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ABSTRACT: Real-time and in situ detection of aqueous solution is essential for bioanalysis and chemical reactions. However, 
it is extremely challenging for the infrared microscopic measurement due to the large background of water absorption. Here, 
we proposed a wideband tunable graphene plasmonic infrared biosensor to detect the biomolecules in aqueous environment, 
employing attenuated total reflection in an Otto prism configuration and tightly confined plasmons in graphene nanoribbons. 
Benefited from the graphene plasmonic electric field enhancement, such biosensor is able to identify the molecular chemical 
fingerprints without the interference of water absorption. As a proof of concept, the recombinant protein AG and goat anti-
mouse immunoglobulin G (IgG) is used as the sensing analyte, of which the vibrational modes (1669 cm-1 and 1532 cm-1) are 
very close to the OH-bending mode of water (1640 cm-1). Simulation results show that the fingerprints of protein molecules 
in water environment can be selectively enhanced. Therefore, the water absorption is successfully suppressed so that two 
protein modes can be resolved by sweeping graphene Fermi energy in a wide waveband. By further optimizing the incident 
angle and graphene mobility to improve the mode energy of graphene plasmons, maximum enhancement factor of 112 and 
130 can be achieved for Amide I and II bands. Our work provides an effective approach for the highly sensitive and selective 
in situ identification of aqueous-phase molecular fingerprints in fields of healthcare, food safety and biochemical sensing.

Infrared spectroscopy1, 2can quantitatively and qualitatively 
recognize the chemical groups inside molecules by 
detecting the structural vibrations from the infrared 
fingerprint spectrum. It possesses the advantages of real 
time, non-destructive and label-free, which has shown great 
potential in healthcare, food safety and biochemical sensing 
in the past few decades3, 4. Unfortunately, the sensitivity of 
traditional infrared spectroscopy is limited due to the small 
infrared absorption cross-sections of ultrathin films 
induced by the giant scale mismatch between microscale 
infrared light and nanoscale molecules, severely restricting 
its applications for the detection of trace level samples. To 
address this issue, surface-enhanced infrared absorption 
spectroscopy (SEIRAS) employing metallic plasmonic 
resonance with strong electromagnetic near-field 
confinement has been developed2, 5. The key point for this 
technology is to design an infrared resonant antenna with a 
specific plasmonic frequency. Benefited from the rapid 
development of micro-nano fabrication technology, various 
well-engineered metallic IR plasmonic microantennas have 
been designed for SEIRAS2, 6, 7, such as coupled arrays of 

antennas8, 9, fractal-shaped antennas10 and perfect absorber 
structures11, 12. By tuning the frequencies of such plasmonic 
antennas into the fingerprint region and overlap with the 
infrared absorption frequencies of molecules, the 
vibrational signal of trace level samples can be significantly 
enlarged. Despite these progresses, noble metal plasmonic 
antennas still cannot fully satisfy the required enhancement 
to address the ongoing challenges and emerging 
applications hindered by the shortcomings of narrow 
spectral linewidth, weak near-field confinement, and 
limited tunable resonance.

Graphene13, 14, a two-dimensional material consisted of 
carbon atoms arranged in a honeycomb pattern, has been 
proposed to be a promising alternative plasmonic material 
for SEIRAS owing to its remarkable optoelectronic 
properties15. Compared to the metallic microantennas, 
graphene nanoantennas can support tightly confined 
plasmon modes in infrared region with mode volumes 
several orders smaller than the excitation wavelength16-20. 
Particularly, such plasmonic responses can be dynamically 
tuned over the infrared region by external gate voltage21-27, 
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which enables the selective enhancement of molecular 
infrared vibrational fingerprints. So far, graphene plasmons 
based SEIRAS have been successfully applied in various 
situations for the detection of vibrational modes with high 
sensitivity, significantly promoting the development of far-
field infrared spectroscopies1. Yet, these reported graphene 
plasmon enhanced infrared sensors are mainly focused on 
solid (e.g., PMMA28, PEO polymer29, 30, silk31, and protein 
film32, 33) and gas (e.g. SO2, NO, NO2)34, 35 detections. For the 
molecules detection in aqueous solution, the infrared signal 
of the molecules could be overwhelmed by the large 
background absorption from water, which is difficult to 
avoid since the measurements of infrared spectra are 
usually performed under a transmission mode36. This 
significantly restricts the practical application of graphene 
plasmon enhanced infrared sensors for real-time and in situ 
detection of molecules in aqueous solution, which is of great 
importance for bioanalysis because the biomolecules are 
only active in aqueous solution and many life-sustaining 
biochemical reactions can only occur in aqueous 
environment.

