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A B S T R A C T

We propose a surface plasmon resonance (SPR) glucose sensor where a graphene mono-layer is used with
controllable optical property by applying a gate voltage. We show that the gate voltage to the graphene mono-
layer can increase the light absorption, and hence, the sensitivity of the proposed glucose sensor significantly.
We find that the sensitivity and figure-of-merit of the proposed sensor increase by 21.48% and 49.57% when
a 20-V gate voltage is applied to the graphene mono-layer compared to that when there is no gate voltage
applied to the graphene mono-layer. We present a linear regression analysis for measuring the blood sugar
level (BSL) using the proposed sensor that shows a highly reliable performance of the proposed sensor. We also
present the effects of temperature on the proposed sensor performances. We find that the error in the detection
of BSL remains within 4.75% on average and within 7.40% in the worst-case scenario when temperature varies
by ±10 ◦C from a reference 25 ◦C. Comparisons of the proposed sensor with several state-of-the-art sensors
show a significantly enhanced behavior, as well as the error induced due to the change in temperature is much
smaller than that of 15%, which is used as an allowable error limit for off-the-shelf glucose meters.
. Introduction

Diabetes is a common disease that affected approximately 463
illion people in 2019 and may affect 700 million by 2045 [1].
nrestrained diabetes creates many health problems, including damage

o blood vessels and nerves, loss of kidney function and vision, stroke,
eart attack, lower limb seizures, brain dysfunction, and early mortal-
ty [2]. Diabetes is a threat all over the world and a leading health
roblem for low- and middle-income countries [3]. The treatment of
iabetes patients crucially depends on the fast and accurate measure-
ent of the blood sugar level (BSL), especially when patients suffer

rom deficient BSL, i.e., in hypo and hyperglycemia conditions.
Usually, the BSL detection devices—commonly known as

lucometers—use reflection photometry or electrochemical techniques
4]. Although the photometry technique offers high precision, its use in
lucometers is limited due to the time-consuming sample preparation,
equirement of regular calibration, and optical interference that affects
esults. By contrast, an electrochemical technique, although not as pre-
ise as photometry technique [5], is usually preferred for offering high
ensitivity (𝑆), low-cost, easy maintenance, and good reproducibility.
urrent off-the-shelf glucometers commonly use test strips containing
lucose oxidase (GO) enzyme that reacts to blood sugar. When an
lectrical potential is applied across the strip, an electrical current
s generated with a magnitude that depends on the BSL. In practice,
lucometers must have a readout deviation of ≤ 15% from the actual
SL at 95% times, according to regulatory authorities [6]. Crucially,
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∼15% deviation of the test results with electrochemical glucometers
could be detrimental, especially when a person is on the borderline
in the blood sugar map or critically ill who needs immediate and
appropriate medication. Additionally, the chemical enzyme used in the
test strips of electrochemical glucometers is sensitive to environmental
factors such as the temperature and humidity. The test strips that are
exposed to dry and hot weather during packaging and shipping may
have altered chemistry and reactivity of enzymes so much to affect the
test results significantly [7].

Optical biosensors have shown promises in applications related to
food security, biological substances monitoring, biomedical research,
and disease detection [8–12]. However, the work on optical biosensors
for glucose detection is still scarce. The detection of glucose or BSL
using a spectral analysis of the reflected light profile and glucose-1-
dehydrogenase, hexokinase, and GO enzymes based immobilization has
been demonstrated [13,14]. However, these optical biosensors require
long detection time. Recently, diverse optical sensing techniques us-
ing photonic crystal fibers (PCFs), interferometers, resonant cavities,
and mid-infrared photo-acoustics have been proposed to detect the
BSL [15]. In particular, PCF-based glucose sensors offer high design
flexibility and sensitivity, and large refractive index variation [15,
16]. Nevertheless, PCF-based sensors are not suitable for everyday
glucometers for their intricate fabrication complexity [17].

During the last few decades, optical biosensors based on surface
plasmon resonance (SPR) have attracted a significant interest for di-
agnosis of diseases. SPR biosensors do not require labels to detect the
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sample. Additionally, SPR biosensors offer advantages over other label-
free biosensing techniques in real-time monitoring of bio-molecule
interactions, affinity, specificity, and kinetics during the bindings of
bio-molecules [18–20]. SPR sensors such as gold (Au)-coated dielec-
tric materials have been proposed for the detection of glucose in
blood, offering high accuracy and resolution [21]. However, such Au-
coated SPR sensors suffer from chemical noise in the measurement and
poor absorption of the incident light. Recently, an Au-chromium (Cr)
nano-laminated SPR sensor has shown good performance in glucose
detection [22], although it suffers from a limited detection range of
the BSL.

