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A B S T R A C T   

Surface plasmon polaritons in graphene can enhance the performance of mid-infrared spectroscopy, which is key 
for the study of both the composition and the conformation of organic molecules via their vibrational resonances. 
In this paper, a plasmonic biosensor using a graphene-based van der Waals heterostructure on a piezoelectric 
substrate is theoretically demonstrated, where far-field light is coupled to surface plasmon-phonon polaritons 
(SPPPs) through a surface acoustic wave (SAW). The SAW creates an electrically-controlled virtual diffraction 
grating, suppressing the need for patterning the 2D materials, that limits the polariton lifetime, and enabling 
differential measurement schemes, which increase the signal-to-noise ratio and allow a quick commutation 
between reference and sample signals. A transfer matrix method has been used for simulating the SPPPs prop
agating in the system, which are electrically tuned to interact with the vibrational resonances of the analytes. 
Furthermore, the analysis of the sensor response with a coupled oscillators model has proven its capability of 
fingerprinting ultrathin biolayers, even when the interaction is too weak to induce a Fano interference pattern, 
with a sensitivity down to the monolayer limit, as tested with a protein bilayer or a peptide monolayer. The 
proposed device paves the way for the development of advanced SAW-assisted lab-on-chip systems combining 
the existing SAW-mediated physical sensing and microfluidic functionalities with the chemical fingerprinting 
capability of this novel SAW-driven plasmonic approach.   

1. Introduction 

The mid-infrared range (3–20 μm) is of great importance in spec
troscopy since it contains the vibrational fingerprint of molecules, that is 
the set of absorption resonances related to the molecular bonds that 
uniquely identify a substance. Furthermore, the position and relative 
intensity of these resonances can be used to infer the conformation of the 
molecules. In the case of proteins and peptides, the mid-infrared spec
trum gives access to their secondary structure as well as to local in
teractions, adsorption or binding processes in a label-free manner 
(Barth, 2007; López-Lorente and Mizaikoff, 2016). However, sensing 
ultrathin biolayers is challenging because of the low absorption 
cross-section resulting from the strong size mismatch between free ra
diation (wavelength ~ μm) and biomolecules (size ~ nm). This limita
tion can be overcome with surface plasmon polaritons (SPPs), confined 
modes at the surface of a conductor originating from the coupling of the 
radiation with collective electron excitations, which provide higher 

momentum and smaller mode volume than free radiation. This turns 
into a higher local electric field intensity that strengthens light-matter 
interactions at the nanoscale, being the principle of surface-enhanced 
infrared absorption (SEIRA) spectroscopy (Adato and Altug, 2013; 
Neuman et al., 2015; Yi et al., 2020). 

Graphene has emerged as a prominent SEIRA platform supporting 
SPPs in the mid-infrared range, providing much greater confinement 
factors than metals, due to its 2D nature, while maintaining long life
times (Hu et al., 2016; Li et al., 2014; Rodrigo et al., 2015; Lee et al., 
2019). Moreover, as opposed to metals, its carrier density can be tuned 
electrically, allowing to modulate the SPP frequency. On the other hand, 
charge carriers in graphene can interact with the surface phonons of 
polar substrates through the Fröhlich coupling, leading to hybridization 
into surface plasmon-phonon polaritons (SPPPs). This hybridization can 
increase the polariton lifetime when graphene is stacked with other 2D 
materials such as hexagonal boron nitride (h-BN). (Brar et al., 2014; 
Fandan et al., 2018). 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: raul.izquierdo@upm.es (R. Izquierdo-López), j.pedros@upm.es (J. Pedrós).  
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Coupling light into graphene SPPs (or SPPPs) typically requires 
either complex near-field techniques (Fei et al., 2011; Zhang et al., 
2022) or patterning nanostructures as diffraction gratings (Brar et al., 
2013; Fang et al., 2014; Ju et al., 2011), being the latter restricted to the 
excitation of localized plasmons where edge scattering reduces the 
plasmon lifetime. However, surface acoustic waves (SAWs) have been 
shown to couple far-field light into propagating polaritons (Ruppert 
et al., 2010; Schiefele et al., 2013) without the need of patterning the 
material, since the dynamic local strain of the SAW (Fandan et al., 2020) 
generates a sinusoidal surface deformation that acts as a virtual 
diffraction grating. Moreover, the on-chip transducer generating the 
SAW allows to switch electrically the polariton launching, thus facili
tating the implementation of differential sensing schemes without the 
need of additional reference devices. 