In this paper, we theoretically proposed a wideband 
tunable graphene plasmon-enhanced infrared biosensor in 
combination of double layer graphene nanoribbon and an 
Otto prism configuration. In such configuration, the spacer 
can be served as the gating dielectric to tune the Fermi 
energy of graphene, while double layer graphene is used to 
achieve a higher Fermi energy and a larger tunable range. 
We show that graphene plasmons with strong near-field 
enhancement can effectively suppress the background 
water absorption under the attenuated total reflection 
(ATR) condition, which enables us to detect the target 
molecules in aqueous solution via ATR-SEIRAS. As an 
illustration for biosensing, the recombinant protein A/G 
and goat anti-mouse immunoglobulin G (IgG) are used as 
the sensing analyte in water environment to evaluate the 
performance of the sensing platform. By sweeping the 
graphene Fermi energy, the chemical fingerprints of the 
protein molecules can be recognized and resolved without 
the interference of water in a wideband. 

METHOD SECTION
Design of the sensor. The schematic of the proposed 

wideband tunable graphene plasmon-enhanced ATR-
SEIRAS based on Otto prism configuration is sketched in 
Figure 1(a). From top to bottom are double layer graphene 
nanoribbons with period of Λ and width of W, the dielectric 
spacer layer with thickness of t, and the prism. Here, an Otto 
configuration instead of a Kretschrnann configuration is 
used since the spacer can be served as the gating dielectric 
to tune the Fermi energy of graphene, which is unavailable 
in the Kretschrnann configuration. While double layer 
graphene is used to achieve a stronger plasmonic response 
since it can be regarded as monolayer graphene with an 
equivalent higher doping37. In practice, such configuration 
may be fabricated by the following steps. Firstly, the large-
area monolayer graphene can be synthesized on cupper foil 
by a common-used Chemical Vapor Deposition method. 
Subsequently, two graphene layers are successively 
transferred from cupper foil onto an Otto prism 
configuration by a PMMA-assisted method. Finally, the 

graphene plasmonic nanostructure can be fabricated by 
Nano-printing technique. Compared with the SEIRAS 
measurement in traditional transmission configuration, 
such ATR configuration allows us to detect the target 
molecules dissolved even in strongly infrared absorbing 
media, such as water, since the shallow penetration depth 
(i.e., few micrometers) of infrared light into the surrounding 
media38-41. Especially, the near-field enhancement of 
graphene plasmons could further shrink the original 
evanescent wavelength, which minimizes the optical path to 
an extreme subwavelength level and significantly 
suppresses the signal from the bulk water molecules.

Modeling of the sensor. Simulations were performed 
using Comsol Multiphysics. Graphene is modelled as the 
surface current density boundary condition using the 
surface conductivity σ(ω) characterized by a Drude-like 
formula in the considered infrared region as42-44 

(1)
2

2 1( ) fe E iN
ћ i

 
   



where N is the number of graphene layers, e is the 
elementary charge, Ef is the Fermi energy, ћ is the reduced 
Planck constant, τ is the electron relaxation time defined as 
τ=μEf/evf

2, vf=c/300 is the Fermi velocity, c is the speed of 
light in vacuum and μ is the carrier mobility of graphene. In 
the simulations, the Bloch periodic boundary condition is 
applied in the x-direction, while the perfectly matched-layer 
is imposed at two ends of computational space to achieve 
the absorbing boundary conditions in z-direction. A 
transverse magnetic polarized light with electric field 
intensity of 1V/m irradiates upon the structure with 

