the layer m and the substrate, and the 

total number of times that the light travels though the media m, and its phase depends on the 

thickness of the layer m, its refractive index and again on the number of travelling times.  

 

Actually, the summatory of secondary reflections R1, R2… Rn is the summation of a serie of 

infinite terms, which can be analytically resolved with the following expression: 

 

                                                  �.�,, = | �Õh,g��Õ�Ph,gH��Õh,g∗�Õ�Ph,g � ∗  �3!NÕ  Õ               Equation 2-A 

where km: 

                          M. =  3�ÛÜÝÞßÞàáâã ∗ ���½. ∗ �.                     Equation 3-A 

 

 

Rm is the complex reflectivity of the film stack composed by the layer m and the substrate. 

This reflectivity can be also calculated for any of the m layers of the stack.For layer m-1: 

 

                                        �.�H�,, = | �ÕOPh,g �#Õh,gH��ÕOPh,g ∗#Õh,g� ∗  �3!NÕOP  ÕOP                        Equation 4-A 

 

which is the same expression used for Rm, but taking into account that in the interface between 

m and m-1 the reflectivity is not calculated with its Fresnel equation, but is a complex 

reflectivity. Obtaining with these expressions all the complex reflectivities Rm-1, Rm-2…R1, 

finally the expression for the reflectivity of the complete film stack results in: 

 

                                                      ��,, = | �h,g�#Ph,gH��h,g∗#Ph,g� ∗  �3!N�  �                          Equation 5-A 

 

To obtain the reflectivity profiles of each technique, some particularizations should be made. 

For Reflectometry at profile level, λ is fixed at 675 nm, and the spectrum is calculated 
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varying θ0 from -64 to 64 degrees. In this case, both the Fresnel coefficients and kn depend on 

this angle of incidence. Two different spectra are calculated, one for polarization s and one for 

p.  

 

For spectrometry, what is fixed is θ0, being λ the independent variable. In particular, for 

visible spectrometry the incidence is assumed to be normal to the surface, and λ ranges from 

470 from 870 nanometers. Normal incidence has several consequences on the calculations. 

Since θ0 equals to 0, θ1, θ2 …θn also do, and thus cos θ equals to 1 for all the layers. The 

expression for Fresnel coefficients with this particularization results in: 

 

                                 t�� = ���P������P���                       t�, = ���P������P���                              Equation 6-A 

 

 

So they are equal, which implies that the reflectivity does not depend on the polarization, 

which means that the calculation for one of the polarization is enough to obtain the reflectivity 

profile. Besides, they are constant for all the range of wavelength defined. There are 

differences between visible spectrometry and FTIR spectrometry. In this case, what is used to 

focus the light on the multilayer structure is a Cassegrain objective, which limits the angle of 

incidence of the light for a range from 15 to 22 degrees. One option of calculation, for 

simplify the model, is considering a constant angle of 17º, which is an average value. In this 

case, the values of the Fresnel coefficients are dependent on the polarization of the light. 

Taking into account that the light used in FTIR spectrometry is not polarized, total reflectivity 

can be calculated as an average of polarizations s and p.  

 

The refractive indexes are a constant value for RPL (fixed wavelength). These values can be 

taken from the literature [Weber 03]. But for broadband measurements, the wavelength dispersion 

must be considered. This problem is generally solved, for dielectric materials, using the 

Cauchy model for dispersion. The refractive index as a function of wavelength is calculated 

as:  

 

                                                 ��λ� = L + )
λG + 5

λ~ +   ..                                           Equation 7-A 
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where A is an adimensional value, B has units of nm2 or µm2, C of nm4 or µm4, and so on. It 

is usually enough considering just terms B and C for a correct dispersive curve, and even just 

B in some cases. For example, the Cauchy model for SU-8, given by the provider, is: 

 

                                       ��λ� = 1.566 + �.��æçè
λG + �.���Hm

λ~                                      Equation 8-A 

 

with λ in nanometers. For absorbent materials, the Cauchy models are valid in some ranges. 