The combination of metal-based surface plasmon resonance (SPR) 
structures operating in the visible range with SAW devices has been 
already explored for lab-on-chip (LOC) applications aiming at the 
simultaneous measurement of the refractive index and the mass of an 
adsorbed substance (Friedt et al., 2004; Friedt and Francis, 2016) or the 
inclusion of SAW-driven microfluidic capabilities, such as the streaming 
of a droplet or the mixing of its fluid for enhanced binding kinetics 
(Galopin et al., 2007; Renaudin et al., 2010; Sonato et al., 2016). 
However, none of these systems are capable of fingerprinting or 
providing chemical information about the substance but only sensing 
some of its physical properties, as they operate in the visible range. 
Moreover, they are mostly based on the coupling of the light by means of 
a prism, an approach that cannot be used for graphene in the 
mid-infrared range as the required value of the refractive index of the 
prism would be beyond that of the existing materials (Nikitin et al., 
2014). 

In this work, we propose a SAW-driven plasmonic biosensor using a 
graphene-based van der Waals heterostructure on a piezoelectric sub
strate for fingerprinting ultrathin biolayers. The SPPPs propagating in 
the unpatterned 2D system, operating in the mid-infrared range, interact 
with the vibrational resonances of the analytes providing sensitivity 
down to the monolayer (ML) limit. The performance of the proposed 
biosensor has been studied theoretically using various analytes, 
including ultrathin films of an organic polymer presenting strong ab
sorption lines as well as significant biological substances with weaker 
and broader resonances such as a protein bilayer and peptide MLs. 

2. Methods 

The proposed biosensor consists of a two-port SAW resonator fabri
cated on a piezoelectric substrate. A 2D system formed by two double 
layer graphene (DLG) stacks separated by h-BN (DLG/h-BN/DLG) is then 

placed in between the interdigital transducers (IDTs), so that a standing 
SAW is established across the van der Waals heterostructure. The SAW 
acts as a virtual diffraction grating providing the extra momentum 
necessary to couple far field TM-polarized light into the SPPPs supported 
by the 2D system. A quantum cascade laser can be used as the mid- 
infrared light source, since it permits to deliver coherent and polarized 
light with high spectral power density (Schwaighofer et al., 2017) 
concentrated in the active region of the sensor. The analyte is finally 
deposited on top forming an ultrathin layer. The sensor monitors the 
plasmonic response of the whole structure, which is modified by the 
coating, allowing the identification or fingerprinting of the analyte and 
the quantification of its thickness down to the single ML limit. Fig. 1(a) 
shows schematically the concept of the SAW-assisted plasmonic 
biosensor that will be described in detail in this study. Here, aluminum 
nitride (AlN) has been chosen as the piezoelectric substrate since a 
buried gate can be easily fabricated during the epitaxial growth or 
sputtering deposition of the material in the form of a AlN/Al/AlN stack. 
This Al electrode allows to bias both DLGs in the DLG/h-BN/DLG sys
tem, as shown in Fig. 1(b), facilitating their gate doping and thus the 
electrical tuning of the energy of the SPPPs. The use of DLGs, providing 
each of them twice the Fermi energy of a single layer graphene (SLG) 
(Rodrigo et al., 2017), along with the hybridization of the graphene 
plasmons with the h-BN phonons, permits the modulation of the 
dispersion of the resulting SPPPs so that the whole mid-infrared 
fingerprinting region can be accessed. 

A transfer matrix method (TMM) has been used to evaluate the 
Fresnel reflection and transmission coefficients of the sensor structure. 
The absorption of light is given by the imaginary part of the reflection 
coefficient, so that the poles of Im[rTM(k, ω)] provide the dispersion 
curve of the SPPPs of the material structure. The TMM just requires the 
permittivity of each individual dielectric layer as input, whereas the 
graphene layers are considered as a surface conductivity at the interface 
in between two dielectric layers (Fandan et al., 2018; Schiefele et al., 
2013; Zhan et al., 2013). h-BN is an anisotropic material with two 
reststrahlen bands defined by its two infrared active phonon modes: the 
in-plane (‖) A2u phonon modes, with frequencies ωTO,‖ = 0.096 eV and 
ωLO,‖ = 0.102 eV, and the out-of-plane (⊥) E1u phonon modes, with 
frequencies ωTO,⊥ = 0.169 eV and ωLO,⊥ = 0.199 eV. The 
frequency-dependent permittivity of h-BN has been modelled as (Dai 
et al., 2014) 

