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Graphene applications in chemical sensing are based on the chemical doping of graphene. In this
process, molecules adsorbed on graphene serve as charge-carrier donors or acceptors, thus changing the
graphene conductivity. While the previous studies have been focused on chemical sensors with electrical
detection, we theoretically investigate chemical sensing based on photonic structures covered with
graphene. By considering chemical doping of graphene as a small perturbation, we show that optimal
photonic structures operate at low-terahertz frequencies, with the reflectance intensity as the output signal.
In order to achieve an efficient chemical sensing, photonic structures should provide the electric-field
enhancement within the graphene plane. As a result, the proposed structure consists of the metallic mirror
and quarter-wavelength-thick dielectric spacer with graphene on the top of it. The sensitivity is maximized
when the Fermi energy in the graphene not exposed to the environment is around 30 meV. By taking the
resolution for the reflectance measurement of 1%, we show that the proposed sensing structure can detect
graphene doping by 150 electrons or holes per square micrometer in the dynamic range of around 3000

charge carriers.
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I. INTRODUCTION

Most of the potential graphene applications in electron-
ics and photonics are based on its tunable conductivity. It
can be controlled electrically and chemically. In the first
approach, charge carriers in graphene are induced by the
electric-field effect [1]. In the chemical doping of graphene,
adsorbed molecules serve as charge-carrier donors or
acceptors, thus changing graphene conductivity [2-5].
Therefore, the chemical doping of graphene can be used
for very efficient sensing of the adsorbed molecules [2].
High sensitivity of graphene stems from its two-
dimensional nature and an extremely high surface-to-
volume ratio, so even a small number of electrons can
produce a significant change in graphene conductivity [2].
This graphene property was used to design very efficient
gas [2,6-9] and biosensors [ 10-13], but only with electrical
detection.

On the other hand, sensors with optical detection have
several important advantages: larger sensitivity, selectivity,
insensitivity on the electromagnetic interference, the pos-
sibility of multiplexing, faster operation, and electrical
passiveness. Graphene applications in optical sensors were
based on several mechanisms. Graphene was mostly used
as a coating for plasmonic [14,15] and dielectric [16]
sensors in order to increase the adsorption of molecules or
to protect plasmonic films against oxidation [17-19].
Graphene oxide can fluoresce, so it was used as a quencher
[20] or donor [21] in fluorescence-resonance energy-
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transfer sensors. Graphene microstructures supporting
localized surface plasmons at midinfrared frequencies were
used for sensing of the dielectric environment [22-25] and
vibrational modes of thin molecular films [22,26-28].
Polarization-dependent absorption in graphene was applied
for efficient refractive-index sensors as well [29].

Chemical doping of graphene embedded into optical
sensors could enable the design of new optical chemical
sensors [30-33] and further boost their sensitivity. Initial
proposals for such sensors are given in Refs. [34,35].
Research on this topic has been started recently when this
sensing mechanism has been investigated in optical fibers
covered with graphene [36-39]. However, research in this
field is still at the very beginning.

To tackle this problem, we investigate the efficiency of
optical methods for the sensing of chemically doped
graphene and consider the following issues: (1) an optimal
detection method, that is, the choice between the wave-
length interrogation and the intensity measurement;
(2) geometry of an optical structure covered with graphene
which can serve as a simple and efficient chemical sensor;
(3) an optimal frequency range where the selected structure
should operate; (4) an optimal graphene conductivity at the
working point; and (5) sensitivity, dynamic range, and
resolution of the graphene-based optical sensors. This
paper presents an optimal sensing structure consisting of
the metallic ground plane, a quarter-wavelength-thick
dielectric spacer and graphene on the top. It operates at
low-terahertz (THz) frequencies while the reflectance is
taken as the output signal. Fermi energy of the graphene not
exposed to the environment is kept at around 30 meV. As a
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result, the proposed structure enables sensing of the
graphene doping by around 150 electrons or holes per
square micrometer.

II. SENSITIVITY OF GRAPHENE-BASED
CHEMICAL SENSORS

The sensitivity of a graphene-based chemical sensor is
the ratio between its output AY and a change in the
concentration AN of molecules adsorbed on graphene:

AY

S=—.
AN

(1)

When the molecule concentration is changed by AN, the
concentration of charge carriers in graphene is changed by
AN, = a,AN, where 0 < a, < 1. This means that every
adsorbed molecule supplies graphene with a, charge
carriers. Therefore, the sensitivity S depends on the
efficiency of the chemical doping and the specific type
of the molecule adsorbed on graphene. For this reason, we
consider the following sensitivity:

AY

Sy = s
97 AN,

(2)

which depends only on the properties of graphene and
selected sensor geometry. Sensing can be then divided into
two processes: (1) the change in the graphene Fermi energy
Er due to the change in the charge-carrier concentration in
graphene and (2) the change in the sensor output due to the
change of Fermi energy. Sensitivities of these processes are
Sg, and Sy, respectively, so then the sensitivity from Eq. (2)
can be written as

Sy is determined by the selected sensor, while S, depends
only on graphene properties.