For example, for silicon, such a model can be used in the range of 500 to 1100 nm, but taking 

into account its absorbance. This is done by considering the refractive index equal to n+ik, 

where k is defined as the complex refractive index.  In this thesis two absorbent materials are 

considered : silicon (with a value of k in the analyzed range low, in the order of 0.02) and 

aluminum. Real and complex refractive index values of aluminum are highly dependent and 

its curves as a function of wavelength have resonances. However, for a small range of 

wavelength, for example, the range calculated in visible spectrometry (470 to 870 nm) a 

Cauchy model can be used for the two components.  

 

Another consideration is that the value of reflectivity calculated is the reflectivity obtained 

considering an incident wave I0 non dependent neither on the wavelength nor the angle of 

incidence, with a constant value. There is no source of light that accomplishes these 

requirements. What is done in the optical characterization is divide the measurement signal by 

the reflectivity of a well know reference substrate, called the reference. In this thesis it has 

been used a crystalline silicon chip, which provides a background spectrum. The spectrum of 

the characterized sensing cell is divided by this background spectrum, given a value 

comparable to the calculated curves of R (θ,λ). This process is called the “normalization of 

the signal”.  

 

This normalization can be studied in more detail. There is a light source I0 spatially and 

wavelength dependent (apart from its oscillatory nature). This wave travels through a number 

of beam splitters and lenses before focusing on the sample. All these optical elements have a 

transmission function Tfocusing, also dependent on wavelength and angle. The wave focusing 

on the sensing cell is the product I0 (λ,θ)∗Τfocusing(λ,θ) . The reflected light adds to this product 
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the above calculated expression of R0. Finally the light travels again though the several optical 

elements and arrives to the photodetector, which also has its own detection curve as a function 

of wavelength and angle. The portion of light that reflects on the sensing cell and finally is 

detected by the photodetector can be called Rdetection. So, finally real reflectivity measured by a 

conventional spectrometry or Reflectometry  equipment, before the normalization step, and 

taking into account that the intensity measured by the photodetector is the square of the 

amplitude of the electric field can be modeled as: 

 

                               ��S,��!.�� �-�½, λ� = �é1����!�� ∙ �� ∙ �/� �� !���3
                 Equation 9-A 

 

 

For the background, the expression is the same, but changing R0 by the reflectivity of the 

reference sample, in this case silicon: 

 

                             �µ��N�����/�½, λ� = �é1����!�� ∙ ���1������ ∙ �/� �� !���3
        Equation 10-A 

 

 

In the normalization step, these two functions are divided, resulting in: 

 

����.�-!��/�½, λ� = $�Vg�xuÕ��¨wv$yw¬{�x°z�× = | ´«°¬zhu��∙#∙#×�¨�¬¨u°�´«°¬zhu��∙#x�«�x��¬�∙#×�¨�¬¨u°��3 = | ##x�«�x��¬��3
        Equation 11-A 

 

So the normalization compensates the wavelength and angular dependence of all the optical 

elements included in the optical setup, but the theoretically calculated reflection function must 

be divided by the theoretical reflection of the reference in order to compare with the 

normalized spectra. Since the reference used is usually silicon, this reflectivity is calculated 

with the Fresnel equation for the air-silicon interface, at the proper angle of incidence and 

wavelength.  
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Ellipsometry at profile level. 

 

For Elipsometry at profile level, the calculation of the theoretical response is more laborious. 

From [Fanton 93], the incident light can be assumed to have the radial form EI(r, φ)ex, where r is 

the distance to the centre of the beam and φ is the angle relative to the x axis, and ex is the 

unitary vector in the axis x. The electric field oscillation is contained in a single plane, since 

the light has a linear polarization. From figure 3, the beam as it exits from the laser has pure p 

polarization for the axis x, and pure s polarization in the axis y. In any point of the beam 

placed with an angle φ, the polarization state is a combination of s and p.  