ϵh− BN,k(ω) = ϵ∞,k

[

1 +
ω2

LO,k − ω2
TO,k

ω2
TO,k − iωγk − ω2

]

, (1)  

where k = ‖, ⊥, ϵ∞,‖ = 2.95 and ϵ∞,⊥ = 4.87 are the high-frequency 
dielectric constants, and γ‖ = 0.49 meV and γ⊥ = 0.62 meV are the 

Fig. 1. Schematics of the SAW-driven plasmonic biosensor proposed. (a) 3D layout of the device and (b) cross section of the material system composed of a van der 
Waals heterostructure on top of an AlN substrate with a buried Al gate that is used to bias the top and bottom double layer graphene (DLG) stacks. 

R. Izquierdo-López et al.                                                                                                                                                                                                                      



Biosensors and Bioelectronics 237 (2023) 115498

3

damping rates. 
AlN is only slightly anisotropic compared to h-BN, so here, for 

simplicity, it is assumed to present an isotropic behaviour with a unique 
reststrahlen band located between ωTO = 0.083 eV and ωLO = 0.111 eV. 
The frequency-dependent permittivity of AlN has been modelled as 
(Kazan et al., 2009) 

ϵAlN(ω) = ϵ∞ + (ϵ0 − ϵ∞)
ω2

TO

ω2
TO − iωγ − ω2, (2)  

where ϵ0 = 7.37 and ϵ∞ = 3.93 are the static and high-frequency 
dielectric constants, respectively, and γ = 0.64 meV is the damping rate. 

The frequency-dependent conductivity of graphene has been calcu
lated as 

σ(ω) = i|EF |e2

πℏ2(ω + i/τ)
, (3)  

where EF is the Fermi energy and τ is the electron relaxation time. In this 
work, τ = 0.4 ps has been assumed, which corresponds with a carrier 
mobility value of μ = 10000 cm2V− 1s− 1. 

The sensor performance has been evaluated considering different 
analytes, including ultrathin films of the polymer 4,4′-bis(N-carbazolyl)- 
1,1′-biphenyl (CBP), the protein bilayer formed by the recombinant 
protein A/G and the goat anti-mouse immunoglobulin G (IgG) (A/G- 
IgG), and MLs of the peptide valine gramicidine A (VGA). In all cases, 
their frequency-dependent permittivity have been modelled as a sum of 
Lorentz oscillators, each of them representing the resonance of a char

acteristic chemical group, as 

ϵanalyte(ω) = ϵ∞ +
∑N

k=1

h2
k

ω2
k − iωγk − ω2, (4)  

where hk, ωk, and γk are the amplitude, frequency, and damping rate of 
each of the N resonances, respectively, and ϵ∞ is the high-frequency 
dielectric constant of the material. The list of these parameters and 
the resulting plot of the permittivity for each of these analytes can be 
found in Table S1 and Figs. S1–S3, respectively, of the Supplementary 
Information. 

Light coupled to the polariton in the sensor can be calculated as the 
light diffracted into the surface of the heterostructure by a sinusoidal 
surface. Incident light with wavevector (k||,0, kz,0) is scattered into the 
various diffraction orders (k||,m, kz,m) with 

k||,m =
ω
c

sinθ + m
2π

λSAW
, (5)  

kzm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω/c)2
− k2

‖m

√

, (6)  

where θ is the angle of off-normal incidence, m is an integer, and λSAW is 
the SAW wavelength (i.e. the period of the IDT). The wavevector of the 
polariton is hence mainly governed by λSAW, as (ω/c)sinθ ≪ 2π/λSAW. 
Here, for simplicity, normal incidence (θ = 0) has been assumed. The 
mth order diffraction of light at a surface with a sinusoidal corrugation is 
then given as (Lean, 1973; Schiefele et al., 2013) 

Fig. 2. Dispersion of the surface plasmon-phonon polaritons SPPPi for the DLG/h-BN/DLG/AlN/Al/AlN system without (a),(c) and with (b),(d) a 5 nm-thick CBP 
layer on top. (c) and (d) show a magnified view of the CBP fingerprint region in (a) and (b), respectively. White and yellow dashed lines indicate the optical phonon 
frequencies of h-BN and AlN respectively, whereas green dashed lines are displayed at the frequencies of the vibrational resonances of CBP. The Fermi energy is EF =

0.4 eV for all graphene sheets and the h-BN layer is 2 nm thick. 
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Im =

⃒
⃒
⃒
⃒rTMJm(2kz0δ)

[

1 +
mπ

λSAW kzm

1 + rTM

rTM

]⃒
⃒
⃒
⃒

2

, (7)  

where Jm is the Bessel function of order m and δ is the SAW amplitude. In 
this work δ = 1 nm has been considered. Since kz0δ ≪ 1, |Jm(2kz0δ)|2 ≈

(kz0δ)2m and the diffraction can be restricted to the first order. 

