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Figure 4.10: a Evolution of the extinction of the sensor for a CBP layer thickness ranging from 0
(no layer) up to 3 nm. The polariton wavevector is kp = 1.52 × 107 m−1 (λSAW ≈ 400
nm) and the Fermi energy of the graphene layers at the top and bottom DLGs is
set to EF = 0.339 eV. b Evolution of the extinction of the sensor considering the
same CBP thickness values as in (a) but adjusting the Fermi levels to compensate for
the frequency shift (kp = 1.52 × 107 m−1 and EF = 0.339, 0.341, 0.342, 0.343, 0.347
and 0.350 eV for CBP layer thickness ranging from 0 to 3 nm). The inset shows
a magnified view of the 1 nm-thickness curve around the resonance frequency. c
Extinction plots of the sensor covered by a 2 nm-thick CBP layer for kp = 1.52 × 107

m−1 and different EF values to match the three resonances of CBP, as indicated by
the black dashed lines.

(Kamenetskii et al., 2018). It usually receives the name of Fano resonance, and typically
results from the interaction between a continuum of states and a discrete state (Kamenetskii
et al., 2018). Therefore, its appearance depends not only on the strength of the interaction,
but also on the relative difference between the linewidths of the vibrational resonance and
that of the SPPPi. Nevertheless, the interaction between the electric field of the polariton and
the dipole associated with the molecular vibration is not always large enough to reach this
regime, as can be seen in Figure 4.10(b) for a CBP thickness below 1 nm. The possibility of
tuning the frequency response of the sensor not only allows to compensate for the frequency
shift induced by the addition of the analyte layer but also to target different vibrational
resonances with the same device. This is illustrated in Figure 4.10(c), where the Fermi energy
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is varied for a fixed CBP layer thickness in order to probe the distinct vibrational resonances
that unambiguously fingerprint the analyte. This information can be complemented with
the amount (thickness) of analyte being tested, obtained from the frequency shift of the
extinction peak before any Fermi level correction is made. Furthermore, the SAW itself will
also suffer from a frequency shift induced by the mass loading from the analyte, that can be
detected monitoring the passband of the SAW device. Thus, these two signals can be used for
autocalibration.

4.2 Coupled Oscillators Model

In the transparency-window regime of the sensor, the molecule-polariton interaction can be
quantified by considering either the depth or the width of the transparency window. However,
this cannot be applied to the broadening regime of the sensor, despite the molecule-polariton
interaction is already strong enough to modify the spectrum, as seen in Figure 4.10(b). In
order to continuously monitor the biosensor response, it is required to find a parameter
suitable to quantify this interaction consistently across both regimes. Hence, it is necessary
to fit the data from the TMM calculations to a distribution in order to find correlations
between the fitting parameters and the amount of analyte being sensed. However, neither
common peak distributions (Lorentzian, Gaussian, etc.) nor a combination of them (Voigt)
are able to reproduce accurately the calculations in the transparency window regime. Since
the transparency window arises from the coupling between two oscillating systems (the
electric field of the polariton and the electric dipole of the vibrational transition), a Coupled
Oscillators Model (COM) is proposed in which each of these systems is assumed to be a
harmonic oscillator coupled to each other, both driven by an external force (the far-field light)
and with a lifetime-dependent damping rate. The equations from Liu et al., 2009, adapted so
both oscillators interact with light are:

ẍ1 + γ1ẋ1 + ω2
1x1 + κẋ2 = F1 exp (−iωt)

ẍ2 + γ2ẋ2 + ω2
2x2 − κẋ1 = F2 exp (−iωt)

(4.1)

where xi, γi, ωi and Fi are the amplitude, damping rate, resonance frequency, and driving force
of each of the oscillators, and κ is the coupling parameter. Figure 4.11 shows a schematic
of the coupled oscillators. The driving force of each individual oscillator, F1 and F2, can be
understood as a measure of the direct interaction of each of them with the far-field light,
while the coupling parameter κ accounts for the interaction (energy exchange) between them.

In order to solve these coupled differential equations, solutions of the type xi = Cie−iωt are
assumed. Equation 4.1 can be then solved for C1 and C2, obtaining:
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Figure 4.11: Schematic of the interactions considered for the coupled oscillators model.

C1 = (ω2
2 − iωγ2 − ω2)F1 + iωκF2

(ω2
1 − iωγ1 − ω2)(ω2

2 − iωγ2 − ω2) − ω2κ2

C2 = iωκF1 + (ω2
1 − iωγ1 − ω2)F2

(ω2
1 − iωγ1 − ω2)(ω2

2 − iωγ2 − ω2) − ω2κ2

(4.2)

In the TMM calculations, the extinction is defined as the difference in reflection without
and with the SAW activated (i.e. without and with coupling far-field light to the SPPP)
normalised by the reflection without SAW:

Ext = R0 − R

R0
= 1 − R

R0
(4.3)

In the calculations of both R and R0 there will be direct absorption of far-field light by the
vibrational resonance of the analyte (hereafter referred to as oscillator 2), so the extinction
will be proportional to the power absorbed by the SPPP (oscillator 1):

⟨P1(t)⟩ = 1
T

∫ T

0
Re[F1(t)]Re[ẋ1(t)]dt = 1

T

∫ T

0
Re[F1exp(−iωt)]Re[−iωC1 exp (−iωt)] =

= 1
T

∫ T

0
F1ω cos (ωt)[−Re(C1) sin (ωt) + Im(C1) cos (ωt)] = ... = F1ω

2 Im(C1)
(4.4)

Therefore, the function which will reproduce the extinction spectra is:

P (ω) = F1ω

2 Im[ (ω2
2 − iωγ2 − ω2)F1 + iωκF2

(ω2
1 − iωγ1 − ω2)(ω2

2 − iωγ2 − ω2) − ω2κ2 ] (4.5)
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Here, ω1 and γ1 can be extracted by characterising the extinction of the biosensor before
covering it with analyte, being respectively the position and the full width at half maximum
of the SPPP peak and ω2 and γ2 can be obtained for a certain compound from their IR
absorption spectra, which can be usually found in the literature or in databases for most
compounds. This leaves F1, F2, and κ as fitting parameters. Fi hold information about the
absorption of far-field light by the vibrational resonance of the compound and the SPPP,
while κ represents the energy transfer rate between the two oscillators, thus the more intense
the interaction, the larger its value.

In order to compare the results of the COM with those from the TMM simulations, a simplified
structure comprised of, from bottom to top, an AlN substrate, a SLG and a 2-nm-thick layer
of CBP (CBP/SLG/AlN) has been considered. Moreover, to reduce the number of resonances
involved in the process, only one of the vibrational resonances of CBP has been considered
(ωCBP2). This simplifies the analysis while maintaining all the physical mechanisms involved.
Thus, the simplified structure retains 3 resonances: the optical phonon of AlN ωT O at 669
cm−1, the vibrational resonance of CBP ωCBP 2 at 1479 cm−1, and the graphene plasmon ωpl,
which follows the dispersion equation (Low and Avouris, 2014):

ωpl(k) =
√√√√2αEF ck

ℏεeff

, (4.6)

where α ∼ 1/137 is the fine structure constant, EF is the Fermi energy of the graphene layer, c
is the speed of light in vacuum, εeff = εs+1

2 is the effective permittivity of the substrate and air
and k is the wavevector. These three resonances define a COM matrix. The 3x3 Hamiltonian
will have 3 eigenvalues (3 branches in the dispersion). Assuming there is no coupling between
the CBP resonance and the AlN phonon because of their large difference in frequency, this
matrix reads

M =

 ωpl gph gCBP

gph ωT O 0
gCBP 0 ωCBP2

 , (4.7)

where gph and gCBP are the coupling coefficients between the graphene plasmon and the AlN
phonon and the vibrational resonance of CBP, respectively. These coupling coefficients, which
can be obtained from the energy difference between the resonances (Fandan et al., 2021), are
related to the κ parameter from 4.1.

