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Variations of a Kretschmann-structure-based Ag-indium tin oxide- (ITO-) Au surface plasmon resonance (SPR) sensor were
explored to improve its sensitivity. -e sensor structure was optimised, and its characteristics were studied through numerical
simulations.-e chip structure that comprised 20 nmAg/30 nm ITO/10 nmAu yielded the best sensing performance, wherein the
angular sensitivity could reach 197.6° RIU−1 and the figure of merit was 43.4 RIU−1. -ese performance parameters are nearly
three times higher than those of Ag/Au bimetallic resonance sensors. Furthermore, an adhesive Cr layer and two-dimensional
graphene were incorporated into this sensor structure to explore their impact on the performance. -e results demonstrated that
the Cr layer significantly weakened the sensor performance, whereas graphene did not produce the expected enhancement effect
on this structure. If simply adding a layer to a Au/Ag sensor can produce a three-fold improvement in its performance, then its
economic and scientific benefits are potentially significant and widespread.

1. Introduction

Surface plasmon resonance (SPR) is a technique for detecting
changes in refractive index of matter via the photoelectric
effect. -eoretically, any phenomenon that causes a change in
the refractive index can be monitored and recorded using SPR.
-erefore, SPR sensors are commonly used in food, medicine,
biomedicine, and gas detection for their high sensitivity [1, 2].
Also, the sensor chip is extremely significant and widely
researched as it is the main part involved in resonance and
detection. -e interior of a metal and its surface contain
abundant free electrons.-ese electrons whichmove under the

action of Coulomb forces are called surface plasmon waves
(SPWs). SPWs propagate along the metal surface and decay
exponentially in the direction perpendicular to the surface
[3, 4]. If a beam of P-polarized light is incident on the metal
surface, resonance can occur when the wave vectors are equal
in size, direction, and angular frequency [5, 6]. When reso-
nance occurs, the incident light wave is strongly absorbed, and
the reflected light is clearly weakened. Consequently, the
stronger the resonance, the quicker the response of the sensor
chip to the change in the refractive index based on light wave
absorption, which is one of the most common and effective
ways to improve the sensitivity of an SPR sensor system.
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SPR sensors are extensively used in many fields, but
because of their sensitivity problems, the detection of some
small-molecular-weight substances is not very accurate.
Many studies have attempted to improve the sensitivity of
SPR sensors by reconstructing the sensor chips. For the first
time, Cai et al. [7] reported the systematic construction and
evaluation of a graphene-modified gold-plated film chip. By
comparing the simulation and experimental results (by
Winspall simulation software), they discovered that each
layer of graphene could cause a resonance angle offset of
approximately 0.18°. Meanwhile, Verma et al. [8] added a
silicon layer with a higher refractive index between the gold
film and graphene layer and developed a sensor comprising a
40 nm-thick gold layer, a 7 nm-thick silicon layer, and two
layers of graphene with a sensitivity more than twice that of
traditional gold films. Zhao et al. [9] added transition-metal
dichalcogenides on both sides of the metal, causing the angle
sensitivity of the SPR chip to reach 315.5° RIU−1; however,
because of its large resonance angle and half peak width, its
figure of merit (FOM) is only 18.8, which is relatively low.
Gan et al. [10] added indium tin oxide (ITO) conductive
glass, a new electronic material, to a sensing chip composed
of chromium Cr and Ag. -e experimental results show that
the chip angle sensitivity can reach 68.77° RIU−1. Further-
more, the FOM is 11.26 for the 0.5 nm Cr/30 nm Ag/10 nm
ITO combination, wherein the resonance angle is approx-
imately 43° and the minimum light reflectivity is approxi-
mately 9.03%. -erefore, ITO has proved effective for
improving chip sensitivity.

-us, extending the results of previous studies, an
Ag/ITO/Au laminated SPR biosensor chip based on the
Kretschmann structure, shown in Figure 1, was developed in
this study. Although the Ag layer has better resonance than
the Au layer, the chemical properties of Ag make it unstable
and easily oxidisable [11], and therefore, it is present at the
bottom of the newly proposed structure as the base layer.-e
ITO layer insulates Ag from Au; it can transmit SPWs fast
enough to enhance resonance. Because of its low resistivity,
strong ultraviolet absorption, high transmittance in the
visible light region, and high reflectivity in the far-infrared
region, ITO is widely used as a thin transparent coating in
sensors and on electrodes. Nevertheless, because the surface
of ITO is characterised by strong water absorption, it can
easily form ‘mildew’ on reacting with water and carbon
dioxide in the air; thus, a thin layer of chemically stable Au is
normally coated onto the surface of ITO as a protective layer
to protect it frommoisture in the air. In contrast, as a kind of
III–V semiconductor oxide [12], ITO can stop the reso-
nances of Ag and Au from affecting each other if the three
materials form the sandwich structure shown in Figure 1.
Owing to the good conductivity of ITO, the resonance SPWs
formed at the interface can be quickly transmitted outward.
Because the outermost ITO layer is covered by the Au film,
traditional chemical modification methods can still be used
to fix the biosensitive layer.