Electron and hole density in graphene are symmetric, so
both densities depend on the graphene Fermi energy in the
following way [40]:

¥, =2 () ro, @)

T fll)[:

where N, is the charge-carrier concentration in graphene,
Fi(n)=1/T(j+1) [ duw/ /(14 e* ™) is the Fermi-
Dirac integral of order j, n = Ep/(kgT), u = E/(kgT),
E is the energy of charge carriers, kp is the Boltzmann
constant, 7' is a temperature, vy =~ 1.1 X 10° m/s is the
Fermi velocity in graphene, and I" is the gamma function.
For n > 1, Eq. (4) becomes

2

_ EF
9= 52,2
Th vy

(5)

Then, Sg, is given by the following approximation:

ah?v2

Sp = .
Er = 2FE,

(6)

N, calculated using Eq. (4) [41] and the approximation
given by Eq. (5) is plotted in Fig. 1(a) as a function of Ep.
The figure shows quite good overall matching between
these two curves. However, the relative error between them
is even 100% for low Fermi energy as shown in the right
inset. This huge error is due to zero charge-carrier density
given by the approximative formula for £ = 0. On the
other hand, the exact solution gives the finite value of N 9=
(n/6)[kgT/(hvp)]? [40], as shown in the left inset.

Sensitivity Sg, is depicted in Fig. 1(b). The exact
calculations are done by the numerical differentiation of
Eq. (4). The minimal Er =1 meV is taken for better
visibility. Sg, continuously falls down with increasing Ef.
The approximative formula is applicable only for £ higher
than 20-30 meV.
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FIG. 1. (a) Charge-carrier concentration N, as a function of

Fermi energy E. The right inset shows the relative error between
N, calculated using Egs. (4) and (5). (b) Sensitivity Sg, =
AEy/AN, obtained by the numerical differentiation of Eq. (4)
and approximative formula given by Eq. (6).
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III. CHEMICAL DOPING OF GRAPHENE AS A
PERTURBATION OF PHOTONIC STRUCTURES

We consider a general case where a photonic structure is
coupled with a graphene. w; is the eigenfrequency of the
photonic structure with graphene whose conductivity and
Fermi energy are o,,(w) and Ep;, respectively. If the
graphene is exposed to the environment, the chemical doping
from adsorbed molecules changes the Fermi energy and
conductivity to Ep, and 6,,(w), respectively. At the same
time, the eigenfrequency of the structure becomes w,. The
change of the Fermi energy and the graphene conductivity
due to the chemical doping are denoted as AEy = Ep, —
Ep,and Acy(w) = 6,,(w) — 0, (@), respectively. AEp is
typically on the order of a millielectronvolt, so it can be
regarded as a small perturbation of the system not exposed to
the environment. According to the perturbation theory [42],a
change of the eigenfrequency Aw = w, — w; is given by

W) S, ()

Aw = —

where S denotes graphene area, E , ; and W are the electric
field in the graphene plane, and the stored electromagnetic
energy in the structure not exposed to the environment,
respectively. According to Eq. (7), the change of the lifetime
of the mode Im(Aw) is

Im(Aw) = —Re[o,,; ()] M

8
o (®)
while the spectral shift of the mode Re(Aw) is
E,, [>dS
Re(8a) = o, (o) LB P85
1

where Re and Im stand for the real and imaginary part of a
complex value, respectively.

Graphene surface conductivity o,(w) is calculated as a
sum of the intraband o;,,, and interband term o, [43]

eszT EF
' =i——2 (=L 4 2n(eEr/ksT) 1) ),
Tinia () " (@ + i) <1<BT+ n(e +1)
(10)
&> (2Ep—(w+iD)h
‘ iy 11
Tinier(@) = i 7 n<2EF+(w+iF)h)’ (11)

where @ is the angular frequency, e is the elementary
charge, 7 = h/2x is the reduced Planck’s constant, I' =
10 meV is the carrier scattering rate, and 7 = 300 K is the
temperature. Graphene is modeled as a thin dielectric layer
with the permittivity

e, = 1+ io,/(wept,), (12)