Figure 4.12(a) compares the results from the TMM and the COM, showing a very good
agreement for the calculation of the dispersion, both predicting the anticrossing point between
the vibrational resonance and the SPPP, which leads to an upper (U) and a middle (M)
branch. The lower (L) branch, which is not shown in the figure, would appear just below the
other anticrossing point between the plasmon and the AlN TO phonon.

Figure 4.12(b) displays the squared modulus of the components of the eigenvector associated
to each of the eigenvalues (branches of the dispersion), |Xi|2, in Figure 4.12(a). The relative
weights of each component represent the plasmonic-phononic-vibrational character of the
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Figure 4.12: a Detail of the polariton dispersion of the CBP/SLG/AlN system around the vibration
of the carbazole group of CBP (δ(C-H)c at 1479 cm−1) calculated from the TMM
(colorbar scale) and the COM (turquoise dashed lines) showing the upper (U) and
middle (M) branches. b Eigenvectors of the COM Hamiltonian corresponding to
each of the eigenvalues represented in (a). Different colours represent each of the
components of the eigenvector, linked to the phononic/plasmonic/vibrational character
of the polariton. In c, d and e the extinction of the CBP/SLG/AlN system calculated
from the TMM (red circles) is plotted along with the COM model fitting function
(black curves) for CBP thickness values of 0 nm (bare), 0.35 nm (1 ML) and 2
nm at a polariton wavevector kp = 6.29 × 107 m−1 (λSAW ≈ 100 nm) and Fermi
energies EF = 0.376, 0.381, and 0.403 eV, respectively. This large wavevector value is
beyond the state-of-the-art resolution limit of an IDT, so examples in (c-e) are just
to illustrate the simplified structure in (a) and (b). κ denotes the coupling coefficient
between the polariton and the vibrational resonances extracted from equations 4.1
and 4.5.

polariton. These weights affect, for instance, the bandwidth of the polariton resonance, which
will be given by the weighted sum of the bandwidths of the plasmon, the phonon, and the
vibrational resonances. In terms of lifetimes, τi, this is expressed as

1
τp

= |Xpl|2
1
τpl

+ |Xph|2 1
τph

+ |XCBP |2 1
τCBP

. (4.8)

The M branch is fully plasmonic-phononic until the vicinity of the anticrossing, where the
vibrational resonance starts to hybridize with the SPPP. Conversely, the U branch has a pure
vibrational nature for wavevectors below the anticrossing and hybridizes with the SPPP above

70



Chapter 4. SAW-driven Graphene Plasmons for Biosensing

it. It can be noted that the contribution of the phonon decreases with increasing wavevector
in both M and U branches, as they move farther away from the energy of the phonon.

The derived power function of equation 4.5 can be used to fit the extinction curves calculated
with the TMM. Figures 4.12(c)-(e) present the extinction curves of the CBP/SLG/AlN system
calculated by the TMM (red dots) and their fitting to the COM (black curves) for different
values of the CBP layer thickness. Both methods show a great agreement, not only when
the interaction is strong enough to produce a transparency window within the peak, Figure
4.12(e), but also at weaker coupling, when the only noticeable effect is a broadening of the
extinction peak, Figure 4.12(d). Furthermore, by using κ as a fitting parameter, the COM
allows to extract quantitative information of the coupling even in the absence of a transparency
window, thus permitting to monitor the interaction across different coupling regimes. Table
A.1 in Annex A provides the values of the COM fitting parameters used in Figures 4.12(c-e).

The benefits of this model for the fingerprinting of organic compounds have been exemplified
for CBP on a simple SLG/ALN system, but this methodology can be applied to other
substances of biological interest such as thin layers of peptides or proteins on the full biosensor
heterostructure, that is, the DLG/h-BN/DLG/AlN/Al/AlN system.

4.3 Fingerprinting Ultrathin Biolayers
The fitting method previously discussed has been used to study the sensing performance of
the proposed biosensor with two different analytes, which are significant biological substances
with weaker and broader resonances than CBP: a protein bilayer formed by the recombinant
protein A/G and the goat anti-mouse immunoglobulin (IgG) (A/G-IgG) and monolayers of
VGA peptide. The dielectric permittivities of these two materials have been calculated using
the Kramers-Kronig relations (Lucarini et al., 2005) to compute the real part of the refractive
index after extracting the imaginary part from absorption measurements in Rodrigo et al.,
2015 (A/G-IgG) and Lavoie et al., 2002 (VGA), as described in Section 2.9.

4.3.1 A/G-IgG Protein Bilayer
A/G is a chimeric protein resulting from the complementary fusion of protein A and protein
G, both of which hold immunoglobulin G (IgG) binding domains. This fusion retains the IgG
binding domains from both proteins A and G, providing an improved binding receptor for
IgG (Eliasson et al., 1988). Hence, this recombinant protein enhances the binding of goat
anti-mouse IgG, that is, secondary antibodies generated by immunising goat specimens with
mouse immunoglobulin, which are widely used in research as a primary antibody marking (Lin
et al., 2016) or for antibody-based tumour therapy (Vukovic et al., 2023). As can be seen in
the frequency-dependent permittivity curves shown in Figure 2.9, this protein bilayer presents
2 absorption bands around 1655 cm−1 and 1530 cm−1, corresponding to the vibrational
resonances of the amide I and amide II groups, respectively.

Figure 4.13 illustrates the biosensor response when coated with a 8-nm-thick A/G-IgG protein
bilayer. This bilayer has been reported to be formed by incubation of A/G, which forms a
monolayer through physisorption, followed by rinsing in PBST to eliminate excess protein,
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and then incubation in IgG, which binds to the previously attached A/G monolayer (Rodrigo
et al., 2015).

Figure 4.13: Response of the biosensor to an A/G-IgG protein bilayer calculated by the TMM
(red circles) and the COM (black curve). The comparison of the extinction of the
DLG/h-BN/DLG/AlN/Al/AlN heterostructure a,c uncoated and b,d coated with
the A/G-IgG protein bilayer indicates the capability of the sensor to fingerprint the
protein through its amide I and II bands. The coupling coefficient κ between the
polariton and the vibrational resonance is indicated in each case. The polariton
wavevector is kp = 1.7 × 107 m−1 (λSAW ≈ 360 nm) in (a) and (b) and 2.1 × 107 m−1

(λSAW ≈ 300 nm) in (c) and (d), whereas the Fermi energy is tuned to EF = 0.371,
0.386, 0.373, and 0.396 eV in (a, b, c, d), respectively, in order match the frequency
of the polariton with those of the amide bands.

When the protein bilayer is deposited on the device, there is a frequency shift in the SPPP
resonance due to the change in the dielectric environment, that can be balanced by gate
doping to make the SPPP peak overlap that of the amide group to be sensed. In the case
of amide II, a considerable broadening is observed in the SPPP peak when it is tuned to
the frequency of the amide II band, as observed comparing the SPPP in the bare sensor,
Figure 4.13(a) (κ=0), and the SPPP interacting with the resonance of the amide II group
in the coated sensor, Figure 4.13(b) (κ=29.3 cm−1). In contrast, for the amide I band, a
transparency window appears within the peak, centred at 1655 cm−1, resulting from a stronger
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polariton-protein interaction. This is clearly observed when comparing the SPPP in the bare
sensor, Figure 4.13(c) (κ=0), and the SPPP interacting with the resonance of the amide I
group in the coated sensor, Figure 4.13(d) (κ=48 cm−1).