In this study, the COMSOL finite-element analysis soft-
ware was used to solveMaxwell’s equations, and the optimum
Ag/ITO/Au structure was determined. In addition, the en-
hancement effect of graphene (G) layers on the resonance

when placed at different positions was explored. Furthermore,
the effect of Cr layers with different thicknesses on the sensing
chip was analysed via numerical simulation. Finally, the
performance parameters of the sensor were evaluated.

2. Method and Model Parameters

SPR is mainly used to explore the influence of an electro-
magnetic field on electron motion at the microscale. -is
process can be described using Maxwell’s partial differential
equations. -e main electromagnetic simulation methods
are the finite-difference time-domain method (FDTD),
which can be conducted using the software FDTD Solutions,
and the finite-element method (FEM), which can be per-
formed using software packages such as HFSS and COM-
SOL. FDTD is an iterative method that begins the calculation
from one source point. -is method is quick, but its simple
mesh division produces inaccurate results. Moreover, the
entire mesh structure in FDTD can be discredited by FEM,
wherein a complex structure can be divided arbitrarily.
However, in FEM, a simple method is used to approximate a
complex problem, and an approximate solution is used to
determine the real solution. -e calculated results are more
accurate, but the method is slow and consumes more
memory. -is study required a more accurate FEM to solve
the Maxwell equation using COMSOL. -e radio-frequency
(rf ) module in COMSOL can be used to calculate the electric
andmagnetic fields of high-frequency systems. Total fields or
scattering fields can be solved using the time harmonic and
transient electromagnetic fields in the full vector formula.

As SPR has no bearing on the 3D scale, a 2D model was
built. Part of the model that was comparable to the wavelength
size was selected for analysis and was set to Floquet periodicity.
-e laminated sensor was scheduled to operate at a wavelength
of 670nm to reduce the impact of the stabilised Cr layer. At this
wavelength, the refractive indices of Ag, ITO, and Au are
0.1783+4.7096i [10], 1.7450+0.0036i [10], and 0.161+3.4458i
(date from Filmetrics Inc., USA, https://www.filmetrics.cn/
refractive-index-database/Au/Gold), respectively; these pa-
rameters were manually configured in the parameter bar. -e
model of this laminated structure attached to a BK7 glass
substrate (n� 1.5202) is illustrated in Figure 2. Beginning from
the top, the layers in the diagram represent glass (500nm), Ag
(variable), ITO (variable), Au (variable), and air (500nm;
n� 1). -e free triangle mesh was used for division, and the
minimum element size was 0.08nm. Changes in the incident
angle in the 0–90° range were used for parameter scanning.-e
direct solver solution was applied to obtain the general
reflectivity curve. -e PC required approximately 80–100min
to process each set of data. Finally, the effects of the Cr and
graphene layers on the sensor performance were studied, and
the sensor performance was evaluated against biological so-
lutions with different refractive indices.

3. Results and Discussion

Generally, the smaller the strongest resonance angle, the
larger the range of changes that can occur in the resonance
angle (up to 90°); thus, changes in refractive index can be
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detected to a higher extent. A lower reflection signal at the
strongest resonance angle indicates that the higher the light
energy absorbed by the surface plasma, the stronger the
resonance and better the SPR sensing effect; however, this is
not the main criterion for evaluating the sensor perfor-
mance. -ere are many other evaluation criteria, such as
sensitivity, full width at half maximum (FWHM), and FOM.
-e latter is an extremely important parameter for evalu-
ating the performance of the entire chip; the larger the FOM,
the better the performance of the chip. Sensitivity (S) is
described as the change in the resonance angle (Δθres) per
refractive index unit (RIU), i.e., S � (Δθres/Δn) RIU−1.
FWHM refers to the peak width at the midpoint of the
resonance peak. FOM refers to the ratio of S to FWHM, i.e.,
FOM � S/FWHM � (Δθres/Δn)/FWHM [13–15]. From the
definition of FOM, we can infer that the higher the sensi-
tivity of the SPR chip, the smaller the FWHM, the larger the
corresponding FOM, and the better the quality. In this study,
the minimum S and FOM were used as the criteria for
comprehensive evaluation of the chip performance.