Figure 1 (a) Schematics of graphene plasmonic based ATR-
SEIRAS configuration for aqueous molecules detection. (b) 
The absorption, transmission and reflection spectra when 
θ=40deg, Λ=100nm, W=50nm, t=50nm, Ef =0.4eV, N=2 and 
μc =1000 cm2V-1s-1. (c) Absorption mapping as a function of 
the spacer thickness and incident wavelength. The star 
yellow line shown the analytical result.
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incident angle of θ. The refractive index of spacer (ns=1.45, 
Al2O3) is assumed to be smaller than that of the prism 
(np=2.4, ZnSe) such that attenuated total reflection can be 
occurred at the prism/spacer interface when θ is larger 
than the critical angle θcs ≡ arcsin(ns/np)=37.2deg.
Extraction of the molecular fingerprints. The extinction 
spectra of the sensor with and without protein layer were 
calculated by R=100*(1-Ra/R0), where R0 is the background 
reflection spectra at Fermi energy of 0.001eV, Ra is the 
reflection spectra for a fixed graphene Fermi energy. Then 
the graphene plasmon-enhanced vibrational signals (Δ 
extinction) were extracted from the extinction spectra 
using the fitted spectra minus the original spectra. Finally, 
the peak Δ extinction is extracted as a function of 
wavelength, and further fitted using multi-peaks Lorentz 
line shape to obtain the absorption bands of molecules. The 
peaks were selected at the maximum Δ extinction, and the 
water absorption peak was selected at 6.10 μm for the cases 
when the molecules was dissolved in water environment 
(details can be seen in Supporting Information). 

RESULTS AND DISCUSSION 
Plasmonic behavior of the structure. The simulated 

resonant spectra are presented in Figure 1(b) when θ 
=40deg, Λ=100nm, W=50nm, t=50nm, Ef =0.4eV and μc 
=1000 cm2V-1s-1. It can be seen that the transmission is 
totally blocked because ATR occurs at the prism/spacer 
interface as the incident angle θ>θcs. Additionally, an 
absorption peak (reflection dip) at 5.75 μm is observed in 

the absorption (reflection) spectrum due to the excitation 
of graphene plasmons in graphene nanoribbons. The 
resonant wavelength λGPs of graphene plasmons can be well 
predicted and calculated by

(2)02 ( )a
GP

f
s

f

e fћc
e NE

  
  



Here, ε0 is the vacuum permittivity, εa is the relative 
permittivity of the air, ξ is a dimensionless fitting constant, 
and εeff is the effective permittivity of the spacer and prism 
when they are considered as an effective uniform medium, 
which can be approximately expressed as 45, 46

(3)
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In Eq. (3), εp and εs are the relative dielectric constant of the 
prism and the spacer, q is the graphene plasmonic 
wavevector. According to Eq. 2 and 3, the resonant 
wavelength is calculated to be 5.75 μm with fitting constant 
of ξ = 2, which shows good agreement with the simulated 
result.