where 7, = 0.34 nm is the graphene thickness and ¢ is the
vacuum permittivity. In the following, only planar optical
structures and normal incidence (the electric field is parallel
to graphene) are considered, so the modeling of graphene
with an isotropic permittivity is valid. Recently, it has been
shown that the nonlocal effects, that is, the spatial
dispersion, can affect graphene conductivity at low-
terahertz frequencies [44]. The influence of the nonlocal
effects becomes important in graphene nanostructures
supporting propagating surface modes. This influence
grows with ¢g/ky, where ¢ is the radial wave number of
the mode propagating along the graphene plane, whereas k
is the free-space wave number. However, in the following
we will consider photonic resonators covered with a
homogeneous graphene sheet which does not support
propagating modes. Therefore, these resonators work at
q = 0, where the nonlocal effects do not influence the
graphene conductivity [44].

According to Egs. (8) and (9), the chemical doping of
graphene leads to amplitude changes in reflection and
transmission spectra or the spectral shifting of optical
resonances, respectively. Apart from the term
Js |Ey1|?dS/W,, which is the same for both Im(Aw)
and Re(Aw), the amplitude changes are directly propor-
tional to Re[o,;(w)], while the spectral shifts are directly
proportional to Im[s,, | (w)]. The real and imaginary part of
graphene conductivity as a function of frequency and E.
are depicted in Figs. 2(a) and 2(b), respectively.

As can be seen, Re[o,(w)] is maximized at low-
terahertz frequencies (from 0.1 to 1 THz). On the other
hand, Im(o,(®)] has a maximum at higher terahertz
frequencies (from 1 to 10 THz). However, at higher
terahertz frequencies, Re[o,;(w)] is significant as well,
resulting in huge losses thus masking any spectral shift. In
order to estimate the influence of the graphene losses on the
spectral shifting, the ratio between the imaginary and real
part of graphene conductivity is plotted in Fig. 2(c). The
ratio is maximized at midinfrared frequencies, so this is the
range with the efficient spectral shifting. This graphene
property has been used for a design of spectrally tunable
planar metamaterials at the midinfrared frequencies
[42,45,46]. However, a significant ratio Im[o,;(®)]/
Relo, ()] can be achieved only for Ep; higher than
approximately 0.1 eV, which blocks the interband transi-
tions in graphene and lowers the corresponding losses. This
is highlighted in the inset of Fig. 2(c), which shows the
cross section of the main graph for 40 THz. Therefore, at
midinfrared frequencies sensing structures should operate
at higher Fermi energies. However, Sg, then falls down, so
the overall sensitivity is low.

By comparing Re[o,(w)] at low-terahertz frequencies
and Im[o,;(w)] at midinfrared frequencies for the same
Er 1, it follows that the amplitude change of the mode is
larger than the spectral one. This is illustrated in Fig. 2(d)
which shows the absolute value of the typical ratio between
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FIG. 2. Graphene conductivity as a function of frequency and
Fermi energy: (a) The real part of ,,. (b) The imaginary part of 5.
(c) The absolute value of the ratio between the imaginary and real
part of 6. The inset in part (c) shows the cross section for 40 THz
[marked with a dashed vertical line in part (c)], while the arrow
denotes the Fermi energy needed to block the interband transitions
Er = hw/2 = 82 meV. (d) The absolute value of the ratio between
the real part of ¢, at I THz and the imaginary part of ¢, at 40 THz,
while the inset shows the imaginary part of ¢, at 40 THz.

the real part of 5, at low-terahertz frequencies (here exactly
at 1 THz) and the imaginary part of o, at midinfrared
frequencies (here exactly at 40 THz). As can be seen, the
real part of o, at low-terahertz frequencies is at least one
order of magnitude larger than the imaginary part of o, at
midinfrared frequencies. The ratio becomes infinite at £y ;
around 0.1 eV due to zero Im(,,) [see the inset in Fig. 2(d)]
so the curve in Fig. 2(d) is saturated for better visibility.
According to the previous analysis, two important out-
comes follow: (1) The detection method of graphene-
covered optical sensors should be based on intensity
measurements, either reflection or transmission, rather than
on wavelength interrogation (based on the spectral shifts of
optical resonances). (2) Graphene-covered optical sensors

should operate at low-terahertz frequencies.

IV. GEOMETRY OF PHOTONIC STRUCTURES
FOR CHEMICAL SENSING

The next task is to find an optimal geometry of a
photonic structure for chemical sensing. Even a free-
standing graphene at low-terahertz frequencies would
produce a significant change in reflectance and trans-
mittance due to the chemical doping. For example, AEy =
10 meV in the freestanding graphene produces around
a0.1% change in the reflectance and transmittance at low-
terahertz frequencies. However, this change is rather small.