Therefore, by fitting to the COM model, the coupling between the vibrational fingerprint
and the polariton can be quantified in all cases, allowing to distinguish whether the protein
bilayer is present, even in the absence of a transparency window. In this latter case, the
presence of the analyte is detected qualitatively as an increase in the width of the extinction
peak and quantitatively as a prominent variation of the κ parameter. It has to be noted that,
although the κ parameter has much higher values in the A/G-IgG protein bilayer for both
amide groups, as compared to those of the carbazole group of CBP δ(C − H)c (see Figures
4.13(d,e)), the transparency window only appears in the amide I region and not in the amide
II. This is because the coupling is not only governed by the rate of energy exchange between
oscillators (κ parameter), but also by the relation of this exchange rate and the decay rates of
the oscillators (their damping coefficients γi). Therefore, since the amide bands are wider (i.e.
have larger γi) than the vibrational resonances of CBP, a higher κ value is needed to observe
a crossover from the initial broadening regime to the subsequent transparency-window regime.
The values of the parameters extracted from the COM fitting are provided in Table A.1 in
Appendix A.

4.3.2 Valine Gramicidin A Peptide Monolayer(s)
Gramicidin is a polypeptide discovered in 1939 that, along with tyrothricin, is considered
the first antibiotic agent clinically tested (Dubos and Hotchkiss, 1941; Epps, 2006). It is
composed by 15 hydrophobic aminoacids following the sequence formyl-L-X-gly-L-ala-D-leu-L-
ala-D-val-L-val-D-val-L-trp-D-leu-L-Y-D-leu-L-trp-D-leu-L-trp-ethanolamine, where X can be
valine or isoleucine and, depending on the aminoacid Y being tryptophan, phenylalanine, or
tyrosine, the compound will be called gramicidin A, B or C. Furthermore, Lavoie et al., 2002
demonstrated that VGA can be obtained as a monolayer following the Langmuir-Blodgett
method. Because of the importance of VGA as an antibiotic substance, it was chosen as
an analyte to be studied with the biosensor designed. Therefore, the biosensor operation
has been simulated after different numbers of VGA monolayers were transferred, and the
variations of the signal when the amount of analyte is changed are explored. As seen in Figure
2.9, VGA presents its Amide I and Amide II bands at 1637 cm−1 and 1452 cm−1, respectively.

Figure 4.14 present the biosensor response in the amide I region when coated with up to three
VGA peptide MLs. The extinction spectra show how the SPPP peak broadens gradually
as the thickness of VGA is increased up to 2 MLs, whereas a Fano resonance develops for 3
MLs. Again, the COM allows us to quantify the amount of peptide in all cases, confirming
that the initial broadening originates from the interaction between the SPPP electric field
and the vibrational electric dipole, that later evolves into a transparency window. In all
the previous spectra, the frequency shift in the SPPP resonance due to the change in the
dielectric environment has been counteracted by gate doping to force the SPPP peak overlap
that of the amide I group. Figure 4.15(a) shows this frequency shift, that could also be used
to quantify the amount of analyte deposited on top of the sensor. In order to assess the
sensitivity of the sensor, Figure 4.15(b) depicts the difference in reflectance calculated for the
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Figure 4.14: Response of the biosensor to 1-3 MLs of VGA peptide calculated by the TMM
(red circles) and the COM (black curve). The comparison of the extinction of the
DLG/h-BN/DLG/AlN/Al/AlN heterostructure a uncoated and coated with b 1, c 2,
and d 3 MLs of VGA indicates the capability of the sensor to distinguish the three
cases unambiguously. In each case, the coupling coefficient κ between the polariton
and the vibrational resonance is indicated. The polariton wavevector is kp = 2 × 107

m−1 (λSAW ≈ 300 nm), whereas the Fermi energy is tuned to EF = 0.381, 0.396,
0.410, and 0.423 eV for the bare sensor and the sensor covered by 1, 2, and 3 MLs of
VGA, respectively, in order match the frequency of the polariton with that of the
amide I band.

DLG/h-BN/DLG/AlN/Al/AlN heterostructure coated with an increasing number of VGA
MLs as compared to that provided by those MLs on a bare AlN substrate without polaritons.
It can be pointed out that the polariton enhances the detection signal by approximately 16
times in the ML limit and by 4 times for the 2-ML case. This provides a powerful tool for
assessing VGA, both as a monolayer and a bilayer, the latter being specially interesting as it
forms ion channels that allow conduction of monovalent cations through lipid membranes.
The values of the parameters extracted from the COM fitting are provided in Table A.1 in
Annex A.
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Figure 4.15: a Frequency shift in the biosensor response due to the change in the dielectric
environment produced by up to 3 MLs of VGA deposited on the sensor surface at a
fixed EF = 0.381 eV value. Note that, for fingerprinting, the Fermi level of graphene
must be tuned as in 4.14(b-d), though this shift can be used for quantifying the
amount of analyte. b Comparison of the change in reflectance ∆R produced in the
DLG/h-BN/DLG/AlN/Al/AlN heterostructure (i.e. with polariton) vs in a bare AlN
substrate (i.e. without polariton), when both are coated with up to 3 MLs of VGA.

4.4 Influence of Graphene Quality on Biosensor Perfor-
mance

For these calculations, a graphene mobility of µ = 10000 cm2 V−1s−1 has been assumed,
which is an intermediate value between those for graphene single crystals encapsulated in
h-BN (of the order of µ = 70000 cm2 V−1s−1, see, for example, Fazio et al., 2019) and those
from commercial polycristalline graphene (of around µ = 1500 cm2 V−1s−1, see for example
Graphenea, Last accessed 2024). In order to shown the effect of the mobility on the biosensor
performance, Figure 4.16 shows the spectrum from Figure 4.13(d) calculated using different
values for the carrier mobility. By decreasing the mobility from µ = 10000 cm2 V−1s−1 to
values as low as µ = 1500 cm2 V−1s−1, a significant drop in the extinction is observed, although
the Fano interference pattern remains visible in all cases. Nevertheless, it has to be noted that
the proposed biosensor is able to operate normally even in the abscence of a Fano resonance.
Conversely, higher mobility values lead to an increment in the extinction, as it effectively
increases the conductivity of graphene, reaching a 50% enhancement in the Fano resonance
depth for a mobility µ = 40000 cm2 V−1s−1 as compared to µ = 10000 cm2 V−1s−1. The
carrier mobility value takes into account different mechanisms that contribute to define the
electron lifetime, such as crystal defects or grain boundaries in graphene, as well as polymer
residues from the transfer process. Thus, by reducing these sources of scattering with higher
quality graphene or post-transfer cleaning processes (Tyagi et al., 2022; Rasouli et al., 2023),
the signal of the biosensor can be significantly increased.
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Figure 4.16: Response of the biosensor to an A/G-IgG protein bilayer calculated by the TMM
for different values of the electron mobility of graphene, which represents different
density of imperfections (more defects lead to lower electron mobility values).

4.5 Comparison of tailored SPPP in the biosensor
heterostructure with surface plasmon and surface
phonon polaritons in other materials

The quality factor (Q) of an electrostatic mode is a function of the resonant wavelength, but
is independent of the details of the geometry by which this resonance is realized (Wang and
Shen, 2006). Moreover, it can be estimated directly from the optical constants. Therefore,
Caldwell et al., 2015 have used it as a wavelength-dependent figure of merit (FOM) to compare
a broad range of materials supporting both surface phonon and surface plasmon polaritons.

The Q factor, calculated as the ratio between the centre frequency ωp and the bandwidth ∆ω
of the resonance, contains information about the capacity of the resonator to store energy.
In addition, according to Caldwell et al., 2015, the Q factor is also related to the spatial
confinement of the polariton mode through

Q = ωp

∆ω
≈ Lp

2Lm

, (4.9)

where Lp and Lm are, respectively, the propagation length and vertical extent of the polariton.
In this equation, it has been assumed a long wavelength limit and the damping rate of the
resonance being equal to its full width at half maximum.