Figure 2 (a) Real and imaginary parts of the permittivity of a protein shown as blue and red line, respectively. The high-
frequency, non-resonant term is shown as the dashed black line. The inset illustrates the molecular structure of the amide 
bond and associated vibrational modes (arrows). (b) Absorption spectra of protein (red line) and water (grey region) in 
infrared region. (c) Extracted E-field intensity along the green line from the electric field distribution of the prism in the inset. 
The incident angle is 40deg. (d) Simulated absorption spectra of water with different thickness on prism. (e) Simulated 
extinction infrared spectra of a graphene plasmonic antenna in water environment with different thickness. (f) Extracted E-
field intensity from the electric field distribution of graphene nanoribbons in the inset along the direction parallel (blue line) 
and vertical (red line) to graphene nanoribbons.
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We then study the impact of the spacer (gating dielectric) 
thickness t on the plasmonic behavior of the sensing 
platform. The absorption mapping with varying spacer 
thickness t and incident wavelength λ is shown in Fig. 1(c) 
when the incident angle is fixed at θ=40 deg. The 
corresponding extracted the resonant wavelengths and 
absorptions are plotted as a function of the spacer thickness 
in Fig. S1. Obviously, the graphene plasmonic resonant 
wavelength blue shifts from 8.48 μm to 5.76 μm as t 
increases from 0 to 30 nm. This wavelength evolution can 
be attributed to the decrease of effective permittivity εeff 
beneath graphene with the increase of t, as indicated by 
Eq.2 and 3, thus resulting in the blue shift of the resonant 
wavelength. As t further increases to 100 nm, the resonant 
wavelength remains unchanged at 5.76 μm since the 
effective permittivity is nearly independence on t in this 
case (i.e., (εp+εs) exp(2qt)>> εp-εs in Eq. (3). Such evolution 
of resonant wavelength with varying t can be well 
reproduced by Eq. 2 and 3, as shown as the star yellow line 
in Fig. 1(c). Another important observation from Fig. S1 is 
that the resonant absorption is also nearly independent of 
the spacer thickness. The insensitivity of graphene 
plasmonic response of the sensor on spacer thickness 
points to a facile way to its practical realization.

Graphene plasmonic ATR-SEIRAS. The principle of the 
proposed graphene plasmonic based ATR-SEIRAS for 
detection of molecules in aqueous solution is illustrated in 
Figure 2. The recombinant protein A/G and goat anti-mouse 
immunoglobulin G (IgG) are used as the sensing analyte. 
The real and imaginary parts of complex permittivity are 
shown in Figure 2(a), which is evaluated by Drude-Lorentz 
type dispersion32 as

(4)
22

2 2
1

( ) k

k k k

S
i

  
  



 
 

In Eq. 4, ε∞=2.08 is the high-frequency, non-resonant term 
(dashed line in Figure 2(a)), ω1=1669cm-1 and ω2=1532cm-

1 are the vibrational frequencies of the Amide I and II bands, 
γ1=78.1cm-1, γ2=101cm-1, S1=213cm-1, S2=200cm-1. Based on 
this parameter, the simulated intrinsic absorption spectrum 
of the protein layer is shown as the red line in Figure 2(b). 
Two absorption peaks located at 1669 cm-1 (5.99 μm) and 
1532 cm-1 (6.53 μm) can be observed, corresponding to the 
vibrational fingerprints of amide I band and II band, 
respectively. These two absorption bands are primarily 
associated with the C=O stretch mode and N-H bend mode 
in the amide functional group as illustrated in the inset of 
Figure 2(a). By detecting these vibrational modes from the 
infrared fingerprint spectrum, we can quantitatively and 
qualitatively recognize the chemical groups inside 
molecules so as to identify the species of the molecules. 
Whereas when the molecules are dissolved in the aqueous 
solution (common situation for bioanalysis), these 
vibrational modes would be difficult to distinguish from the 
fingerprint spectrum for the traditional infrared 
spectroscopy, because the water itself has very strong 
absorption in the infrared frequencies. As an illustration, we 
simulated the absorption spectrum of liquid water 
accounting for its frequency-dispersive complex refractive 
index 47, shown as the grey region in Figure 2(b). We can 
observe a large absorption band associated with the OH-

bending mode of water located at 1640 cm-1 (6.10 μm), 
which is overlapped with the vibrational fingerprints of 
protein. This makes it difficult to avoid the large 
background water absorption when detecting the protein in 
aqueous solution.

Our strategy to suppress the background water 
absorption is employing highly confined graphene 
plasmons combined with an ATR configuration. For the ATR 
configuration without graphene nanoribbons, the electric 
field intensity extracted from the electric field distribution 
is plotted in Figure 2(c). It can be seen that electric field 
decays exponentially into the sensing sample, with a 
characteristic penetration depth (for 1/e drop in intensity) 
of ~1.25 μm. Such shallow penetration depth enables the 
highly sensitive detection of target molecules dissolved 
even in the strongly infrared absorbing solution (such as 
water). As shown in Figure 2(d), the background absorption 
of water is nearly unchanged when the thickness of water is 
larger than 3μm. Therefore, the signal from the bulk water 
molecules can be effectively suppressed in ATR 
configuration compared to that in traditional transmission 
configuration or Fabry-Perot reflection configuration 
(Figure S2). 