To increase the sensitivity of SPR-based sensors, several research
groups have proposed the use of graphene layers [18,23–28]. In prac-
tice, the excitation of surface plasmon polaritons (SPPs) in graphene is
difficult due to the momentum mismatch between the incident light and
graphene plasmons. To date, several schemes have been exploited to
excite SPPs in graphene, including employing prism coupling [29], sub-
wavelength silicon grating [30], and resonant optical antennas [31].
A graphene mono-layer has zero band gap in the visible wavelength
range and absorbs only ∼2.3% of the incident light [32]. Therefore,
multiple graphene layers and transition-metal-dichalcogenides (TMDC)
or nano-structures on graphene layers are often used to increase the
sensitivity and figure-of-merit (FoM) of biosensors [18,33–35]. How-
ever, the increase of graphene layers broadens the full-width at half-
maximum (FWHM) of the absorption profile, and the use of TMDC or
nano-structures makes biosensor structures complex and costly [33].

In this work, we propose a gate-controlled graphene SPR glucose
sensor. We modify the mono-layer graphene Fermi energy (𝐸𝑓 ) by a
gate voltage (𝑉𝑔) to increase the absorption, and hence, improve the
sensitivity and FoM of the proposed sensor. The proposed sensor does
not require labels or an extensive sample preparation. The proposed
sensor is highly sensitive and selective to BSL, and less sensitive to
environmental variations when compared to the state-of-the-art glucose
sensors.

To determine the sensor performance parameters, we use a transfer
matrix method (TMM) based angular interrogation technique. We cal-
culate mono-layer graphene conductivity using the Kubo formula for
different applied 𝑉𝑔 at 633 nm incident wavelength. To determine the
measurement accuracy of BSL, we use a linear regression model. Our
proposed gate-controlled graphene SPR glucose sensor offers significant
improvement in the detection sensitivity and FoM compared to that
of state-of-the-art SPR biosensors. Furthermore, our proposed glucose
sensor shows a detection error ≪ 15% that is used as a tolerable
performance for state-of-the-art glucose meters.

The rest of the paper is organized as follows: In Section 2, we
present the proposed sensor configuration. In Section 3, we describe
the theoretical models that we used to calculate the graphene optical
properties and the sensor performance when 𝑉𝑔 is applied. We discuss
the simulation approaches that we followed to solve the Maxwell
equations using finite difference time domain (FDTD) technique in
Section 4. We present and discuss the calculated sensor performances
and measurement accuracy of BSL for different 𝑉𝑔 in Section 5. Ad-
ditionally, in Section 5, we analyze the effect of temperature on the
detection of BSL. In Section 6, we draw conclusions on the findings.

2. Sensor configuration

The proposed gate-controlled graphene SPR glucose sensor consists
of eight layers, as shown in Fig. 1. The first layer is a semi-infinite prism
made of borosilicate (BK7) glass material. The light is incident on the
multi-layer sensor structure through the prism, and the reflected light
intensity is recorded from the prism as well. A silver (Ag) layer follows
the prism with an air gap between them. The air gap helps to increase
the resonance dip of the reflection (𝑅) profile [36]. The thicknesses of
he air gap and Ag are chosen following the analysis presented in Fig. 2.
ig. 2(a) shows the 𝑅 profile of the proposed sensor as a function of
2

Fig. 1. Schematic illustration of the proposed gate-controlled graphene SPR glucose
sensor.

the incidence angle (𝜃) of light for different thicknesses (𝑑air) of the air
gap. The minimum value of 𝑅 decreases as 𝑑air decreases. In this work,
𝑑air = 40 nm is chosen as an even smaller air gap will complicate the
fabrication of the plano-convex singlet lens to create the air gap [37].
Fig. 2(b) shows 𝑅 against 𝜃 for different thicknesses (𝑑Ag) of Ag. We
note that the minimum 𝑅 occurs at 𝑑Ag = 45 nm. Therefore, 𝑑Ag was
chosen as 45 nm in this work.

An ultra-thin hexagonal boron nitride (h-BN) layer separates
graphene from Ag. The h-BN layer has a thickness of 1 nm, which
maximizes light absorption by the sensor [38]. The presence of h-BN
between graphene and Ag increases the lifetime of the excited SPPs in
the graphene layer [39,40]. The used graphene is mono-layer, i.e., the
thickness is 0.34 nm. An increase in the number of graphene layer
widens the 𝑅 profile. In the visible and near-infrared frequencies, the
permittivity (𝜀) of graphene mono-layer is controllable by an applied
𝑉𝑔 . Thin layers of silicon dioxide (SiO2) and silicon (Si) are added on
the top of graphene for stronger absorption of the incident light [41].
Fig. 2(c) shows that 𝑅 decreases as the SiO2 thickness (𝑑SiO2

) decreases.
In this work, 𝑑SiO2

= 8 nm is chosen since the SiO2 layer works as an
insulating layer between the graphene and Si layer. The gate voltage
𝑉𝑔 is applied between the graphene and Si layer to control the electron
density (𝑛) and 𝐸𝑓 of graphene [41,42]. The thickness of Si layer
is chosen as 50 nm to achieve high electric field [43]. The sensing
medium, i.e., blood sample, is placed on the Si layer. In this work, a
fixed 100-nm-thick sensing layer is assumed.