Therefore, it is necessary to couple graphene with a
photonic structure in order to increase the magnitude of
the electric field E,, ; in the graphene plane and to increase
the change of the mode lifetime in accordance to Eq. (8).
The next reason for putting graphene on an appropriate
substrate is to provide an easy way to control Fermi energy
in graphene by a bias voltage in order to define a working
point E ;. In addition, the photonic structure to be coupled
with graphene should be simple in order to facilitate
fabrication and realistic applications, and graphene should
be exposed to the environment so molecules from a
medium to be sensed can reach the graphene surface.

Selected geometry for the graphene-based chemical
sensor is shown in Fig. 3. It consists of graphene lying
on an electromagnetic resonator consisting of a dielectric
spacer and bottom metallic mirror. The sensor is very
simple and compatible with graphene since it consists of
only planar layers. Fabrication would be feasible since
similar structures have been experimentally realized and
used as electro-optical modulators [47,48]. Normal inci-
dence is considered, and the change in the reflected field is
taken as a sensor output in a function of graphene doping.
The dielectric spacer has a quarter-wavelength thickness so
the refractive index n, and thickness of the spacer t,; are
related by the expression n,f; = Ay/4, where 4, is the
wavelength of the lowest resonance of the structure.
Together with the metallic mirror, the spacer ensures that
the maximal electric field of the resulting standing wave is
exactly within the graphene plane. This will provide the
most important requirement—the electric-field enhance-
ment in the graphene plane. The metallic mirror also
provides a back gate for graphene in order to adjust the
Fermi level at the working point.

Large electric-field enhancement in graphene can be
achieved in combination with other optical structures, such
as plasmonic structures and metamaterials [42,45,46,49],
photonic-crystal cavities [50,51], and Fabry-Perot cavities
[52-54]. However, photonic structures producing larger
electric-field enhancement do not necessarily give a greater
change in the mode lifetime. Namely, Im(A®) from Eq. (8)
is determined by the electric field in the photonic structure
with already-embedded graphene, not in the bare structure
without graphene. When graphene is inserted, it always
absorbs a part of an incident radiation, thus decreasing the
magnitude of the electric field. If a photonic structure
generates larger electric fields, graphene absorbs the
incident radiation more efficiently. In the considered case,
the absorption in graphene is very pronounced since
sensing structures operate at low-terahertz frequencies
where graphene is highly conductive.

The electric field in the proposed sensing structure is
compared to the Fabry-Perot cavity depicted in Fig. 3(b).
The Fabry-Perot cavity is formed by adding the Bragg
mirror on the top of the structure from Fig. 3(a). Although
the Fabry-Perot cavity is not appropriate for chemical
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FIG. 3. (a) Proposed geometry for a graphene-based photonic
device intended for chemical sensing and biosensing. (b) Corre-
sponding Fabry-Perot cavity serving for the comparison of the
electric-field enhancement. The Bragg mirror on the top of the
cavity is formed from a (HL)®H multilayer structure, where H
and L stand for the layers with high (2.23) and low (1.41)
refractive index, respectively. MM stands for the metallic mirror,
DS stands for the dielectric spacer, GR stands for graphene, AM
stands for adsorbed molecules (schematically represented by
dots) on graphene, and BM stands for the Bragg mirror.

sensing since graphene it is not exposed to the environment,
it serves as a simple structure producing larger electric
fields. All numerical calculations are done using the
RETICOLO code based on the rigorous coupled-wave analy-
sis [55]. Figure 4 shows the comparison of electric-field
magnitudes produced in the proposed sensing structure and
the corresponding Fabry-Perot cavity. Both resonators
operate at 0.3 THz. As can be seen in Fig. 4, the Fabry-
Perot cavity generates the standing wave with around
5 times larger magnitude than the proposed sensing
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FIG. 4. Magnitude of the electric field at resonance for the
structure from (a) Fig. 3(a) and (b) Fig. 3(b). In part (a), the inset
shows the enlarged field distribution. For the structures with
graphene, the electric-field magnitude is plotted for Ep; =
I meV and Ep; = 50 meV. The graphene position is marked
with the vertical line. MM stands for metallic mirror, DS stands
for dielectric spacer, and GR stands for graphene.

structure in the case without graphene. However, when
graphene is inserted, this ratio is around 1.5 for Ep | =
1 meV and only 1.12 for Ef; = 50 meV. The same would
happen for other electromagnetic resonators with large
electric-field enhancement without graphene (plasmonic
structures, metamaterials, and photonic-crystal cavities).
Therefore, they would not give a significantly larger
electric field when graphene is inserted, while they are
much more complex than the proposed structure.