 

 
Figure 3-A. Polarization state of the beam exiting from the laser cavity 

 

 

After passing through the focusing lens, reflecting on the measurement sample, and passing 

again through the lens, the electric field will be spatial dependent and will have the following 

form: 

 

            �#�t, ∅� = �$�t, ∅� p��,���3∅ + �����3∅��S + ��� − �,����∅���∅�"q         Equation 12-A 

 

Where Rp and Rs are the complex reflectivity for the sensing cell measured. The radial 

position within the beam r is related with the angle of incidence of the beam upon the sensing 

cell θ, by the expression r=dsin θ, where d is the focal length of the objective lens. Rp and Rs 

ex

ey

Incident beam

φ
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are functions of θ and do not depend on φ. The polarization states after this step are shown in 

Figure 4-A.  

 

 

Figure 4-A. Polarization states of the reflected beam 
 

After reflecting on the sample, the light passes through a ¼ wave plate, a polarizer and finally 

is collected by the detector, as shown in figure 5.  

 
 Figure 5-A. Optical setup for EPL. 
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If the ¼ plate is oriented such that the x component is retarded 90º relative to the y 

component, and then passes through the polarizer oriented at an angle α relative to the x axis, 

the beam has the form: 

 �# = �$�cos ë ��,���3∅ + �����3∅��S + �� sin ë ��� − �,����∅���∅�"�    Equation 13-A 

 

The light intensity is equal to the square of the reflected beam, this is: 

 

                                                   �#�∅, t� = �#3�∅, t�                                             Equation 14-A 

 

IR can be expressed in terms of the ellipsometric parameters tan ψ and ∆, using the 

ellipsometric relations: 

 

                                                tan ψ = ì#g#hì           o�`        #g#h =  ì#g#hì �!∆            Equation 15-A 

 

 

Developing IR: 

 �#�t, ∅, ë� = �$�t, ∅�|��|3 î�	o�3ψ���m∅ + ���mψ����3ë +  �	o�3ψ + 1����3∅���3∅���3ë +tan ψ���∆���3ψ ���3ψ����3ë − ���3ë� + 2	o� ψ���∆���∅ ∗ ���∅���ë���ëï         Equation 16-A 

 

Considering a quad cell detector, the total incident power on each quadrant of the 

photodetector is equal to the integral of IR over the quadrant. If the incident laser beam is 

circularly symmetric, the power in each quadrant is calculated as: 

 ¢ = �Hè ª ^�tan3 ψ + 1��2���3ë + 1� + 2	o�ψ���∆ + 2	o�ψ���∆�2���3 ë − 1�_|��3|�ÕwV� �� �t�`t ±
���ë���ë ª tan ψ sin ∆ |��3| ���t�`t�ÕwV�                 Equation 17-A 
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The sign of the second integral is positive for quadrants 1 and 3 and negative for quadrants 2 

and 4. If the signal from quadrants 1 and 3 are summed and subtracted from the sum of the 

signals of quadrants 2 and 4, the remainder S will have the form: 

 

                            � = 2���ë���ë ª ���∆	o��ÕwV� ψ|Rs|2Ii �r�rdr                            Equation 18-A 

 

 

And for α = 45º: 

 

                                   � = ª ���∆	o��ÕwV� ψ|Rs|2Ii �r�rdr                                         Equation 19-A 

 

 

The values of d, tan y and Rs are calculated as a function of r using the equations from the 

first subchapter of this appendix. This integral can be solved numerically using a variety of 

methods, for example the trapezoidal rule. The value of Ii must also be determined. It can be 

determined from the measured reflectivity as a function of angle of incidence of a silicon 

wafer reference, using RPL characterization: 

 

                                �µ��N�����/ = �$���1������3;      �$ =  $yw¬{�x°z�×#x�«�x��¬�G                  Equation 20-A 

 

Implementation of the theoretical calculations. 

 

The calculus of the reflectivity, spectrometry and ellipsometry profiles can be implemented by 

using one of the commercially available mathematical software. For its simplicity, MathCAD 

has been choosen. However, for perform the calculations in a more automatized way for 

future developments, other softwares are recommended, in particular Matlab.  

 

 

   

 

 

 