Practically, a thermal vapor deposition technique can be used to
deposit Ag on the top of BK7 substrate [27]. The graphene layer can
be deposited on h-BN by dissolving atomic carbon in vacuum using high
temperature [27]. Different dielectric materials can be grown on top of
each other using evaporation techniques [44].

3. Theoretical modeling

3.1. Optical properties

The response of the proposed sensor to an incident light will depend
on the complex refractive indices of the materials in different layers.
The response of the sensor will also depend on the wavelength of the
incident light when a material has dispersive optical property. In this
work, we investigate the sensor performance for an incident wave-
length of 633 nm, which is often used in experiments for SPR-based
techniques [45]. We follow an approach described in Ref. [23] to cal-
culate the wavelength-dependent refractive index of BK7 prism. The re-
fractive index of Ag is calculated using the Drude–Lorentz model [46],
while the refractive indices of h-BN, SiO , and Si are obtained from the
2
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Fig. 2. 𝑅 vs. 𝜃 of the proposed sensor for different thicknesses of (a) air gap, (b) Ag, and (c) SiO2. In these studies, 𝑛𝑠 = 1.3323.
Table 1
Refractive indices and thicknesses of different layers of the proposed glucose sensor.
The refractive indices are for a 633-nm incident light.

Material Refractive index Thickness (nm)

BK7 1.515 Semi-infinite
Air 1.00 40

Ag Real: 0.055 45
Imag: 4.285

h-BN 1.670 1
Graphene 𝑉𝑔 -dependent 0.34
SiO2 1.460 8
Si 3.881 50
Blood sample Concentration-dependent 100

published literature [47–49]. The refractive indices and thicknesses for
different layers of the proposed structure are given in Table 1.

The complex refractive index of graphene will depend on several
operating parameters, especially on the applied control voltage across
it. Therefore, the calculation of graphene refractive index requires a
special treatment. The complex permittivity of a two-dimensional (2-D)
mono-layer graphene sheet can be given by [50]

𝜀(𝜔) = 1 + 𝑖 𝜎
𝜔𝜀0𝑡

, (1)

here 𝜀0 is the permittivity of free space, 𝜔 is the angular frequency
f the incident wave, 𝜎 is the conductivity, and 𝑡 is the thickness of a
raphene mono-layer. If 𝜔 and 𝑡 are fixed, the permittivity of graphene
asically depends on 𝜎, which can be calculated using the so-called
ubo formula [51]

= 𝑖
𝑒2𝑘𝐵𝑇

𝜋ℏ2(𝜔 + 𝑖𝜏−1)

[ 𝐸𝑓

𝑘𝐵𝑇
+ 2 ln

(

exp
(

−
𝐸𝑓

𝑘𝐵𝑇

)

+ 1
)]

+ 𝑖 𝑒2

4𝜋ℏ
ln

[

2 ∣ 𝐸𝑓 ∣ −ℏ(𝜔 + 𝑖𝜏−1)

2 ∣ 𝐸𝑓 ∣ +ℏ(𝜔 + 𝑖𝜏−1)

]

, (2)

where 𝑘𝐵 is the Boltzmann constant, ℏ is the reduced Planck constant,
𝑒 is the charge of an electron, and 𝜏 is the relaxation time of carriers
in graphene that are excited due to the absorption of incident light.
The first term on the right hand side of Eq. (2) is the conductivity that
originates from intra-band carrier transitions due to light absorption,
whereas the second term is the conductivity that originates from the
inter-band carrier transitions.

The carrier relaxation time 𝜏 depends on 𝐸𝑓 and Fermi velocity (𝑉𝑓 )
by the following relation [52]

𝜏 =
𝜇𝐸𝑓

𝑒𝑉 2
𝑓

, (3)

where 𝑉𝑓 = 106 m∕s and 𝐸𝑓 is related to 𝑛 as 𝐸𝑓 = ℏ𝑉𝑓 (𝜋𝑛)1∕2 [53].
Now, when there is a gate voltage applied between the graphene and Si
layer of the proposed structure as shown in Fig. 1, 𝑛 can be calculated
using a parallel-plate capacitor model as [53]

𝑛 = 𝜀 𝜀
𝑉𝑔 , (4)
0 𝑑 𝑒𝑑

3

Fig. 3. Refractive index of the blood sample (𝑛𝑠) as a function of blood sugar level.