V. SENSITIVITY OF GRAPHENE-COVERED
TERAHERTZ RESONATORS

The sensor output for the chosen structure is reflectance
Y = R. In order to calculate the second term from Eq. (3),
the sensitivity Sy = Sz = AR/AEp, the photonic structure
from Fig. 3(a) with the following parameters is considered:
ng = 141, t;, = 177 pm, whereas the lowest resonance is
adjusted at f, = 0.3 THz. Since the device operates at low-
terahertz frequencies, in all of the following calculations
the interband conductivity is neglected so o,(w) =
Ginra(@). The change of the refractive index above gra-
phene due to adsorbed molecules is neglected, so the
reflectance is changed only due to chemical doping. In a
general case, the overall sensitivity would be enhanced by
taking into account the refractive-index sensitivity.

Reflectance from this resonator as a function of frequency
and Fermi energy Er; is shown in Fig. 5(a). Dips in the
reflectance around f, = 0.3 THz, 3f, = 0.9 THz, and
5fo = 1.5 THz denote the first, second, and third resonan-
ces of the structure. Cross sections of the map in Fig. 5(a) are
shown in Fig. 5(b) for all three resonant frequencies.
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FIG. 5. (a) Reflectance map as a function of frequency and

working point Er ;. (b) Cross section of the map in part (a) for
three specified resonant frequencies. (c) Sensitivities Sy obtained
as derivatives of the curves from part (b). (d) Sensitivities S,
obtained from the numerical results in Figs. 1(b) and 5(c).

024007-5



BORISLAV VASIC AND RADOS GAJIC

PHYS. REV. APPLIED 4, 024007 (2015)

Sensitivities S = AR/AE} are obtained as derivatives of
these curves and they are shown in Fig. 5(c). As can be seen,
the maximal sensitivity is reached for Ep;~ 60 meV.
According to Eq. (8), the change of the mode lifetime
depends on Reo, | (@)] and the electric field in the graphene
plane. According to Fig. 2(a), Re[o,, | ()] grows with Fermi
energy. On the other hand, the in-plane electric field in
graphene falls with E; due to increased absorption in
graphene as already shown in Fig. 4. Then there is an
optimal Er; which enables the maximal change of the
reflectance for a small change in the Fermi energy.
Operation at all three resonances gives similar sensitivities.

Sensitivity S, from Eq. (2) is calculated by multiplying
numerically obtained Si, [given in Fig. 1(b)] and S, [given
in Fig. 5(c)]. It is depicted in Fig. 5(d). S, has a similar
shape as the sensitivity Sk, while the maximum, now at
around 30 meV, is shifted to lower E ; due to the influence
of Sg,. In the calculations of the sensitivity S, it is of
crucial importance to take numerically calculated Sg,, since
the approximative Sp,_ given by Eq. (6), gives maximal S,
at zero Ep .

VI. SENSING MECHANISM

The sensing mechanism is illustrated in Fig. 6(a) for the
structure with the spacer refractive index and thickness
ny = 1.41 and t; = 177 um, respectively, the lowest res-
onance fj = 0.3 THz. The solid line shows the reflectance
spectrum for the structure with graphene and Ep; =
30 meV corresponding to the case when the graphene is
not exposed to the environment. The reflection dip in the
spectrum corresponds to the resonance of the structure. An
increase of Fermi energy by AEp results in a lower
reflectance. This amplitude change of the reflectance is
maximized at the resonance and can be used for chemical
sensing. Figure 6(b) shows the change of the reflectance at
the lowest resonance f; = 0.3 THz as a function of ten
discrete values of AE.. At the same time, the correspond-
ing AN, is shown. It can be seen that the sensor has a linear
response with the sensitivity S, =8 x 107> 1/ um~=2 (the
slope of the curve connecting points obtained by the
numerical calculations). This is a more than one order of
magnitude higher sensitivity than the sensitivity of the
corresponding resonator without a metallic mirror with
S, =5x 107% 1/um™2 [the results are shown in Fig. 6(b)].
Also, this is a 40 x larger sensitivity compared to the
freestanding graphene which is analyzed at the beginning
of Sec. IV.

In order to determine the dynamic range with the
specified sensitivity, the reflectance as a function of AN,
is calculated for AE, up to 120 meV. The results are shown
in Fig. 7(a) for Ep; =30 meV. As can be seen, AR
linearly depends on N, in the range AN, =3 x
10° um~? [this area is denoted with a gray rectangle in
Fig. 7(a)]. Here, AR is approximated with the linear
dependence S,AN,, where S, = 6.7 x 107> 1/um™2.
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FIG. 6. (a) Reflectance as a function of frequency: Ep; =

30 meV and three values of AE. (b) Change of the reflectance
(in percents) as a function of the change in the Fermi energy.
Reflectance for the resonator without metallic mirror is shown for
comparison.