3. Results and discussion 

Fig. 2 shows the dispersion curves for the bare DLG/h-BN/DLG/AlN/ 
Al/AlN sensor heterostructure, Fig. 2(a) and (c), and coated by a 5 nm- 
thick CBP layer, Fig. 2(b) and (d). Here, the AlN top layer has been 
chosen to have a thickness of 500 nm. This ensures that the Al buried 
gate does not contribute to the dispersion, allowing us to reduce the 
AlN/Al/AlN stack in the calculations to just an AlN substrate (see Fig. S4 
of the Supplementary Information). The bare heterostructure, Fig. 2(a), 
supports four surface plasmon-phonon polaritons (SPPPi, i = 1–4) 
arising from the hybridization of the graphene surface plasmon and the 
optical phonons of the h-BN interlayer and the AlN substrate. Further
more, the two DLGs separated by the h-BN spacer give rise to optical 
(SPPPO

i ) and acoustic (SPPPA
i ) modes, corresponding, respectively, to the 

in-phase and out-of-phase coupling of the plasmons in both DLGs. 
Although only the first acoustic mode SPPPA

1 appears in Fig. 2(a), higher 
energy acoustic modes are found at higher wavevectors, as discussed in 
Section 3 of the Supplementary Information. CBP presents three vibra
tional resonances within the upper reststrahlen band of h-BN, that 
appear as faint features in Fig. 2(b) interacting with the SPPP4 mode. 
Resonances at ωCBP1 = 1449 cm− 1 and ωCBP2 = 1479 cm− 1 are due to 
deformation modes of the C–H bond located mainly in the carbazole 
group (δ(C–H)c), whereas resonance at ωCBP3 = 1504 cm− 1 originates 
from the deformation mode of the C–H bond at the biphenyl group 
(δ(C–H)b) and the stretching mode of the C–N bond (ν(C–N)) (Huck 
et al., 2014). The comparison of the magnified view of the upper rest
strahlen band of h-BN with and without the CBP analyte, depicted in 
Fig. 2(d) and (c) respectively, clearly shows anticrossing features 
proving the coupling between these vibrational resonances and the 
SPPP4 mode that allows the biosensor fingerprinting the CBP. 

Fig. 3 describes the operation principle of the DLG/h-BN/DLG/AlN/ 
Al/AlN sensor for fingerprinting the vibrational resonances of CBP. On 
the one hand, the deposition of CBP layers of increasing thickness leads 
to a polariton frequency shift induced by the associated change in the 
dielectric environment, as depicted in Fig. 3(a) around the vibration 
δ(C–H)c. However, this mechanism only permits to infer the effective 
refractive index of the analyte (Zhao et al., 2013) but lacks specificity. 
On the other hand, the interaction between the polariton and the 

vibrational resonance of CBP leads to small dips at the tails of the 
spectra. Nevertheless, these features are not strong enough to provide 
the required sensor sensitivity. The specificity, and hence the finger
printing capability, together with the enhanced sensitivity of the pro
posed sensor rely on the tuning of the Fermi level of the DLGs via a gate 
bias, so that the polariton is continuously forced to overlap with the 
vibrational resonance of CBP, as shown in Fig. 3(b) for the case of the 
vibration δ(C–H)c. In this configuration, as the thickness of the analyte 
layer is increased, two different regimes can be distinguished. Initially, a 
broadening of the extinction peak is observed that gradually turns into 
the emergence of a transparency window within the extinction peak at 
around the frequency of the vibrational transition. 

This latter transparency-window regime has been previously re
ported in different types of polaritonic systems such as metallic antennas 
(Vogt et al., 2015) and graphene (Hu et al., 2016; Li et al., 2014) or h-BN 
(Autore et al., 2018) nanoribbon arrays, among others (Kamenetskii 
et al., 2018). 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 Fig. 3(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 Fig. 3(c), where the Fermi energy 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 com
plemented 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. 