where 𝜀𝑑 and 𝑑 are the dielectric constant and the thickness of insu-
lating SiO2 layer, respectively. We note that 𝐸𝑓 , and in turn, 𝜏 can be
changed by 𝑉𝑔 . Thus, 𝑉𝑔 can be used to change the optical behavior
of graphene. The carrier relaxation time also depends on mobility 𝜇,
which is related to 𝑛 and temperature (𝑇 ) given by [54]

𝜇(𝑛, 𝑇 ) =
𝜇0

1 + (𝑛∕𝑛ref)𝛼
× 1

1 + (𝑇 ∕𝑇ref − 1)𝛽
, (5)

where 𝜇0 = 230000 cm2 V−1 s−1, 𝑛ref = 1.1×1013 cm−2, 𝑇ref = 300 K,
𝛼 = 2.2, and 𝛽 = 3, respectively [54,55]. In this work, we assume that
the sensor is at room temperature, i.e., 𝑇 = 300 K.

The optical property of blood, i.e., the refractive index of sample
(𝑛𝑠) will depend on the concentration of glucose mixed in it, and can
be calculated as [15]

𝑛𝑠 = 0.000119 × 𝐶 + 1.33231, (6)

where 𝐶 is the density of glucose solution. A 10% (𝑤∕𝑣) glucose solu-
tion is 10 g (𝑤) glucose dissolved in 100 ml (𝑣) water. The sugar level
in blood sample (𝐷) can be calculated by 𝐷 = 𝐶∕𝑀 mg/dl, where 𝑀 is
the molar mass of glucose, which is 180.156 g/mol. We have calculated
𝑛𝑠 using Eq. (6) for different BSLs, as shown in Fig. 3 [56]. The normal
sugar level in blood is between 50 mg/dl to 139 mg/dl [57], which
correspond to 𝑛𝑠 from 1.3513 to 1.3864. A person is pre-diabetic if
the BSL is between 140 mg/dl and 199 mg/dl, and diabetic if BSL
⩾ 200 [57]. A BSL of < 50 mg/dL is considered extremely low and
alarming for human body [58]. In this work, we have chosen BSL from
30 mg/dl to 270 mg/dl to cover the entire BSL map that could be
important to understand the performance of the proposed sensor.

3.2. Response to the incident light

To calculate the SPR dynamics of the proposed gate-controlled glu-
cose sensor, we have solved 2-D full-field vectorial Maxwell’s equations
using the FDTD technique. The incidence angle of light has been varied
to determine the reflection profile. To calculate the reflection profile,
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e have used TMM and considered the proposed structure an 𝑁-layer
ystem, as shown in Fig. 1. For the incident transverse magnetic (TM)
ight, we can write [59]

=∣ 𝑟𝑝 ∣2, (7)

here 𝑟𝑝 is the reflection coefficient for the TM-polarized incident light.
e have calculated 𝑆 of the proposed glucose sensor by [60]

=
𝛥𝜃𝑟
𝛥𝑛𝑠

, (8)

here 𝛥𝜃𝑟 is the change in resonance angle (𝜃𝑟) due to a change in the
ample index 𝛥𝑛𝑠. FoM can be calculated by [61]

oM = 𝑆
FWHM . (9)

4. Simulation approach

In this work, 2-D FDTD simulations have been carried out to deter-
mine the dynamics of the incident light with the sensor. The simulation
domain is 2000 nm in the 𝑦-direction, i.e., in the direction of the
layer interfaces, and 6000 nm in the 𝑥-direction, i.e., in the direction
perpendicular to the layer interfaces. A non-uniform meshing scheme
has been employed in the simulation region to optimize the compu-
tational efficiency and precision of FDTD solutions by limiting the
overall error caused by meshing to only < 0.05%. Additionally, a finer

eshing is used in a smaller 600 nm × 300 nm region on the 𝑥-𝑦
lane centering the graphene and h-BN interface. In this fine meshing
egion, mesh-grids 𝛥𝑥 = 0.1 nm and 𝛥𝑦 = 0.2 nm have been chosen.
he perfectly-matched layer (PML) boundary condition was used at the
dges of the simulation region in the 𝑥-direction and Bloch boundary
ondition was used in the 𝑦-direction. The incident light has a 633-
m wavelength with TM polarization. The incidence angle has been
aried from 45◦ to 70◦ to calculate the 𝑅 profile. The incident light
ource is located at 3500 nm from the Air–Ag interface, whereas the
etection plane of the reflected light is located at 3800 nm from the
ame interface.