The sensor resolution is calculated as ¢ = G/ Sy,
where o, i1s the instrumental resolution [31]. &y, 1S
determined by the noise level at the sensor output. In the
considered case, it is the resolution of terahertz spectrom-
eters for the reflection measurement. By taking a realistic
value oy, = 0.01 (this corresponds to the resolution of 1%
for the reflection measurements) [56], the achieved reso-
lution is 6 ~ 150 um~2. According to Ref. [2], this corre-
sponds to the sensitivity of around 2 ppm. The proposed
sensing structure operating at Er; = 30 meV can detect
graphene doping in discrete steps, each of them corre-
sponding to the doping with around 150 electrons or holes
per square micrometer. In the dynamic range of
AN, ~3 x 10* yum™2, the structure can detect 20 such
discrete events, each resulting with around 1% reflectance
change, as depicted in Fig. 7(b).

The considered terahertz resonator enables multiband
operation as can be seen from Fig. 5. The resonances are
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FIG. 7. Dynamic range of the sensor: change of the reflectance
(in percent) as a function of the charge-carrier concentration in
graphene for E; = 30 meV, when AE; goes up to 120 meV.
AR is calculated numerically and by fitting with the linear curve
with the slope S, =6.7x 107> 1/um™2. (b) Discrete steps
during sensing, each step corresponds to the addition of 150
electrons or holes into graphene and an increase in the reflectance
by 1%.

determined by the expression nyt; = mly/4, where
m=1,3,5,.... As shown in Fig. 5(d), the sensitivities
at higher frequencies are only slightly decreased compared
to the lowest resonance. Multiband operation is demon-
strated in Fig. 8 showing the spectral dependence of the
reflectance for E; = 30 meV and for the graphene doped
by AEr =3 meV. Because of graphene doping, the
reflectance is decreased by 1.15%, 1.1%, and 0.95% for
the first (f,, = 0.3 THz), second (f,s = 0.9 THz), and
third (f,.; = 1.5 THz) resonance, respectively.

Sensitivity of the proposed graphene-covered terahertz
resonators might be influenced by defects and inhomoge-
neities in graphene. They are especially pronounced in
large graphene flakes required at terahertz frequencies.
They mostly include electron-hole puddles, domain boun-
daries, and wrinkles, cracks, and multilayer islands, or they
can be induced by nonuniform chemical doping from a
medium to be sensed. As a result of these inhomogeneities,
graphene Fermi energy and conductivity are nonuniform.
In order to make possible numerical analysis, nonuniform
Fermi energy is modeled as a one-dimensional periodic
function with period P, two constant values within each
period E; = (1 —a)E, and E, = (1 + a)E,, where E is

1~ £,=0.3 THz f=0.9 THz fo=1.5 THz
0.61 0.64r \/ 7 69 \/
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FIG. 8. Multiband operation of the sensor: reflectance as a
function of frequency for Ez; = 30 meV and AE; = 3 meV.

the Fermi energy of the homogeneous graphene, « is the
inhomogeneity strength, whereas the filling fraction is kept
fixed at 0.5, Fig. 9(a). In this case graphene consists of
parallel and periodic ribbons with Fermi energies E; and
E,. Graphene nonuniformities are modeled in a similar way
in Ref. [57]. Sensitivity S, as a function of P, @, and for two
polarizations is shown in Fig. 9(b). Sensitivity for homo-
geneous graphene is given for period P — oco. Apart from

(a) A E(0
w=0.5P
----- E,=(1+0)E,
————————————————————— E,
— E,=(0)E,
X
P2 w2 w2 P2 g
(b)
x 107
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FIG. 9. (a) Inhomogeneous Fermi energy in graphene modeled
as a periodic function with period P. (b) Sensitivity S, as a
function of inhomogeneity period P, strength a, and for two
polarizations where in TM (TE) polarization the electric field of
the incident field is polarized parallel (normal) to the direction of
the periodicity [x direction in part (a)].
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this point, the sensitivity slightly decreases, which is more
pronounced for larger inhomogeneity strength a. For
electron-hole puddles, typical variance of charge-density
fluctuations is around 0.5 x 10! cm~2 [58]. For consid-
ered Ej=~30 meV, it follows that E; =20 meV,
E, ~ 40 meV, and the inhomogeneity strength a = 0.33.
As can be seen from Fig. 9(b), in this case S, falls down by
less than 10%.