Figure 4.17 shows the Q factor as a function of the wavelength for the SPPP in the DLG/h-
BN/DLG/AlN/Al/AlN heterostructure used in the proposed biosensor in comparison with
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the plasmonic and phononic polaritons in other material systems, including metals, alloyed
metals, doped semiconductors, and polar dielectrics (Caldwell et al., 2015). In the case of
the SPPP, a biosensor with λSAW = 310 nm has been simulated with different values of the
Fermi level that allow to scan the 1450-1700 cm−1 frequency range. It can be noted that the
reported SPPP in the DLG/h-BN/DLG/AlN/Al/AlN heterostructure present a very high Q
factor, comparable to that of plasmons in gold and above polaritons in all other materials
except for surface plasmon polaritons in silver and aluminum and surface phonon polaritons in
4H-SiC. Moreover, the electrostatic modulation of the Fermi level of graphene in the biosensor
heterostructure provides the unique capability of tuning the polariton frequency, that no other
material in the figure holds, and that permits to cover the whole frequency range required for
the fingerprinting of significant biomolecules, such as proteins.

This
thesis

a b

Figure 4.17: a Comparison of the Q factor of the SPPP in the DLG/h-BN/DLG/AlN/Al/AlN
heterostructure of the designed biosensor (orange triangles) with the surface plasmon
and surface phonon polaritons in other materials considered in Caldwell et al., 2015.
b Magnified view of (a) in the operation frequency range of the biosensor.

For example, as a comparison, Figure 4.18(a) shows the dispersion of an h-BN/AlN structure,
where graphene has been removed and the h-BN layer thickness has been increased up to 80
nm so intense phonon polaritons emerge. In such a device without graphene, there is no way
to dynamically modulate the frequencies of the polaritons in the fingerprint region, since they
will be fixed by the thickness of h-BN and the SAW wavelength. Moreover, as seen in Figure
4.18(b), the maximum frequency that can be accessed using SAWs as a coupling mechanism
is 1560 cm−1 , which is not sufficient for allow this device to probing the Amide I band of
proteins and peptides.
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a b

Figure 4.18: a Dispersion of phonon polaritons in a h-BN/AlN/Al/AlN system where the thickness
of h-BN is 80 nm. b Cross section of (a) at k = 2.5 × 107 m−1, corresponding with
λSAW = 250 nm.
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Chapter 5

QCL Setup for Mid-IR Spectroscopy
and Mapping

With aims to study mid-IR plasmons in graphene, especially those induced by SAWs, as
described in the previous chapter, a spectroscopy and mapping setup working in this spectral
range has been assembled. The different options considered, especially for the choice of source
and detector and the design of the optical path, as well as the required calibrations, are
discussed in this chapter.

The standard technique for mid-IR analysis is FTIR spectroscopy. In this technique, a globar,
a thermal emitter of infrared radiation, is used in combination with an interferometer to
record spectral data. Since the emitter is a thermal source, it provides a broad spectral range
to work in, at the expense of a reduced emitted power at each specific wavelength. Despite
this reduction of power results in a low signal, the thermal source experiences little power
fluctuations, thus the measurement noise is just limited by the detector. This results in high
signal-to-noise ratios (Schwaighofer et al., 2018), although it faces limitations when measuring
in the presence of water, either in liquid or in vapour phase, due to its strong absorption lines
in this range.

Conversely, a laser provides a higher optical power, which not only helps to overcome the
water absorption issue, but also increases the detected signal level. However, the variety of
laser sources that can emit in the range of the amide bands discussed in the previous chapter
is reduced. Moreover, the wavenumber tuning range of sources in this range as the CO2 laser
or the distributed feedback (DFB) semiconductor lasers is very limited. Quantum cascade
lasers (QCLs) are laser sources based on intersubband transitions in semiconductor quantum
wells. Currently available QCLs allow laser emission in the 3-14 µm range, with output
peak powers of several Watts and spectral accuracy as good as 2 cm−1 (“Alpes Lasers”, Last
accessed 2024; “Block Engineering”, Last accessed 2024; “Daylight Solutions”, Last accessed
2024; “Sacher Lasertechnik”, Last accessed 2024). Moreover, there are broad gain QCLs that
allow emission in a wide wavenumber range of up to hundreds of cm−1. In addition, external
cavity QCLs combine the broad gain spectra of these QCLs with the wavelength filtering
of a diffraction grating, thus providing narrow linewidth emission in a wide spectral range.
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Furthermore, QCLs are linearly polarised and coherent sources, enabling interferometric or
polarisation-based (such as vibrational circular dichroism) measurement schemes (Hayden
et al., 2018; Hermann et al., 2022). In addition, a QCL-based system has the capability to
measure continuously at a single wavelength instead of recording spectra, allowing for efficient
monitoring, fast mapping, or time-resolved measurements.

Several studies have been conducted on the suitability of QCLs or FTIR for mid-IR mea-
surements (Isensee et al., 2018; Schwaighofer et al., 2018). In gaseous measurements, the
absorption of water vapour is low, but so is the absorption of the compounds of interest,
especially at very low concentrations. In a liquid environment, Schwaighofer et al., 2018
shows that the higher power of QCLs allows larger optical paths than those that can be
measured by FTIR spectroscopy due to water absorption, increasing the signal and facilitating
sample handling. Moreover, this study proposes a signal processing protocol that results in
signal-to-noise ratios almost twice as large as those achieved by FTIR spectroscopy in fast
measurements, although in a narrower spectral range. The spectral range of a QCL depends
on the techonology employed for the wavelength selection. Hence, distributed feedback QCLs
(DFB QCLs) count with an on-chip fixed diffraction grating that locks the resulting optical
mode. In DFB QCLs, the emission range is thus limited to that enabled by changes in
temperature, which is a slow process. On the other hand, in external cavity QCLs (EC-QCLs),
the diffraction grating that selects the emission wavelength is not physically attached to the
QCL chip, so it is possible to rotate it mechanically, increasing both the tunability range and
the scanning speed of the emitter.

Figure 5.1: Graphical comparison of QCL and FTIR spectroscopy.

One of the goals of the spectroscopy setup devised in this chapter is to enable the detection
of SAW-driven SPPs. For that, mid-IR radiation needs to be focused in the beam path of the
SAW, where the size of the wavefront scales with the SAW wavelength. In Chapter 3, the
devices with a wavelength of 1.6 µm had an IDT aperture of ∼60µm. However, according to
the calculations in Chapter 4, SAW devices with wavelength values of hundreds of nanometres
are needed, so smaller apertures are foreseen. Therefore, radiation needs to be focussed
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to a small spot size with a sufficiently high power density. Although conventional FTIR
spectroscopy systems are limited in this regard, FTIR microscopy systems (“Bruker Guide
to FTIR Microsocopy”, Last accessed 2024) can overcome this difficulty. However, in the
case of SAW-driven SPPs, small signals are expected, and thus a high initial optical power
is preferred. Hence, EC-QCLs have been chosen as mid-IR sources for the spectroscopy
setup. Figure 5.1 shows a summary of the comparison between QCL and FTIR spectroscopy
regarding the main features discussed: spectral width, spot size, power and frequency scan
speed.