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 Fig. 3(b). In order to find a parameter suitable to quantify this 
interaction consistently across both regimes, the electric fields of both 
the polariton and the vibrational resonance have been modelled. A 
coupled oscillator model (COM), adapted from (Liu et al., 2009) to ac
count for a system with two oscillators interacting with far-field light, 
has been used to simulate the biosensor response. This model is 
described by the following equation system. 

Fig. 3. (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). Two different regimes can be observed when changing the analyte thickness (see 
main text). 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. 
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ẍ1 + γ1ẋ1 + ω2
1x1 + κẋ2 = F1exp( − iωt)

ẍ2 + γ2ẋ2 + ω2
2x2 − κẋ1 = F2exp( − iωt)

(8)  

where, xi, γi, ωi and Fi refer to the amplitude, damping, resonance fre
quency and driving force, respectively, of the harmonic oscillators and κ 
denotes the coupling coefficient between them. Hereafter, subscripts 1 
and 2 will denote, respectively, the polariton and the vibrational reso
nance. The driving force of each individual oscillator can be understood 
as a measure of the direct interaction of each of them with the far field 
light. 

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 CBP layer (CBP/SLG/AlN) has 
been considered. Moreover, only one of the vibrational resonances of 
CBP has been addressed. This reduces the number of interacting reso
nances involved in the process, simplifying the analysis while main
taining all the physical mechanisms involved. Thus, the simplified 
structure retains 3 resonances: the optical phonon of AlN ωTO at 669 
cm− 1, the vibrational resonance of CBP ωCBP2 at 1479 cm− 1, and the 
graphene plasmon ωpl, which follows the dispersion equation (Low and 
Avouris, 2014) 

ωpl(k) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2αEFck

ℏϵeff

√

, (9)  

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 the air, and k is the wave
vector. These three resonances define a COM matrix. The 3 × 3 
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 

M̂ =

⎛

⎝
ωpl gph gCBP
gph ωTO 0

gCBP 0 ωCBP2

⎞

⎠, (10)  

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

Fig. 4(a) compares the results from the TMM and the COM, showing a 
very good agreement for the calculation of the dispersion, both pre
dicting 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. Fig. 4(b) displays the squared modulus of the components of the 
eigenvector associated to each of the eigenvalues (branches of the 
dispersion), |Xi|2, in Fig. 4(a). The relative weights of each component 
represent the plasmonic-phononic-vibrational character of the polar
iton. 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
. The 

M branch is fully plasmonic-phononic until the vicinity of the anti
crossing, 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 
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. 

Fig. 4. (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 cor
responding 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 (8) and (12). 
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Not only do the TMM and the COM provide similar results for the 
calculation of the dispersion, but also by solving the COM equation 
system in Equation (8), a function for the power absorbed by the oscil
lators can be derived, which can be compared to the extinction plots 
obtained by the TMM. For this, solutions of the form xi = Ci ⋅ exp(iωt) can 
be assumed and introduced into the system, solving the equations for C1 
and C2. From these solutions, the power absorbed by each oscillator can 
be obtained as 

〈Pi〉 =
1
T

∫ T

0
Re[Fiexp(iωt)]Re[ẋi]dt =

F1ω
2

Im[Ci]. (11) 

The optical response of the biosensor is given by the extinction of the 
heterostructure, defined as Ext = R0 − R

R0
, where R and R0 designate the 

power reflected with and without the SAW (i.e. with and without the 
coupling of the vibrational resonance to the SPPP), respectively. Hence, 
the SAW, acting as an electrically-controlled virtual diffraction grating, 
can switch on and off the polariton, unlike in standard systems, such as 
patterned diffraction gratings, where the polariton is always present. 
This provides the proposed biosensor with an important advantage since 
the differential measurement is always made with the analyte already in 
place for the SAW ON and OFF conditions, instead of standard plasmonic 
biosensors using patterned gratings, where measurements need to be 
made before and after placing the analyte (unless the light polarization 
is rotated, which is a slow process), thus being potentially affected by 
other effects distinct from the mere analyte. Therefore, since the analyte 
is present in the calculation of both R and R0, the extinction can be 
modelled just as the power transmitted to the SPPP as 

P1∝ω⋅Im
[

(ω2
2 − iωγ2 − ω2)A + iωκB

(ω2
1 − iωγ1 − ω2)(ω2

2 − iωγ2 − ω2) − ω2κ2

]

. (12) 

This power function can be used to fit the extinction curves calcu
lated with the TMM. Fig. 4(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, Fig. 4 
(e), but also at weaker coupling, when the only noticeable effect is a 
broadening of the extinction peak, Fig. 4(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. 