. Results and discussion

.1. Sensor performance

To determine the performance of the proposed gate-controlled
raphene SPR glucose sensor, we have assumed a pure graphene mono-
ayer in the sensor. The graphene mono-layer has 𝑛 = 1.08×1013 cm−2,
𝐸𝑓 = 38.34 meV, and 𝜇 = 23 × 104 cm2 V−1 s−1 when there is
no applied 𝑉𝑔 to it. We have varied 𝑉𝑔 so that graphene parameters
change, and so do the sensor performances. The results are presented
for 𝑉𝑔 ≤ 20 V, as thermally generated intrinsic carriers from graphene
with 𝑉𝑔 > 20 V may cause inaccurate results and a permanent fault in
the structure [42,62]. Fig. 4 shows the properties of a graphene mono-
layer as 𝑉 varies from zero to 20 V. In Fig. 4(a), we find that 𝑛 increases
𝑔

4

and 𝜇 decreases with the increase of 𝑉𝑔 . In Fig. 4(b), we find that 𝐸𝑓
ncreases as 𝑉𝑔 increases since 𝐸𝑓 is directly related to 𝑛. We have also
alculated 𝜏 as 𝑉𝑔 varies and found that 𝜏 increases as 𝑉𝑔 increases. In
articular, we find 𝜏 = 8.74, 11.42, 14.50, 17.05, and 19.97 ps when
𝑔 = 0, 5, 10, 15, and 20 V, respectively.

Generally, the conductivity of graphene depends on both intra- and
nter-band absorptions of the incident light. When the incident light
avelength is 633 nm, the incident photon energy 𝐸𝑝 > 2𝐸𝑓 , and

herefore, strong inter-band absorption occurs. However, 𝐸𝑓 can be
ncreased by applying 𝑉𝑔 and the inter-band transitions with 𝐸𝑝 < 2𝐸𝑓
an be blocked due to Pauli blocking [63]. When 𝐸𝑝 < 2𝐸𝑓 , intra-
and absorption dominates, and graphene optical properties mainly
epend on 𝜏. Therefore, graphene optical properties can be changed
y controlling 𝑉𝑔 when 𝐸𝑝 < 2𝐸𝑓 [50]. In this work, the proposed
ensor has been designed for 𝐸𝑝 < 2𝐸𝑓 to control the graphene optical
roperties by controlling 𝑉𝑔 . Fig. 4(b) shows both real and imaginary
arts of 𝜎 of a graphene mono-layer as functions of 𝑉𝑔 . We note that

the real part of 𝜎 does not vary as 𝑉𝑔 increases. By contrast, the
imaginary part of 𝜎 gradually decreases as 𝑉𝑔 increases from zero to 20
V. Mono-layer graphene supports TM plasmons from terahertz (THz) to
mid-infrared (MIR) wavelength range, although transverse electric (TE)
plasmons can be excited up to visible wavelength. When 𝑉𝑔 increases,
𝑓 increases as well. Therefore, TM plasmons of mono-layer graphene
an be obtained at 633 nm wavelength. A similar trend is observed
or intra-band absorption from THz to MIR range [64,65]. As a result,
he incident light is strongly absorbed in the graphene mono-layer of
ur designed sensor. The complex refractive index of a graphene mono-
ayer has been calculated from 𝜎, as given in Eq. (1), to be used in FDTD
imulations.

Fig. 5(a) shows 𝑅 as a function of 𝜃 for five different values of
𝑔 . Here, the sample has a BSL = 78.60 mg/dl, which corresponds to
𝑠 = 1.3625. Since the light absorption by graphene increases with 𝑉𝑔 , 𝑅
ecreases with 𝑉𝑔 . The absorption of incident light increases by 16.88%

when 𝑉𝑔 increases from zero to 20 V. We note that 𝜃𝑟 increases with
𝑉𝑔 . The changes of 𝜃𝑟 and 𝑅 with 𝑉𝑔 have a significant impact on the
sensor performance parameters.

Fig. 5(b) shows the FWHM of 𝑅 profile of the proposed glucose
sensor for different 𝑉𝑔 when the BSL varies from 30 mg/dl to 270
mg/dl. We note that FWHM of 𝑅 increases as the BSL increases. The
excited SPPs decay at a faster rate when BSL increases as 𝑛𝑠 increases
with BSL. As a result, the FWHM of the 𝑅 profile increases. By contrast,
FWHM of the 𝑅 profile decreases as 𝑉𝑔 increases. A smaller FWHM
will decrease the spectral noise and increase the signal-to-noise ratio
(SNR) of the detected signal. When 𝑉𝑔 increases, the graphene mono-
layer strongly confines the incident light, and we find that the FWHM
of the 𝑅 profile decreases.