Some companies offer already complete spectroscopy systems, with emitter, detector, and
measuring software, such as the LaserScope by Block Engineering (“LaserScope by Block
Engineering”, Last accessed 2024, discontinued) or the Spero IR Microscope by Daylight
Solutions (“Spero IR by Daylight Solutions”, Last accessed 2024). Moreover, these systems,
as others like the MIRcat by Daylight Solutions (“MIRcat by Daylight Solutions”, Last
accessed 2024), offer up to four different QCL chips in a single system, thus providing a
broad, continuous emission range while also vastly simplifying the optical setup. Some of
the commercial systems mentioned are shown in Figure 5.2. While these closed systems are
ready to be used, building the system by choosing its different components allows one to
have a more flexible spectroscopy setup suited to the particular needs of the research, such as
having the optimal emitters and detectors for the desired range, as well as a versatile control
software. The cost of the system was also a limiting factor, and the choice of the product and
its functionalities needed to be adjusted to the budget; thus, commercial all-in-one systems
were dismissed in favour of open, customisable, and cost-efficient options.

5.1 External Cavity Quantum Cascade Lasers
After reviewing the commercially available light sources, external cavity QCLs have been
chosen for the spectroscopy setup, as they provide a higher output power as compared to
a globar, while maintaining a narrow linewidth and a high tunable range. This is key for
on-chip plasmonic devices such as the SAW-driven SPPPs discussed in the previous chapter,
since a higher radiation power needs to be addressed to small areas with a lateral size of tens
of µm. In particular, two broad gain QCLs with an external cavity have been incorporated in
the setup: BG-6.1-7.4 and BG-10.8-13.7 from Alpes Lasers, both in combination with the
Alpes Lasers’s external cavity laser kit. The laser spectra provided by the manufacturer are
shown in Figure 5.3.

Even though the combination of these two lasers does not offer a continuous emission range,
these lasers were picked because five out of six phonon lines of AlN and h-BN fall in their
emission range, allowing to use them to excite SPPPs with the heterostructure discussed
in chapter 4. Moreover, both the Amide I and Amide II bands are also located within the
highest part of the energy spectrum of the QCLs, as can be seen in Figure 5.3. Thus, they
are suitable for fingerprinting organic compounds.

Each laser chip has an integrated front mirror and is attached to a copper heatsink with a
Peltier cooling system, while a diffraction grating in Littrow’s configuration (Duarte, 1995),
set on a motorised rotary mount, plays the role of both the backside reflector and the spectral
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Figure 5.2: Commercial systems for mid IR spectroscopy. a Block Engineering’s LaserScope
(“LaserScope by Block Engineering”, Last accessed 2024, discontinued), b Spero IR
Microscope (“Spero IR by Daylight Solutions”, Last accessed 2024) and c Mircat by
Daylight Solutions (“MIRcat by Daylight Solutions”, Last accessed 2024).

BG-6.1-7.4 BG-10.8-13.7

Figure 5.3: QCL spectra as provided by the manufacturer. The phonon lines of AlN and hBN
are indicated by the vertical dashed lines and the approximate position of the amide
bands is displayed as coloured regions.
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filter in the cavity, as shown in Figure 5.4. Therefore, the angle between the grating and the
incoming beam can be electrically controlled, and since different wavelengths reflect on the
grating at different angles, this results in a way of electrically controlling the wavelength that
is allowed in the cavity, and thus the emitted wavelength.

As for the pumping mechanism, the laser is electrically driven by an S-2 pulser from Alpes
Lasers, which delivers 250-300 ns pulses to the lasers. It is possible to extract the pulse
signal to use it as a reference signal in lock-in measurements. Figure 5.5 shows both the
reference pulse from the S-2 pulser and the laser pulse measured at the photodetector. All
the electrical components of the laser (grating driving stage, thermoelectric cooling system
and pulse generator) are connected to a Raspberry Pi board that acts as controller.

Figure 5.4: Photographs of the QCLs from Alpes Lasers and their a external and b internal
components.

The duty cycle used for the excitation of the lasers has always been set to a maximum of
5% in order to protect the gain chip. Moreover, to avoid the overheating of the laser chip, a
constant 18 ºC temperature is ensured via a Peltier cooling system controlled by an Alpes
Lasers TC-3 temperature controller.

5.2 Photodetector
Once the radiation source is determined, it is necessary to find a photodetector compatible
with the emission range and characteristics of the QCLs. At such long wavelengths, there is a
limited number of technologies available. After the commercially available photodetectors
were compared, mercury cadmium telluride (MCT) technology was chosen because of its
high and flat detectivity curves in the desired range and its assortment of commercially
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Figure 5.5: Laser pulses measured at the photodetector from the BG-6.1-7.4 QCL, working with a
pulse width of 300 ns and a duty cycle of 0.05 (resulting in a 6 µs pulse separation),
and the reference signal generated by the pulse generator of the QCL.

accessible detectors. Several technologies exist within MCT photodetectors, depending on the
working principle of the device, the most common being photoconductive and photovoltaic
detectors. In photoconductive detectors, the resistance of the active region is reduced under
IR irradiation as a result of carrier excitation. These detectors are biased, so a change in
the resistance will produce a change in the detected current. The working principle behind
photovoltaic detectors is the detection of the photocurrent generated when light is absorbed
in a semiconductor junction. Hence, they can work unbiased, eliminating the 1/f noise.
Photoconductive detectors typically provide a linear response, in contrast to the complex
current-voltage characteristics of photovoltaic detectors. Moreover, photoconductive detectors
are more resistant to electrostatic discharge and cover a broader spectral range than their
photovoltaic counterparts (“Vigo Photonics Catalog 2020/21”, 2021). However, photovoltaic
detectors operate faster and do not need an external bias.

Therefore, because of its linear response, high detectivity, and broad spectral range, the
spectroscopy setup incorporates an MCT photoconductive detector (Vigo Photonics PCI-
4TE-13) with a 4-stage Peltier cooling system, as well as a programmable preamplifier module
(Vigo Photonics PIP-UC-LS).

Moreover, the photodetector counts with a GaAs hyperhemispheric immersion lens, which
increases the optical area by 11 times while keeping the actual detector area small, as depicted
in the schematics in Figure 5.6 . This results in an increase in the signal gathered by the
detector, while keeping its physical area small, and thus maintaining low noise values. In
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Figure 5.6: Schematics of light collection of a photodetector without (a) and with (b) a hyperhemi-
spheric immersion lens. c Photograph of the hyperhemispheric GaAs immersion lens.
d Technical drawing or the photodetector and the immersion lens. ((c) and (d) were
extracted from “Vigo Photonics Catalog 2020/21”, 2021; “Vigo Photonics: Immersion
Lenses Technology”, Last accessed 2024)

addition, the hyperhemispheric lens reduces the acceptance angle of the detector, filtering out
background radiation, and therefore reducing the noise. The main drawback of the immersion
lens is that it decreases the saturation power, but that does not pose a problem, since the
signals measured at the detector are already attenuated by the optical elements and the
reflection at the sample. The curves displayed in figure 5.7, show a current responsivity and
a detectivityy above 0.5 A/W and 1.3 · 109 cm Hz1/2/W, respectively, in the whole spectral
range of the QCLs.

The detector is integrated with an amplifier module (Vigo Photonics PIP-UC-LS), whose
output is connected to an oscilloscope (Yokogawa DLM 2054), so the detected signal can
be graphically visualised while adjusting the system, and to a lock-in amplifier (Zurich
Instruments MFLI) with the reference signal from the pulser of the QCL as reference in order
to acquire the data.
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Figure 5.7: Current responsivity and detectivity curves of the PCI-4TE-13 MCT photodetector
at 198 K, as provided by the manufacturer. The emission ranges of the QCLs in the
setup are indicated in coloured regions.