The benefits of this model for the fingerprinting of organic com
pounds have been exemplified for CBP on a simple SLG/ALN system, but 
this methodology can be applied to other substances of biological in
terest such as thin layers of peptides or proteins on the full biosensor 
heterostructure. Thus, considering again the original DLG/h-BN/DLG/ 
AlN/Al/AlN system, in Figs. 5 and 6 the COM model is applied to fit 
the results obtained by the TMM simulations for the biosensor hetero
structure covered by ultrathin layers of proteins and peptides, 
respectively. 

Fig. 5 illustrates the biosensor response when coated with a 8-nm 
thick A/G-IgG protein bilayer. As can be seen in the permittivity 
curves displayed in Fig. S3 of the Supplementary Information, this 
protein bilayer presents 2 absorption bands around 1655 cm− 1 and 
1630 cm− 1, corresponding to the vibrational resonances of the amide I 
and amide II groups, respectively. 

Fig. 5. Response of the biosensor to an A/G-IgG protein bilayer calculated by the TMM (red circles) and the COM (back 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), and (d), respectively, in order match the frequency of the polariton with those of the amide bands. 
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When the protein bilayer is deposited on the device, there is a fre
quency 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 the 
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, Fig. 5(a) (κ = 0), and the SPPP interacting 
with the resonance of the amide II group in the coated sensor, Fig. 5(b) 
(κ = 29.3 cm− 1). Conversely, in the case of the amide I band, a trans
parency window appears within the peak, centred at 1655 cm− 1, 

resulting from a stronger polariton-protein interaction. This is clearly 
observed comparing the SPPP in the bare sensor, Fig. 5(c) (κ = 0), and 
the SPPP interacting with the resonance of the amide I group in the 
coated sensor, Fig. 5(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 

Fig. 6. 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 
= 2.1 ⋅ 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. (e) 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 (b)–(d), though this shift can be used for quantifying the amount of analyte. (f) Comparison of the change in reflectance 
ΔR 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. 
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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 Fig. 4(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 broad
ening regime to the subsequent transparency-window regime. 

Fig. 6(a)–(d) 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. Fig. 6(e) shows this frequency 
shift, that can also be used to quantify the amount of analyte deposited 
on top of the sensor, as a conventional SPR sensor. Furthermore, this SPR 
sensor can be complemented by the SAW used as a gravimetric sensor, 
monitoring the phase shift produced by the mass loading effect. In order 
to assess the sensitivity of the sensor, Fig. 6(f) depicts the difference in 
reflectance calculated for the DLG/h-BN/DLG/AlN/Al/AlN hetero
structure 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 ML and a 
bilayer, the latter being specially interesting as it forms ion channels that 
allow conduction of monovalent cations through lipid membranes. 

It has to be noted that all the presented results have been obtained for 
a graphene mobility value of 10000 cm2V− 1s− 1, which is a conservative 
assumption considering that state-of-the-art CVD graphene can exhibit 
mobility values up to 70000 cm2V− 1s− 1 at room temperature (Fazio 
et al., 2019). Therefore, an improved biosensor performance can be 
achieved just by using better quality graphene, as discussed in Section 4 
of the Supplementary Information. Moreover, the sensitivity of the 
biosensors 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, the pro
posed plasmonic biosensor paves the way for the development of 
advanced SAW-assisted LOC systems combining the chemical finger
printing capability of this novel sensor with complementary 
SAW-mediated physical sensing mechanisms (Ballantine, 1997) and 
SAW-driven microfluidic capabilities (droplet streaming, mixing, etc) 
(Ding et al., 2013; Wixforth, 2003) 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) (Hu et al., 2007) or even combining both at different 
in-plane propagation directions (Kobayashi et al., 1995). 

4. Conclusions 

We have theoretically demonstrated a novel plasmonic biosensor 
where the local dynamic modulation of the active surface induced by an 
on-chip electrically-controlled surface acoustic wave resonator acts as a 
virtual diffraction grating allowing to couple far-field light into propa
gating surface polaritons without any patterning. A TMM-tailored gated 

graphene-based van der Waals heterostructure permits to generate and 
tune surface plasmon-phonon polaritons accross 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 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. 
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