For the proposed graphene plasmonic based ATR-SEIRAS 
configuration, the graphene plasmon with localized near-
field enhancement can further confine the surface electric 
field into subwavelength space, shrinking the penetration 
depth into the nanometer level and suppressing the 
infrared absorption of water. As shown in Fig. 2(f), the 
electric field is highly confined at the tip ends of graphene 
plasmonic nanoribbons with near-field enhancement of 
8.4×103, which is much larger than that of the metallic 
nanoantenna38. The intensity of electric field at the 

Figure 3 Extinction spectra of graphene nanoribbons 
arrays with different widths (a) before and (b) after coating 
with protein in dry (air) environment. An enlarged (10-
fold) intrinsic absorption spectrum of 8nm protein is also 
displayed at the bottom of the figure a and b. Extinction 
spectra of graphene nanoribbons arrays with different 
widths (c) before and (d) after coating with protein in water 
environment. The spectrum of water is also displayed at the 
bottom of the figure c.
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graphene nanoribbon tip end decays exponentially along 
the direction vertical to graphene (red line). While along the 
direction parallel to graphene (blue line), the electric field 
intensity is moderate in graphene nanoribbons but decays 
rapidly after passing the tip end, indicating an excellent 
surface selectivity. The extinction spectra of graphene 
plasmon in water with varying thickness is shown in Figure 
2(e) (calculation details of the extinction spectra can be 
seen in Figure S3). We can observe a dip on the graphene 
plasmonic resonant peak, which is induced by the strong 
coupling between the OH-bending mode of water molecules 
and the graphene plasmonic mode. The dip becomes more 
obvious as the coupling becomes stronger with the 
increased thickness of water from 10 nm to 40nm. Whereas 
the dip is almost unchanged as the thickness is further 
increased. This indicates that the effect of the water 
absorption on the graphene plasmon can be neglected when 
the thickness of water is larger than 40nm, owing to the 
highly confined electromagnetic field at the graphene 
surface. This provides the opportunity to detect 
biomolecules absorbed at the graphene surface in aqueous 
solution, without concerning for the length of optical path. 

Detection of protein molecules in aqueous solution. To 
illustrate the application of graphene plasmonic based ATR-
SEIRAS for bioanalysis, we first simulate the detection of a 
protein layer (thickness of 8nm) in air and aqueous 
environments. Comparing simulations in the two kinds of 
environments allows us to investigate the influence of the 
water absorption on the plasmonic response and 
performance of the sensing platform.

The extinction spectra of the graphene nanoribbons 
without protein coating in air are shown in Figure 3(a). An 
enlarged (10-fold) intrinsic absorption spectrum of the 8 
nm protein layer is also provided as the black line. It is 
observed that prominent plasmonic resonant peak red 
shifts with increased width, which covers the absorption 

band of the protein. The extinction spectra of the graphene 
nanoribbons after coating a protein layer is shown in Figure 
3(b). Obviously, the intrinsic absorption of the ultrathin 
protein layer is very low (only 0.54%), which is attributed 
to the weak light-molecule interaction induced by the huge 
scale mismatch between microscale infrared light and the 
nanoscale molecules. When the molecules are adsorbed on 
the graphene nanoribbons surface, the weak vibrational 
modes are significantly enhanced by coupling with 
graphene plasmons, which exhibit obvious dips associated 
with the amide bands over the resonant peaks. These 
observed dips are the consequence of the destructive 
interference when the graphene plasmonic mode and 
molecular vibrational modes interact with an opposite 
phase relationship. This highlights the possible practical 
application of the ATR-SEIRAS sensing platform for the 
detection of ultra-thin molecular film.