VII. DISCUSSION

The considered graphene-covered terahertz resonators
belong to the class of the affinity or nondirect sensors
relying on the specific interaction between an analyte and
the recognition element—graphene. The overall sensitivity
§ = aS§, depends on the factor a, describing the efficiency
of this interaction—the chemical doping. As mentioned
above, a, is equal to the ratio between the number of
electrons or holes added to graphene and the number of
adsorbed molecules causing this doping. In Ref. [4], a,, is
given for the following molecules: H,O, NH;, CO, NO,,
and NO. The largest a, around 0.1 is obtained for the NO,
molecule. Taking into account the obtained resolution of
around 150 electrons or holes per square micrometer, the
proposed sensing structure can detect around 1500 mole-
cules of NO, adsorbed per square micrometer. For other
molecules, a, is typically on the order of 1072, so the
sensitivity is one order of magnitude smaller.

Standard affinity or nondirect chemical sensors require
both the recognition element and the immobilization matrix
necessary for the encapsulation of the recognition element
[30]. On the other hand, graphene as a recognition element
does not require any immobilization matrix, so the
graphene-based chemical sensors can be made much
simpler. Graphene can be used for sensing many different
chemicals since it can be chemically doped by various gas
molecules [2—4], biomolecules [10-13], metals, polymers,
and organic molecules [5]. In addition, it can be easily
functionalized, which further extends the range of mole-
cules to be sensed. The adsorption of molecules on
graphene is more efficient than on metallic substrates,
which facilitates efficient chemical doping and sensing
[14]. Beside the applications in the environment sensing,
the proposed structure can be used for noninvasive and
in situ monitoring of chemically doped and intercalated
graphene.

While traditional optical sensors detect changes in the
refractive index (either the real or imaginary part) of a
surrounding medium, these changes are not considered in
the presented analysis (air is taken as the surrounding
medium with the constant refractive index equal to one).
Therefore, proposed graphene-covered terahertz resonators
enable the detection of tiny changes which cannot be
detected with the traditional optical sensors.

In order to adjust the working point E | in graphene, it is
necessary to apply bias voltage Vs between the metal

electrode and graphene, as denoted in Fig. 3(a). This
system can be considered as a capacitor with a capacitance
per unit area C; = 50”%1/ ty. Surface-charge density in
graphene is then given by N, = C,V/e. Using the
approximative formula for N, from Eq. (5), V, can be
expressed as V,, = et,E}./ (negh?vin3). For the considered
structure operating at 0.3 THz and Ep; = 30 meV, V is
around 850 V. Such high voltage is needed due to a low
working frequency and required quarter-wavelength thick-
ness of the dielectric spacer #,; (for f; around 1 THz, ¢, is on
the order of 100 ym). Very high-bias voltages are obvi-
ously not appropriate for practical purposes. In order to
make this structure more realistic, instead of a homo-
geneous dielectric spacer in Fig. 3(a), a bilayer made from a
low conductive silicon and silicon dioxide can be used [47].
The optical thickness of this bilayer should be still a quarter
wavelength, but now the silicon can be used for graphene
gating, while silicon dioxide can serve as a dielectric in this
capacitor. The most important, thickness of the silicon
dioxide, can now be adjusted at will, so Vg can be
below 100 V.

For high Fermi energy E; around 0.5 eV, the proposed
sensing structure operates as an almost perfect electromag-
netic absorber since the reflectance tends to zero and
absorbance is almost one (transmission is obviously zero
due to the metallic bottom mirror). Then, any change from
zero reflectance will give a very high relative change in the
reflectance. This very efficient and simple method for
sensing is proposed for electromagnetic absorbers based
on plasmonic metamaterials [59]. However, due to the
required very-high Ef ;, sensitivity S, in this case would be
very small as can be seen from Fig. 5(d). Still, we believe
that critically coupled electromagnetic resonators covered
with graphene and operating at a low Fermi energy would
further enhance the sensitivity of graphene optical chemical
Sensors.

Graphene microstructures and nanostructures support
localized surface-plasmon polaritons at terahertz and mid-
infrared frequencies [60]. They alone act as electromag-
netic resonators and can be utilized for refractive-index
sensing [22,27,28]. However, it seems that they would
hardly operate as chemical sensors since the localized
surface-plasmon polaritons in graphene ribbon arrays are
excited for high Fermi energies, 0.2-0.5 eV. Here, the
sensitivity Sy, given in Fig. 1(b) is very small, so the
overall sensitivity would be low.