Fig. 6(a) shows 𝑆 of the proposed gate-controlled graphene SPR
glucose sensor as a function of the BSL. We note that 𝑆 increases as
BSL increases and reaches 108 degree/RIU for 𝑉𝑔 = 20 V and BSL is
270 mg/dl. We also note that 𝑆 increases as 𝑉𝑔 increases. Notably, 𝑆
increases by 21.48% when 𝑉 increases from zero to 20 V for a BSL
𝑔
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Fig. 5. (a) 𝑅 as a function of 𝜃 and (b) FWHM of the 𝑅 profile as a function of the BSL of the proposed gate-controlled graphene SPR glucose sensor for different 𝑉𝑔 . To calculate
𝑅 profile, we assume 𝑛𝑠 = 1.3625, which corresponds to a BSL of 78.60 mg/dl.
Fig. 6. (a) 𝑆 and (b) FoM as functions of BSL of the proposed glucose sensor for different 𝑉𝑔 .
Fig. 7. (a) 𝑅 profile as a function of 𝜃 and (b) 𝛥𝜃𝑟 as functions of BSL and 𝑉𝑔 for the proposed glucose sensor.
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f 270 mg/dl. As 𝑆 depends on the change of 𝜃𝑟 and a greater 𝑉𝑔
hows a greater change in 𝜃𝑟, we find that 𝑆 increases as 𝑉𝑔 increases.
n Fig. 6(b), we show FoM as a function of the BSL for different gate
oltages. We note that FoM increases with the increase of both BSL and
𝑔 . When 𝑉𝑔 = 20 V, the maximum FoM is 178 RIU−1 at 270 mg/dl BSL.
e note that FoM increases by 49.57% when 𝑉𝑔 increases from zero

o 20 V in the range of BSL considered in this work. As the negative
alue of imaginary 𝜎 increases with the increase of 𝑉𝑔 , a mono-layer
raphene absorbs more light as 𝑉𝑔 increases. Therefore, FoM increases
s 𝑉𝑔 increases.

The change in 𝜃𝑟, i.e., 𝛥𝜃𝑟, in the 𝑅 profile with the change in BSL
epresents the selectivity of an SPR sensor [66]. Fig. 7(a) shows 𝑅 as
function of 𝜃 for two different 𝑛𝑠 when 𝑉𝑔 = 0. The first resonance is

bserved at 54.80◦ when 𝑛𝑠 = 1.3323, which corresponds to zero BSL.
he second resonance is observed at 55.24◦ when 𝑛𝑠 = 1.3430, which

◦
orresponds to 30 mg/dl BSL. In Fig. 7(a), 𝛥𝜃𝑟 = 0.44 when 𝑉𝑔 = 0. o

5

By contrast, Fig. 7(b) shows 𝛥𝜃𝑟 with the change of BSL at different
𝑉𝑔 . We find that the sensor becomes more selective when BSL and 𝑉𝑔
increase. The increase of 𝛥𝜃𝑟 with BSL implies that the proposed sensor
has affinity toward glucose.

We find that the calculated 𝑆 and FoM of the proposed sensor are
uch greater than that of the state-of-the-art optical sensors in the
etection of BSL. In Table 2, we compare 𝑆 and FoM of our proposed
lucose sensor with several recently proposed sensors that use graphene
n the structure. The wavelength of the incident light is 633 nm in
ll cases presented in Table 2. Also, only a graphene mono-layer is
sed in all cases, except in Ref. [32], where 13 layers of graphene
re used. In this work, the 𝑆 and FoM have been calculated for the
ensing layer refractive indices 1.343–1.433, which correspond to 30–
70 mg/dl BSL. The maximum 𝑆 and FoM of the proposed sensor are

btained when the sensing layer index is 1.433. In Table 2, the 𝑆 and
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Table 2
Performance comparison of our proposed sensor with several recently proposed graphene-based sensors.

Sensor configuration 𝑛𝑠 𝑆 (degree/RIU) FoM (RIU−1) Reference

SF10/ZnO/Au/MoS2/graphene/sample 1.330–1.450 101.58 15.11 [32]
SF10/Au/WS2/graphene/sample 1.400 95.71 25.19 [33]
BK7/Ag/graphene/sample 1.330–1.370 91.76 52.31 [67]
SF10/Cr/Ag/graphene/affinity/sample 1.432 61.54 8.90 [68]
This work 1.343–1.433 108.00 178.00 –
i
o
𝜇
o
t
𝜇
c
t
a
w
m
i

s
o
d
d

𝜀

b

𝜔

Fig. 8. Simulation results of 𝜃𝑟 and 𝑅 vs. BSL (dashed lines), and regression lines of
𝑟 and 𝑅 vs. BSL (solid lines). The solid green line determines 180 mg/dl BSL, when
easured 𝜃𝑟 = 58.8o or 𝑅 = 0.01425. We assume 𝑉𝑔 = 20 V.

oM of the proposed sensor are compared with that of the sensors,
hich report results with a sensing layer index close to 1.433.