Similar simulations are readily performed in aqueous 
solution, as illustrated in Figure 3(c-d). The water 
vibrational band exhibits clear impact on the extinction 
spectra of the configuration, as present in Figure 3(c) (the 
black line represents the absorption spectrum of water for 
comparison). Obvious dips induced by the present of water 
molecules (OH-bending mode) can be observed over the 
resonant peak with respect to the extinction spectra in air 
environment. When the protein layer is further absorbed at 
the graphene surface, extinction spectra with obvious dips 
induced by molecular vibrational modes still can be 
achieved in the aqueous environment, as shown in Fig. 3(d). 
The slight decrease of the vibrational signal and broadening 
of the extinction spectra can be attributed to the increased 
plasmonic damping by the present of the water absorption 
band. Yet, the vibrational signal is still significantly 
improved compared to the intrinsic absorption of protein 
layer without plasmonic enhancement, indicating that the 
proposed graphene plasmonic based ATR-SEIRAS can be 

Figure 4 (a) Extinction spectra of the graphene nanoribbon array at varied Fermi energy in water environment. (b) Extinction 
spectra of the graphene nanoribbon array coated with an 8-nm protein film at varied Fermi energy in water environment. 
The dashed lines in (a) and (b) indicate the positions of vibrational modes of water and the protein molecules. The Lorentz 
fitted protein absorption enhanced by graphene plasmons in (c) water and (d) air environment.  Calculated enhancement of 
the vibrational fingerprints of proteins at amide I and II bands in (e) water and (f) air environment.
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employed to detect the protein molecules in aqueous 
solution.

Tunable and selective detection of protein molecules in 
aqueous solution. The electrical tunable graphene plasmon 
by external gate voltage enables the detection of thin 
molecular films with several molecular vibrational modes 
on the same sensor, which is unavailable for the traditional 
metallic plasmons. Combining this feature and the proposed 
ATR configuration, we can resolve the chemical fingerprints 
of molecules in the aqueous solution by sweeping the 
graphene Fermi energy.

The extinction spectra of sensor with varying Fermi 
energy Ef in water and air environment are shown in Figure 
4(a) and Figure S4, respectively. Compared to the case in air 
environment, a dip associated with the H2O-bending mode 
can be observed on the graphene plasmonic peaks in the 
water environment, which blue shifts from 7.05 μm to 5.73 
μm as Ef increases from 0.34 eV to 0.50 eV. After coating 
with 8nm protein layer, the curves exhibit a slight red-
shifting, which results from the plasmonic resonance in 
response to the non-resonant, high-frequency (n~1.45) 
component of the refractive index of the protein layer. 
Moreover, obvious dips associated with the amide bands 
can be observed in these spectra with neglected effect of 
water absorption band. These dips vary in strength and line 
shape, depending on their vibrational wavelength relative 
to the graphene plasmonic resonant wavelength. By tuning 
the graphene Fermi energy, the dips become progressively 
more intense with increasing spectral overlap between the 
graphene plasmonic resonance and the molecular 
vibrational bands. Similar phenomenon also can be 
observed for the case in air environment (Figure S5 (a)). 
Therefore, the proposed configuration offers unique 
frequency-selective enhancement for individual molecular 
vibrational mode.

In order to visually reveal the frequency-selective 
enhancement effect and resolve the fingerprints of protein 
molecules, the enhanced vibrational signals (Δ extinction) 
of protein molecules are further extracted from the 
extinction spectra (details can be seen in Figure S5 and 
Figure S6). Obviously, the amplitude of vibrational signal 
close to the resonant peak of graphene plasmons is much 
larger than that of those wing signals, as shown in Figure S7. 
The maximum signal strength of amide I and II modes are 
27.1% and 12.9% in water environment when the graphene 
Fermi energy are 0.47 eV and 0.41 eV, respectively, which 
are about 53 and 38 times with respect to their intrinsic 
absorption (0.51% and 0.34%) without resonance 
enhancement. The peak Δ extinction with varying Fermi 
energy is further extracted from Figure S7 and plotted in 
Figure 4(c) and 4(d) for water and air environment, 
respectively. The multi-peaks Lorentz fitted absorption 
spectra of protein molecules enhanced by graphene 
plasmons show excellent agreement with the simulation 
results as well as the intrinsic absorption spectrum for both 
cases. Based on these fitted curves, the absorption bands of 
Amide I, Amide II and water can be achieved (shown as the 
blue, green and purple regions in the figures) with central 
wavelength located at exactly the resonant wavelengths of 
these vibrational modes. We further show that the multiple 
vibrational modes also can be resolved as the resonance is 