One of the most important advantages of optical detec-
tion over electrical detection in graphene-based chemical
sensors is the possible selectivity in the sensing. Many
molecules have active vibrational bands at terahertz
frequencies [32,33]. The coupling of these molecular
modes with the optical resonances of the proposed sensing
structure would produce characteristic dips in the reflection
spectra due to absorption. By detecting the position of these
reflection dips, it would be possible to determine the type of
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adsorbed molecules. The operating frequency of the sensor
can be easily adjusted by the scaling thickness of the
dielectric spacer t,;. This enables overlapping the sensor
resonance with the frequency range where molecules to be
sensed have active vibrational bands. In addition, the
multiband operation of the sensors demonstrated in
Fig. 8 enables the detection of different molecular modes
simultaneously.

We believe there are two options for terahertz measure-
ments. The first one is to use standard setups for terahertz
spectroscopy. In this case, the whole reflectance spectra
would be measured, while sensing would be done at a
single frequency of the measured spectra corresponding to
the resonance of the sensing structure. The second setup
would include the terahertz quantum-cascade laser as a
narrow-band source. In this case, the sensing structure
would be designed with the resonance matching the
excitation frequency of the laser. Sensing would then be
done by the monitoring changes in the reflectance at this
single frequency. However, in the second approach, the
sensing cannot be selective.

Most of the absorption-based optical chemical sensors
use optical fibers or planar waveguides and operate at
visible frequencies. Here, we show that the sensitivity of
graphene-based optical chemical sensors is maximized at
terahertz frequencies. For this range, the most appropriate
detection method is the terahertz spectroscopy. The sensi-
tivity of the proposed graphene-based chemical sensors (on
the order of 1 ppm) is similar to the sensitivity of standard
terahertz gas sensors [61,62]. However, typical terahertz
gas sensors require long cells (several meters) [56,61,63] in
order to achieve a strong-enough absorption (the resolution
limit is around 1% absorption). On the other hand, in
graphene-based chemical sensors, absorption is not deter-
mined by the length of the cell since the absorption takes
place within graphene. The ratio between the free-space
wavelength (at 1 THz) and the thickness of the recognition
element (graphene thickness of 0.34 nm) is extremely
high—10°. Therefore, graphene-based terahertz sensors
can be made very compact, and this significantly advances
terahertz sensing.

The sensitivity of graphene-covered optical waveguide
sensors is on the order of 0.1 ppm [37,39]. This is one
order of magnitude larger than the proposed graphene-
covered terahertz resonators. This sensitivity is achieved
using the interferometric interrogation in several-
millimeters-long optical waveguides which already have
high sensitivity on the order of 1 ppm. The working point
of graphene (corresponding to Fermi energy Ef ) is not
controlled in these waveguide sensors, so the graphene
optical conductivity should be constant at near-infrared
frequencies, and it would be hardly influenced by chemi-
cal doping. Still, this sensing structure could be very
useful for applications at the near-infrared and visible
frequencies.

Sensing based on the intensity measurements at terahertz
frequencies is considered instead of the wavelength inter-
rogation at midinfrared frequencies due to better sensitivity,
as discussed in detail in Sec. III. Still, sensing based on the
wavelength interrogation at midinfrared frequencies could
be possible due to the significant change of Re(Aw)
according to Eq. (9). In Ref. [35], such a sensing method
is considered for the midinfrared plasmonic nanoresonators
coupled with chemically doped graphene for E; around
0.26 eV. The obtained resolution is estimated to be around
AEp ~ 25 meV, which for the given Ep; corresponds to
AN, ~ 83 x 10> um~2. However, this is 50 x less com-
pared to the proposed graphene-covered terahertz resona-
tors with the resolution 6 ~ 150 um~2. Better sensitivity at
midinfrared frequencies could be achieved using electro-
magnetic resonators with very high-quality factors such as
photonic-crystal cavities [50,51], so small spectral shifts of
their sharp resonances due to chemical doping of graphene
can be detected.

VIII. CONCLUSIONS

The graphene-covered terahertz resonator consisting of
the metallic mirror with a quarter-wavelength-thick
dielectric layer is proposed as a type of a chemical sensor
with the optical detection. Graphene acts as a recognition
element—it selectively interacts with adsorbed molecules,
while the subsequent charge transfer leads to changes in the
graphene conductivity. The terahertz resonator acts as a
transducer—it provides electric-field enhancement within
the graphene plane and transforms changes in the graphene
conductivity into changes of the output reflectance.
Graphene can be doped by various adsorbed molecules,
so using graphene as a new type of recognition element in
optical sensors enables detection of a wide range of
chemicals. Their interaction with graphene takes place in
a subwavelength layer, so the proposed sensing structure
has a sensitivity not achievable with traditional optical
sensors based on the refractive-index measurements.
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