.2. Measurement accuracy

Accuracy is a key performance parameter for a sensor in the detec-
ion of the BSL. The parameters 𝑅 and 𝜃𝑟 can be used individually or
imultaneously in the proposed sensor to detect and measure the BSL
recisely. The determination of the BSL using 𝜃𝑟 and 𝑅 simultaneously
ill be more precise, however, with an increase in the complexity of

he measurement technique. Fig. 8 shows the dependence of 𝑅 and 𝜃𝑟
n BSL when 𝑉𝑔 = 20 V. Fig. 8 also shows linear regression lines drawn
or the relations 𝜃𝑟 vs. BSL and 𝑅 vs. BSL. The regression lines 𝑦 = 𝑎+𝑏𝑥
ave been determined for both 𝜃𝑟 vs. BSL and 𝑅 vs. BSL relations, where
is the intercept on the 𝑦-axis, 𝑏 is the slope, 𝑥 is the BSL, and 𝑦 is

ither 𝜃𝑟 or 𝑅, respectively [69]. We find that the BSL estimated by 𝜃𝑟
rovides a better accuracy than that estimated by 𝑅 as the regression
ine for 𝜃𝑟 fits better with the simulated values. Notably, the coefficient
f determination (𝑅2) is 96.50% for the linear regression line for 𝜃𝑟,
hile 94.11% for the linear regression line for 𝑅. The linear regression

ines can be used as a reference to detect the BSL for the proposed
ensor. For example, when measured 𝜃𝑟 = 58.80o, we can decide that
he BSL is 180 mg/dl using the reference regression line for 𝜃𝑟.

.3. Effects of temperature

The accuracy of a glucose sensor depends on many factors, including
he strip manufacturing process, chemical stability of enzyme, sample
ollection method, sample amount, and most importantly the temper-
ture at which the measurement takes place. We have analyzed the
ffects of temperature on the detection of BSL by the proposed sensor.
n the analysis, we have assumed 𝑇 = 25 ◦C as a reference temperature
nd varied it by a maximum 𝛥𝑇 = ±10 ◦C.

Optical properties of layers of the proposed sensor, except for the
g layer, do not significantly depend on temperature, especially at

he incident 633 nm wavelength and in the temperature range around
5 ◦C. In particular, the change of the refractive indices of BK7, h-BN,
iO2, and Si due to the change in temperature is negligible in the visible
avelength range [70–73]. Therefore, in the range 𝑇 = 15–35 ◦C, the

hange in optical properties of most layers of the proposed sensor is
egligible.
6

The temperature dependence of the optical property of graphene
s a little more complicated due to its unique properties. The effect
f temperature on the optical property of graphene will depend on

and 𝜏, and hence, 𝜎. Since the temperature dependence of the
ptical property of graphene is not well-studied and not available in
he literature, we have calculated it in this work. In Fig. 9, we show

vs. temperature, and 𝜏 vs. temperature for a graphene mono-layer
alculated using Eq. (5). We find that both 𝜇 and 𝜏 do not vary with
emperature when 𝑉𝑔 remains fixed. We note that the work function
nd 𝐸𝑓 of a graphene mono-layer do not depend on temperature as
ell [74]. As a result, 𝜎, and hence, the optical property of a graphene
ono-layer does not change with temperature for the cases considered

n this work.
Therefore, the temperature-sensitive performance of the proposed

ensor will depend only on the temperature-dependent optical property
f Ag. We use the Drude–Lorentz model to calculate the temperature-
ependent optical property of Ag, i.e., the effect of temperature on the
ielectric constant of Ag. The expression of 𝜀 of Ag is given by [46]

= 1 −
𝜔2
𝑝

𝜔(𝜔 + 𝑖𝜔𝑐 )
, (10)

where 𝜔𝑝 and 𝜔𝑐 are the plasma and collision frequencies, respectively.
The collision or scattering frequency 𝜔𝑐 depends on temperature and
can be written as [75]

𝜔𝑐 = 𝜔ce + 𝜔cp, (11)

where 𝜔ce and 𝜔cp are the electron–electron and electron–phonon
scattering frequencies in Ag. The temperature dependence of 𝜔ce can
e described by the Lawrence model [76]

ce =
𝜋3𝛤𝛥
12ℏ𝐸𝑓

[

(𝑘𝐵𝑇 )2 +
(ℏ𝜔
2𝜋

)2]

, (12)

where 𝛥 is the fractional scattering and 𝛤 is the Fermi-surface av-
erage of the scattering probability. We assume 𝛥 = 0.75 and 𝛤 =
0.55 [76]. The temperature dependence of 𝜔cp can be described using
the Holstein’s model [77]

𝜔cp = 𝜔0

[

2
5
+ 4𝑇 5

𝛩5
𝐷

∫

𝛩𝐷∕𝑇

0

𝑍4

𝑒𝑍 − 1
dZ

]

, (13)

where 𝛩𝐷 is the Debye temperature, 𝑍 is the quasi-particle weight,
and 𝜔0 is a constant [78]. We have used 𝛩𝐷 = 227.3 K, 𝑍 = 0.8, and
𝜔0 = 0.05 [78]. Lastly, 𝜔𝑝 has been calculated using [79]

𝜔𝑝 =
√

4𝜋𝑁𝑒2
𝑚

, (14)

where 𝑚 is the effective mass of an electron and 𝑁 is the density of
conduction electrons.