broadened to the longer wavelength region (8~12 μm) 
using the same device, benefit from the wideband tunable 
plasmonic response of the configuration, as shown in Figure 
S8-S10. Therefore, the fingerprints of molecules can be 
resolved by sweeping the graphene Fermi energy in a wide 
wavelength ranged from 5~12μm, even for the vibrational 
modes that is very closed to the water absorption mode, 
indicating promising applications for the proposed sensing 
platform in bioanalysis.

The calculated enhancement factors of the molecular 
vibrational modes in water and air environment are plotted 
in Fig. 4(e) and 4(f), respectively, as a function of the 
wavelength difference (|λmode-λres|) between the molecular 
vibrational absorption wavelength and graphene plasmonic 
resonant wavelength. It can be seen that the enhancement 
factor is inversely proportional to the wavelength detuning, 
which follows the basic principle of plasmon-enhanced 
infrared spectroscopy. This result suggests that the 
vibrational modes can be selectively enhanced employing 
the wideband tunable graphene plasmons. For instance, the 
enhancement factor of the amide I mode in water 
environment can be improved from 4 to 53 via tuning 
resonant wavelength by adjusting graphene Fermi energy.

Improved enhancement by improving the mode energy. 
The above analysis indicates that the combination of 
graphene plasmons and ATR configuration can resolve the 
vibrational modes of aqueous molecules with ultrahigh 
sensitivity in a wide waveband. Despite of this, there is still 
plenty of room for the improvement of the enhancement 
factor. It has been demonstrated that the enhancement of 
SEIRAS is proportional to the square of the amplitude of 
local electric field, which can be expressed as 48

(5)2| | inP AWE C C
V V


 

where E is the amplitude of electric field, C is a constant that 
depends on a specific mode, V is the mode volume of the 
graphene plasmonic mode, W is the mode energy of a 
graphene plasmonic mode determined by the incident 
power Pin, the absorption rate A, and the electron relaxation 
time of graphene τ. According to Eq. (5), a higher absorption 
and a larger relaxation time can result in the higher mode 
energy, which could induce a larger local electric field to 
enhance the SEIRA signal. For the proposed configuration, 
the absorption can be adjusted by tuning the incident angle, 
while the relaxation time can be modulated by tuning the 
graphene mobility. Therefore, we further improve the mode 
energy of graphene plasmons to obtain the maximum 
enhancement factor by optimizing the incident angle and 
graphene mobility in this section.

For the proposed configuration, the resonant wavelength 
of the graphene plasmons is nearly unchanged with varying 
incident angles, while the absorption of graphene plasmons 
has a strong dependence on the incident angle, which offers 
a useful degree of freedom to manipulate the plasmonic 
response of the sensing platform (details can be seen in 
Figure S11). To perform the SEIRAS measurement in water 
environment, the configuration is considered to be operate 
under ATR condition, and the Fermi energy are chosen to be 
0.47eV and 0.41eV for Amide I and II band, respectively. 
Under this consideration, the molecular vibrational modes 
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and graphene plasmonic modes can be spectrally matched, 
so we can achieve the maximum enhancement of Amide I 
and II band according the results discussed above. It is 
intuitively observed from Figure 5(a) and 5(b) that the 
strong interaction between the molecule vibrational modes 
and the graphene plasmonic mode leads to the splitting of 
the infrared extinction spectra at the position of the 
molecules absorption lines, which significantly enhances 
the vibrational signal of Amide I and II bands. Moreover, the 
water absorption band is nearly invisible from the 
extinction mapping, indicating the highly reliable detection 
of molecules in water environment. The corresponding 
calculated enhancement factor as a function of incident 
angles for Amide I and II bands are plotted in Figure 5(c). It 
shows that the enhancement factor first increases and then 
decreases after reaching the maximum value as the incident 
angle increases from 35deg to 89deg. The maximum 
enhancement factors are estimated to be 55 and 42 for 
Amide I and II bands, respectively, both at the incident angle 
of 46deg since the maximum absorption is achieved at this 
condition, which is in accordance with Eq. 5. This point to a 
feasible way to achieve the optimized enhancement factor 
of the molecular vibrational signal in practice. 