5.3 Beam Path
Regarding the optics, several materials can be used to fabricate lenses for the mid-IR range
thanks to their transparency in this range, like Ge or ZnSe, although the commercially
available ZnSe lenses present slightly higher transparency than their Ge counterparts over
a broader range. Alternatively, concave mirrors could also be used to focus light instead
of lenses, reducing the incidence of chromatic aberration and providing a flat reflectance
for all wavelengths, thus offering a stable spot size and position of the focal plane when
acquiring spectra; but they would make the optical path more complex. A third option would
be to use a Cassegrain objective, in which a convex mirror located in front of the aperture
redirects incoming collimated light to a concave mirror set around it, which focusses light at a
certain distance behind the convex mirror. This kind of system possesses the reduction of the
chromatic aberration characteristic of reflective optics, along with a simplified design, since it
can be acquired from an optics manufacturer as a single piece. However, the commercially
available Cassegrain objectives offer smaller magnifications (up to 40x) than those achievable
by refractive optics, and at a higher cost. Moreover, the convex mirror and its holder create
an obscuration which reduces the light collected by the objective and alters the diffraction
pattern of the spot. Because of all this, the light beam control has been made exclusively
with refractive ZnSe optics.

The beam path has also been optimised with the aim of reducing the spot size at the sample for
higher power density while also collecting as much radiation as possible at the photodetector.
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For that, the optical setup depicted in Figure 5.8 has been implemented. The first task is
to combine the beams coming from both QCLs and a visible (532 nm) alignment laser, so
that the optical path is identical for all of them. This is achieved by using a beam combiner
(4), transparent to QCL radiation but reflective to visible radiation, and two mirrors (5,6) to
redirect the beam towards the path of the optical elements, the second of which (6) should be
removed whenever QCL 1 (1) is used. In principle, light from the QCLs is linearly polarised
in the direction perpendicular to the optical table. To ensure this polarisation, a ZnSe
linear polariser (7) is introduced in the optical path. This polariser, which is placed on a
rotary mount, also works as a variable light attenuator, since rotating its axis away from the
polarisation axis of the QCLs will reduce their intensity following Malus’s law I = I0 · cos θ.

According to the manufacturer, the QCL output beam has a spatial mode TEM00 (M2 = 1.5)
with a beam diameter of 4 mm. The laser beam radius at the sample surface has been
calculated for different commercially available ZnSe lenses using the following relation for the
spot size of a focused beam (Bykov et al., 2013):

w0 = 4fλM2

πD
+ nD3

f 2 , (5.1)

being f the focal length of the lens, D the incoming beam diameter and n the refractive index
of the lens, and where the first term corresponds to the contribution from diffraction and the
second to the contribution from spherical aberration.

Aspheric lenses, which drastically reduce the contribution from spherical aberration, have
also been considered. Therefore, by neglecting the aberration term from Equation 5.1, it is
clear that the larger the initial beam diameter, the smaller the beam diameter after the lens.
Therefore, before focussing the beam, a keplerian beam expander is built (8,9). This beam
expander consists of two plano-convex lenses, with their planar surfaces facing each other,
and with a separation distance equal to the sum of their focal lengths. In this way, the first
(objective) lens will focus the incoming collimated light into its focal plane, which will be
gathered and collimated by the second (image) lens. The ratio between the original beam
diameter and the resulting beam diameter, called the magnifying power (MP), will be equal
to the ratio between the focal lengths of the lenses (Greivenkamp, 2004):

MP = fi

fo

= Di

Do

, (5.2)

where Dj and fj are the beam diameter and focal length, respectively, of the objective (o) and
image (i) lenses, as illustrated in Figure 5.9.

Moreover, the most common diameter for mid-IR commercial refractive optics is 1 inch (25.4
mm). This imposes a restriction on the maximum beam diameter that can be generated with
the beam expander without producing distortion due to diffraction. Therefore, since the beam
as emitted by the QCLs has a diameter of 4 mm, the maximum acceptable MP value must be
approximately 6. With this in mind, two plano-convex lenses of focal lengths of 25.4 mm (8)
and 150 mm (9), separated by a distance of 175.4 mm, define a beam expander with MP =
5.9.
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Figure 5.8: Optical path in the mid-IR spectroscopy and mapping setup.

Figure 5.10 shows the calculated beam diameter at the sample after focussing with different
lenses in the whole wavelength range of the QCLs in this setup, with and without the use
of the mentioned beam expander before the lens, that is, for 23.6 mm or 4 mm input beam
diameter, respectively. In these graphs, three things are sought: first, a beam size as low as
possible to increase the power density impinging on the sample; second, a lens that focusses
the incoming radiation to a beam diameter as close as possible to 100 µm to focus on the
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Figure 5.9: Working principle of a keplerian beam expander.

detector (which has this size) in order to collect as much light as possible in the detector;
and third and last, that the size of the beam spot is as constant as possible for each of the
lasers. Taking into account these considerations, an aspheric lens with a focal distance of
12.7 mm has been chosen to focus the beam on the sample (11), whereas before the detector
(13), a plano-convex lens with a focal distance of 75 mm has been selected for QCL 1 (6.1-7.4
µm), and an aspheric lens of 50 mm focal distance for QCL 2 (10.8-13.7 µm). The two final
elements of the optical setup are a 50:50 ZnSe beam splitter (12), suitable to work in the 7-14
µm range, and a beam blocker (15) to prevent the mid-IR radiation from leaving the limits of
the optical table.

= 4 mm = 23.6 mm

Figure 5.10: Beam diameter at the sample after focusing with lenses of different focal length fs.
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5.4 Computer Control
All electronic components of the setup (Raspberry Pi boards, lock-in amplifier, photodetector
controller, and sample motorised stage controller) have been connected to a control computer
to simplify their use and allow simultaneous operation of all of them through a script. Figure
5.11 shows a schematic of the connections between these components.

Figure 5.11: Schematic of the connections between the electronic components of the spectroscopy
and mapping setup.

In order to perform spectral measurements, the response of the photodetector needs to be
correlated to the wavelength at which the QCLs are emitting at each time. To accomplish this,
a script has been developed that controls both the data acquisition from the lock-in amplifier
and the elements of the QCL cavity. For that, it makes use of the zhinst library from Zurich
Instruments (“Zurich Instruments Toolkit”, Last accessed 2024), as well as the API from
Alpes Lasers. It can set up the connection between the devices and the computer and apply
the working conditions to the QCL (pulse duration, pulse frequency, applied voltage and
heatsink temperature) and the lock-in amplifier (reference signal and demodulation scheme).
Then, different functions have been created to perform sweeps with the QCL with either the
wavenumber or the stage angle as a parameter, while storing the demodulator parameters
from the lock-in at each step of the sweep and saving them to csv format.
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5.5 Wavelength Calibration
Due to the continued usage of the QCLs, an offset between the desired angle of the diffraction
grating and its actual value may appear, resulting in an artificial shift of the spectrum. This
offset, as shown in Figure 5.12, can reach values as high as 100 cm−1, leading to the loss of
almost a third of the emission bandwidth, as well as great spectral inaccuracies, if not taken
care of.

Figure 5.12: Measured emission spectrum of the BG-6.1-7.4 QCL compared to the one specified
by the manufacturer, showing a clear wavenumber offset.

To correct for this offset, a new correspondence between the grating angle and the wavenumber
needs to be found. For that, the absorption spectrum of a known sample, a polysterene
calibration standard for infrared spectroscopy from the US National Institute of Standards and
Technology (Gupta et al., 1995), was recorded with a FTIR spectrometer. The manufacturer’s
original angle-wavenumber calibration was then linearly interpolated to find the correspondent
angle of the peaks measured in the FTIR. Finally, the spectrum of the same sample was
measured as a function of the grating’s diffraction angle, and the angular offset between the
FTIR and the QCL spectra was calculated for each of the peaks analysed. The results, which
are summarised in Table 5.1, show an angular offset of 2.26 ± 0.1 °. Therefore, the QCL angle
calibration file was updated by downshifting the angles by the aforementioned offset, that is,
for example, the angle at which a 1500 cm−1 wavenumber is achieved after the calibration is
105.1 °instead of the previous value of 107.4 °.