The optical property of the blood sample also depends on tem-
perature. The temperature-dependent 𝑛𝑠 can be obtained using [80]

𝑛𝑠 = 1.3356 + (1.5333 × 10−3) × 𝐶 − (9.0 × 10−5) × 𝐶2−

(1.2647 × 10−4) × (𝑇 − 273.15) − (4.0 × 10−8) × (𝑇 − 273.15)2.
(15)

To determine the temperature-dependent measurement error for
the proposed sensor, we have considered two cases: (i) First, we have
assumed that only the sensor temperature varies while the sample
temperature remains fixed and (ii) Second, we have assumed that the
sensor and sample temperatures are equal and vary simultaneously.
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Fig. 9. Effects of 𝑇 on graphene (a) 𝜇, and (b) 𝜏 for five different 𝑉𝑔 .
Fig. 10. 𝜃𝑟 vs. BSL of the proposed sensor for different sensor temperature. We assume that the sample temperature remains fixed at (a) 15 ◦C, (b) 25 ◦C, and (c) 35 ◦C.
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Fig. 11. 𝜃𝑟 vs. BSL for different temperatures (𝑇 ) of the sensor and sample layer. The
ensor and sample layer temperatures are equal and they vary simultaneously.

hile the first case signifies the temperature-sensitive performance of
he proposed sensor, the second case helps us know the performance
n an actual condition. Fig. 10 shows 𝜃𝑟 vs. BSL for three different
emperatures of the sensor. The sample temperature is kept fixed at
5 ◦C, 25 ◦C, and 35 ◦C in Figs. 10(a), 10(b), and 10(c), respectively.
e find that while 𝜃𝑟 increases when the sensor temperature decreases,

𝜃𝑟 decreases when the sensor temperature increases.
The percentage error in the detection of BSL is calculated using the

following equation

%Error =
BSL25 ◦C − BSL𝑇dif f ◦C

BSL25 ◦C
× 100, (16)

here 𝑇dif f ◦C is the temperature at which the BSL is calculated. The
aximum and average calculated %Error for the cases presented in

ig. 10 are given in Table 3. We note that the maximum error is
.12% when the sensor temperature varies by 10 ◦C and the sample
 t

7

able 3
aximum measurement error and average error of detected BSL when sensor 𝑇 is

arying from 25 ◦C for different 𝑛𝑠 temperature.
Sample temperature Sensor temperature Maximum %Error Average %Error
(◦C) variation (𝛥𝑇 , ◦C)

10 7.12 3.70
15 5 3.56 2.05

−5 −3.52 −1.72
−10 −7.06 −3.51

10 4.70 2.97
25 5 3.72 1.70

−5 −3.24 −1.70
−10 −3.86 −2.55

10 3.40 2.90
35 5 3.32 1.74

−5 −3.46 −1.81
−10 −4.02 −2.61

temperature is 15 ◦C. We also note that the average error of our
proposed sensor remains < 4% for a 𝛥𝑇 = ±10 ◦C.

Next, we present results when both the sensor and sample layer
ave the same temperature. Fig. 11 shows the effects of temperature
n 𝜃𝑟 of the proposed glucose sensor as the temperatures of the sensor
nd sample layer change simultaneously. We note that the effects of
emperature become more pronounced as the glucose level increases.

e find a maximum error of 7.40% when the temperature varies by
10 ◦C, i.e., when 𝑇 = 15 ◦C. In Table 4, we show the error in the
etection of the BSL due to temperature changes of the sensor and the
ample. Notably, the absolute value of the average error remains <5%.

. Conclusion

We have proposed a label-free graphene SPR sensor that shows a
unable optical property with the applied gate voltage. The proposed
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Table 4
Maximum and average %Error of the calculated BSL when both the sensor and sample
temperatures vary.
𝛥𝑇 (◦C) Maximum %Error Average %Error

10 6.44 3.66
5 3.68 2.34
−5 −4.08 −2.26
−10 −7.40 −4.75

glucose sensor offers enhanced performances compared to state-of-the-
art graphene-based optical sensors. The proposed sensor performances
increase as the applied gate voltage increases. The sensor can detect and
measure the BSL with high precision either using the resonance angle
or the reflection profile. Since our proposed sensor detects BSL without
using labels and does not require chemical enzymes, the environmental
factors do not have any lasting effect on the performance, except for
the temperature-induced index variation of metal at the moment of
measurement. However, the change in temperature by ±10 ◦C around
room temperature affects the detection accuracy by only < 5%.
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