We finally investigate the effect of graphene mobility on 
the enhancement factor. It has been demonstrated that 
graphene mobility of 200,000 cm2V-1s-1 could be obtained in 
high-quality suspended graphene49, while that could reach 
40,000 cm2V-1s-1 on the SiO2 substrate at room 
temperature50. Here, we consider the easily available CVD-
growth graphene with mobility in a range from 300 to 
10,000 cm2V-1s-1. The extinction spectra with varying 
graphene mobility for Fermi energy of 0.47eV and 0.41eV 
are shown in Figure 5(d) and 5(e), respectively. It can be 
seen that high-quality extinction spectra of protein 

molecules in water environment can be still achieved even 
when the graphene mobility is reduced down to only 300 
cm2V-1s-1. Additionally, the extinction dips become more 
obvious as the mobility increases, indicating the stronger 
interaction between molecular vibrational modes and 
graphene plasmonic modes. The corresponding calculated 
enhancement factor as a function of graphene motilities are 
plotted in Figure 5(f). Maximum enhancement factors of 
112 and 130 can be obtained for Amide I and II bands at 
around 5,000 cm2V-1s-1. The slight decrease of the 
enhancement for the large mobility can be understood that 
the absorption is reduced though the mobility further 
increases (Figure S12). Noted from Eq. 5 that the 
enhancement factor is still far from reaching the limit and 
can be further improved. On one hand, the quality factor of 
the extinction spectra could be increased by optimizing the 
structural parameter of the sensor to make sure that the 
sensor achieves a higher absorption at a higher graphene 
mobility. On the other hand, we can employ higher order 
graphene plasmonic modes to reduce the mode volume V, 
which would also lead to larger local electric fields and 
hence higher enhancement factors.

CONCLUSIONS 
In conclusion, we propose a wideband tunable graphene 

plasmon-enhanced infrared biosensor to detect the 
aqueous-phase molecules. By combining the near-field 
enhancement effect of graphene plasmon with attenuated 
total reflection effect in an Otto prism configuration, the 
water background absorption can be effectively 
suppressed, enabling us to detect and extract the chemical 
fingerprints of biomolecules in aqueous environment. It is 
found that the fingerprints of protein molecules can be 
selectively enhanced and resolved by sweeping the 

Figure 5 Extinction spectra of graphene nanoribbons coated with 8nm protein mapping with varying incident angle when 
the graphene Fermi energy is (a) 0.47eV and (b) 0.41eV in water environment. (c) Calculated enhancement of the amide I and 
II vibrational modes as function of the incident angle. Extinction spectra of graphene nanoribbons coated with 8nm protein 
mapping with varying graphene mobility when the graphene Fermi energy is (d) 0.47eV and (e) 0.41eVin water environment. 
(f) Calculated enhancement of the amide I and II vibrational modes as function of the graphene mobility.
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graphene Fermi energy without the interference from the 
aqueous environment. By further optimizing the incident 
angle and graphene mobility to improve the mode energy of 
graphene plasmons, the maximum enhancement factor can 
reach 112 and 130 for Amide I and II bands of the protein 
molecules in water environment. Such sensing platform 
with impressive performance expands the applications of 
graphene plasmons for the identification of biomolecules 
interactions in aqueous solution.
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