By applying this offset correction to the calibration file, both the polysterene absorption
spectrum and the QCL emission spectrum are located in their expected values, as shown in
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Peak FTIR (cm−1) Interpolated angle (°) QCL angle (°) Difference (°)
P1 1372.73 104.24 101.91 2.33
P2 1451.84 106.27 104.02 2.07
P3 1492.47 107.20 104.93 2.27
P4 1541.65 108.26 105.98 2.28
P5 1584.41 109.11 106.79 2.32
P6 1601.52 109.45 107.14 2.31

Table 5.1: Peaks of the calibration standard in the range of the BG-6.1-7.4 QCL.

Figure 5.13. Note that, especially in the emission spectrum of the QCL, although the position
of the peak values is maintained, the relative heights between the bands are not. This is
partially due to the lack of resolution in the spectrum provided by the QCL manufacturer.
Another factor to take into account is the spectral dependence of the photodetector response
and the transmittance of the optical components. Moreover, the bias applied to the QCL
chip also plays a role: while the manufacturer records the spectrum at the optimum voltage
value for each wavenumber, all the spectra presented in this chapter have been acquired at
a constant voltage value of 16.6 V. Furthermore, since the spectra have been normalised to
their respective maximum peak values so that they can be compared easily (the datasheet
provides a measurement of the power emitted by the QCL, while the signal measured in this
calibration process is the RMS value of the photodetector voltage after demodulation in the
lock-in and with a different optical path), these differences have become more noticeable.

5.6 Mapping
The setup includes a xyz motorised stage to mount the sample, (10) in Figure 5.8. This stage
allows to scan the sample with the QCLs. Figure 5.8 shows the reflection configuration that
has been used, although a transmission geometry would also be possible. The motorised
stage has a scanning resolution of 50 nm. However, the spatial resolution of the mapping will
be limited by the spot size of the QCLs, as will be discussed along this section. Distinctive
features such as a set of markers or the pads of the IDTs can be used to localise the spot on
the sample, so that it can then be located at the points of interest within the sample. With
the help of the motorised stage, a first adjustment is made to find the centre of the sample
in terms of the coordinates of the motor, and fine focus alignment is performed by seeking
the maximum reflected signal while moving the motor along the optical axis. Then, a first
low-resolution reflection map can be acquired so that it covers a large area of the sample,
such as the one displayed in Figure 5.14(a). This map was measured at the wavenumber of
maximum emission from the QCL (1502 cm−1) and with a motor step of 100 µm.

By comparing this map with the photograph in Figure 5.14 (b), different characteristics can be
easily identified: three SAW devices at the centre of the image, a set of markers in a staircase
form to the left of them (the bottom of which shows a metal square on top from the alignment
between two lithographic processes), and even the washer used to hold the sample to the stage
(top right corner). Therefore, this first map is more than sufficient to locate the devices in
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a

b

Figure 5.13: a Transmittance spectrum of the polysterene standard measured by FTIR spec-
troscopy and with the QCL after the offset correction. b Emission spectrum of the
BG-6.1-7.4 QCL after the offset correction, both normalized to their maximum peak
value for easier comparison.

the sample. See Figure 5.14(c) for the superimposed image of the map on top of the sample,
showing great agreement with the shapes of the different features, as well as with the limits
of the sample. In addition, reflection spectra were acquired at the Cr/Au contacts, as well as
the bare LiNbO3 sample, shown in Figure 5.14(d). These spectra, recorded at the blue and
green dots in Figure 5.14(a) respectively, show that, as expected, the metal contacts reflect
considerably more light than the LiNbO3 substrate, helping for the search for a high-contrast
wavelength for subsequent maps. For that, the ratio between these spectra was calculated and
then multiplied by the emission spectrum of the QCL (contrast spectrum in Figure 5.14(d)),
in such a way that the resulting spectrum contains information on the emission power (which
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a b

c d

Figure 5.14: a Reflection map of a sample with SAW devices, acquired at a wavenumber of 1502
cm−1 and a motor step of 100 µm. b Photograph of the sample mapped with the
QCL on the same mount used for the map. c Superposition of the reflection map and
the photograph, showing great agreement. d Reflection spectra measured at spots
marked by the blue and green dots in (a), as well as the contrast spectrum, defined
as the reflection spectrum on gold divided by the reflection spectrum on LiNbO3 and
multiplied by the spectrum of the QCL .

contributes to the magnitude of the signal) and the reflection coefficients of both materials
(which contribute to the contrast in the map). Then, the maximum of this spectrum was
identified, being found at 1504 cm−1.

In this way, a wavenumber of 1504 cm−1 (6.65 µm) has been selected for the following maps.
The calculations in Figure 5.10 were used to determine that the approximate spot size for this
wavelength, assuming perfect alignment, is 13.6 µm in diameter, so a slightly larger motor
step size of 15 µm was chosen to map the sample. It has been noted that, the closer the
chosen step size is to the diameter of the laser spot, the more accurate the sizes and distances
will be in the map. On the other hand, the larger the step size, the faster the map can be
generated. For reference, the map in Figure 5.14, which has a dimension of 80 steps x 85

94



Chapter 5. QCL Setup for Mid-IR Spectroscopy and Mapping

steps, took approximately 4 hours to be recorded with an integration time of 0.6 seconds
at each data point. With the original step size of 100 µm, this map was able to cover an
area of 8 mm x 8.5 mm of the sample, although with a step size of 15 µm, providing the
maximum spatial resolution, the area mapped in the same scanning time would be of only 1.2
mm x 1.275 mm. However, the first map provides enough resolution to identify the devices
all accross the sample in a single scan.

a b

Figure 5.15: a Reflection map of a SAW device, acquired at a wavenumber of 1504 cm−1 and a
motor step of 15 µm. Approximated measurements of some distances are displayed
on top. b CAD design of the device mapped in (a) with annotations to compare to
the distances measured.

Therefore, an initial protocol can be established as follows: a first map of a large area of the
sample with low resolution is used to identify the regions where to perform later on higher
resolution maps of a smaller portion of the sample. Figure 5.15 presents a map of the area
around one of the SAW devices (a), as well as the CAD design of the device (b). Although
the image lacks sharpness and some elements, such as the fine part of the metal contacts or
the fingers of the IDTs, cannot be resolved because of their reduced size, it is enough to define
the regions inside and outside of the SAW beam path. Moreover, the distances measured
in the reflection map match already the measurements from the CAD file with a maximum
deviation of 7% in the smallest distance checked, so the chosen step size, although not exactly
the same, is close to the actual beam diameter.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions
In Chapter 3, the fabrication of two-port SAW resonators in the GHz frequency range on
LiNbO3 substrates has been addressed, optimising their design parameters for their use in
combination with graphene Hall bars for acoustoelectric transport experiments. In addition to
the observation of the well-known acoustoelectric voltage created along the SAW propagation
direction, an additional voltage has been detected in the transverse direction. This voltage
was expected to arise due to the strain-induced pseudo-magnetic (or gauge) field generated
by the SAW in the graphene sheet, in a similar way as reported in graphene under static
strain. However, the observation of this pseudo-Hall voltage in SAW devices in graphene has
been reported during the realisation of this thesis by another research group (P. Zhao et al.,
2022) using devices similar to the ones presented here. Both acoustoelectric and pseudo-Hall
voltages have been also confirmed to present a linear dependence with the acoustic power in
the fabricated devices. Moreover, with the aim of studying the role of the carrier density and
type in these acoustoelectric effects in graphene, LiNbO3 thin-film-based heterostructures
with a buried gate have been explored. A 5-µm-thick LiNbO3 layer, bonded to a bulk LiNbO3
substrate through a Cr/Au/Cr interlayer, has been proven to be well-suited for acoustoelectric
devices, although with just a moderate modulation of the conductivity of graphene, not
enough to reach the objective of accessing the CNP.

In Chapter 4, a novel plasmonic biosensor has been theoretically demonstrated, where the
local dynamic modulation of the active surface induced by an on-chip electrically-controlled
two-port SAW resonator acts as a virtual diffraction grating allowing to couple far-field
light into propagating surface polaritons without any patterning. A TMM-tailored gated
graphene-based van der Waals heterostructure permits to generate and tune surface plasmon-
phonon polaritons across the mid-infrared range covering the vibrational resonances of most
organic compounds. The device has been theoretically investigated for fingerprinting ultrathin
biolayers via SEIRA spectroscopy, proving its sensitivity down to the ML limit. The plasmonic
response of the acoustically-rippled surface has been tested with various analytes, including
thin films (down to a ML) of CBP, an organic semiconductor with sharp and intense absorption
lines, as well as biological compounds with broad and weak absorption bands such as A/G-IgG
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protein bilayers and VGA peptide MLs. The COM analysis demonstrates that the biosensor
response is able to elucidate the presence of extremely thin analyte layers in all cases, even
when a faint interaction between the vibrational resonances of the molecules and the polaritons
does not lead to a Fano resonance but only to a resonance broadening. All these results are
reported in Izquierdo-López et al., 2023.

In Chapter 5, a home-built laser-based mid-IR spectroscopy and mapping setup has been
designed and implemented using off-the-shelf components. Two external-cavity QCLs operating
in the 6-14 µm range have been combined with a photoconductive MCT detector. The
refractive ZnSe optical elements in the beam path have been selected to minimise the spot size
at the sample, while optimising light collection at the photodetector. In addition, a motorised
xyz stage allows the sample to be scanned for mapping the areas of interest. A Python script
has been written to control and coordinate the action of the different components of the
setup. The pulses driving the QCL emission are used for the photodetection using a lock-in
amplifier. The setup has been spectrally calibrated and tested in the acquisition of reflectance
and transmittance spectra, as well as in mapping the sample for the location of the plasmonic
devices. The setup developed is capable of focusing mid-IR laser beams of 4 mm in diameter
down to a minimum spot size of 15 µm on the sample surface, which determines the mapping
resolution. The high power density of the laser spot together with the scanning capability of
the setup paves the way for the study of advanced plasmonic devices in graphene, such as the
SAW-assisted biosensors devised in Chapter 4.

In summary, three different effects of SAWs on graphene have been studied in this thesis.
First, the interaction of the charge carriers in graphene with the piezoelectric field of the
SAW, leading to the acoustoelectric transport of carriers in the direction of SAW propagation.
Second, the distortion of the electronic dispersion of graphene by the strain field of the
SAW, causing the emergence of a pseudo-Hall voltage in the direction transverse to the
SAW propagation as a consequence of the strain-induced pseudo-magnetic or gauge field
arising in graphene. Third, the effect of SAWs on graphene solely as a result of the surface
deformation. In this case, SAWs can act as a virtual diffraction grating that couples far-field
light into SPP(P)s. A SAW-assisted mid-IR graphene plasmonic biosensor relying on this
phenomenon has been theoretically demonstrated for fingerprinting ultrathin biolayers, and a
mid-IR spectroscopy setup has been assembled and tested with the objective of experimentally
developing plasmonic devices based on van der Waals heterostructures such as the designed
biosensor. Moreover, this thesis has resulted in several articles and conference contributions,
which are listed in Appendix B.

6.2 Future Work
The heterostructure based on thin-film LiNbO3 studied in Chapter 3 opens the possibility
for deeper studies on the nature of the interaction between SAWs and graphene or other 2D
materials. However, further investigation needs to be performed on this kind of structures in
order to enhance the modulation of the Fermi level of graphene so that full electrical control
is achieved through the field-effect. Moreover, the dependence of the acoustoelectric and
pseudo-Hall transport on the SAW wavelength can be analysed by either fabricating devices
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with different SAW wavelength or by optimising chirped IDTs to provide flat transmission
bands over an extended wavelength range. On the other hand, the analysis of the effect of
charge carriers on the SAWs, that is the attenuation/gain produced in the SAW propagation,
paves the way for developing active graphene/LiNbO3 SAW devices for signal processing and
communication applications.

Furthermore, novel strategies are foreseen to quantify the magnitude of the SAW-induced
pseudo-magnetic field in future experiments. So far, the strategy reported by P. Zhao et al.,
2022 was based on an external magnetic field causing a Hall voltage opposing the SAW-induced
pseudo-Hall voltage, varying the magnitude of this external field until the pseudo-Hall voltage
was neutralised. A simpler strategy not requiring a magnetic field would take advantage of
a standing wave in the two-port SAW resonator (so that no net acoustoelectric current is
generated). In this case, an external current would be applied between two contacts in the
longitudinal direction, so that the pseudo-magnetic field can be estimated from the pseudo-Hall
voltage measured in the transverse direction, as in a regular Hall transport measurement.
Another strategy, permitting to reduce the number of probes needed, would be to perform
measurements using alternative geometries such as Corbino discs.

Regarding the biosensor described in Chapter 4, the study presented here paves the way for the
development of advanced SAW-assisted LOC systems combining the chemical fingerprinting
capability of this novel sensor with complementary SAW-mediated physical sensing mechanisms
(Ballantine, 1997) and SAW-driven microfluidic capabilities (droplet streaming, mixing, etc.)
(Wixforth, 2003; Ding et al., 2013) previously reported in the literature. In a different
approach, the proposed biosensor could be adapted to work in a liquid environment by using
an AlN crystal orientation providing a shear-horizontal SAW (Love mode) instead of a sagittal
SAW (Rayleigh mode) (G. Hu et al., 2007) or even by combining both at different in-plane
propagation directions (Kobayashi et al., 1995).

Moreover, the sensitivity of the experimental implementation of the biosensor might be
enhanced by enabling an alternated in-phase and out-of-phase modulation of the optical
excitation and the RF signal fed to the IDT for creating the SAW. This method, which
strongly suppresses the influence of thermal or laser power fluctuations, allows to increase the
signal to noise ratio (Fandan et al., 2020).

Furthermore, a software can be created to fit experimental SEIRA via the COM. This
software would be complemented by a library of analytes built by extracting the frequency
and linewidth of their vibrational resonances from spectroscopic measurements.

Finally, with respect to the mid-IR setup for spectroscopy and imaging described in Chapter
5, several improvements are already planned, such as the enclosure of the system in a chamber
with a N2 inlet for purging the air in order to reduce the influence of water vapour on the
acquired spectra. In addition, the initial inspection of the sample will be eased by the addition
of a visible light source combined with an objective and a CCD camera. The developed setup
will be soon used for the development and study of plasmonic devices in the mid-IR range,
such as the SAW-assisted graphene plasmonic biosensor described in Chapter 4.
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Appendix A

COM parameters

Table A.1 displays the values of the COM fitting parameters from the calculations presented
in Chapter 4.

Analyte ωres (cm−1) d (nm) κ (cm−1) F1 (cm−1) F2 (cm−1)
CBP 1479 0 0 36.4 0

1479 0.35 2.32 37.7 5.06
1479 1 3.81 32.7 7.0
1479 2 5.36 26.4 6.78

A/G-IgG 1530 0 0 3.07 0
1530 8 (bilayer) 29.3 0.98 0.41
1655 0 0 5.00 0
1655 8 (bilayer) 48.0 1.04 0.50

VGA 1452 0 0 4.73 0
1452 2.5 (monolayer) 11.2 3.29 0.81
1452 5 15.6 2.47 0.79
1452 7.5 18.8 1.93 0.68

Table A.1: COM fitting parameters.
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