3.1. Determination of Film .ickness. To obtain the best
resonance effect, different film thickness combinations were
numerically simulated. For conducting the simulation, the
thickness of the outermost gold film was first fixed at 10 nm,
and then, the thicknesses of Ag and ITO were varied. -e
variation range was 10–50 nm. -e results are shown in
Figures 3(a)–3(e). -e red line represents the best light
absorption exhibited by the surface plasma for each com-
bination. -e analysis revealed that θres increased with the
increase in thickness of the Ag film. Also, the minimum
resonance peak of the SPR signal increased, and the FWHM
increased. Moreover, as the thickness of the ITO film layer
increased, θres increased, and the resonance peak decreased
in size. When the Ag film thickness was 20 nm, ITO
exhibited considerably low reflectivity, with the following
values obtained in the thickness range of 10–50 nm: 1.38%
(FWHM� 2.31, θres � 43.8°), 0.56% (FWHM� 2.27,
θres � 44.2°), 0.08% (FWHM� 2.04, θres � 44.6°), 0.19%
(FWHM� 2.30, θres � 45°), and 0.36% (FWHM� 2.59,
θres � 45.6°). When the thickness of the Ag and ITO layers
was 20 and 30 nm, respectively, the model structure almost
completely absorbed the incident light waves. Table 1 shows
these values. To determine whether this structure could be
affected by the thickness of the ITO layer, the ITO thickness
was increased to 120 nm, wherein the resonance intensity,
resonance angle, and FWHM of the SPR signal exhibited
obvious changes, as indicated by the green curve in
Figure 3(b).

-e optimal thicknesses of the Ag and ITO layers were
determined, and the thickness of the outermost Au film was
varied as the simulation continued. Figure 4 shows the
effect of changing the thickness of the Au film from 10 to
50 nm on the Ag/ITO chip combination. -e resonance
peak of the chip continued to increase significantly,
whereas FWHM continued to decrease as the Au layer
became thicker. After processing all the collected data, the
optimal thicknesses were determined to be 20 nm for Ag,
30 nm for ITO, and 10 nm for Au for the laminated
Ag/ITO/Au structure. -e Ag base layer mainly changes
the resonance peak size at thicknesses above 20 nm, and the
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Figure 3: Continued.
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ITO interlayer causes the resonance angles to shift toward
the left and right; the Au film as the outermost layer can
reduce the FWHM when its thickness exceeds 10 nm. To
further improve the sensing chip performance, the effect of
adding graphene to the 20 nm Ag/30 nm ITO/10 nm Au
stacked structure was investigated.

3.2. Effects of Graphene (G) on Chip. A graphene monolayer
is a honeycomb-like two-dimensional crystalline material
comprising carbon atoms with excellent optical and elec-
trical conductivities. Its surface is rich in electrons and can
enhance the propagation constant of surface plasma. Gra-
phene can improve the performance of SPR sensors [18–20].
-e thickness of a graphene monolayer is only 0.34 nm, and
its transmittance can reach 97.7%. -e complex refractive
index of the graphene monolayer is calculated as
nG � 3 + iC/3λ, where C is a constant equal to 5.446 μm−1

and λ is the wavelength [21]. To develop the best chip
structure, the graphene monolayer was placed at different
positions in the laminated chip to explore its effect on the
chip performance.

Monolayer and bilayer graphene were placed in several
combinations on both sides of the ITO and Au layers are
shown in Figure 5. -e black line in Figures 5(a) and 5(b)
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green line in (b) represents the reflectivity of the chip when ITO thickness is 120; (f ) the electromagnetic field distribution corresponding to
the structure represented by the red line in (b) (unit: nm).

Table 1: Reflectivity changes caused by ITO with different
thicknesses.

ITO thickness (nm) Rmin (%) FWHM θres
10 1.38 2.31 43.8°
20 0.56 2.27 44.3°
30 0.08 2.04 44.6°
40 0.19 2.30 45.0°
50 0.36 2.59 45.6°
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Figure 4: Minimum reflectivity of the sensor when the outermost
Au layer thickness changes from 1 to 10 (unit: nm).
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represents the original structure without graphene. Clearly,
the structure with the double-graphene layer shows a higher
FWHM than that of the original structure. However, a
single-graphene layer proved more effective. For structures
Ag/ITO/Au/G, Ag/ITO/G/Au, and Ag/G/ITO/Au, the
lowest reflectivities are 0.5% (FWHM� 2.18, θres � 44.8°),
0.4% (FWHM� 2.09, θres � 44.6°), and 0.5% (FWHM� 1.75,
θres � 44.6°), respectively. All the aforementioned results
demonstrate that the addition of a graphene monolayer
between the Ag and ITO layers can improve the perfor-
mance of the structure; although this structure has a higher
reflectivity than that of the original one, its FWHM is
considerably lower than that of the original structure.

3.3. Effects of Cr Layer on Sensing Chip. For the numerical
simulation results to be applicable in actual situations, the
influence of a Cr layer on the sensor performance should be
considered. -e Cr layer was placed between the glass
substrate and the silver layer to enable strong adhesion. -e
effects of a Cr layer with thicknesses of 0.5–2 nm on the
Ag/ITO/Au and Ag/G/ITO/Au structures were explored. At
670 nm, the refractive index of Cr is 3.53 + 4.27i [10], and we
considered this as the reference value.

-e effects of different thicknesses of the Cr layer on the
sensor are illustrated in Figure 6. Based on the FWHM of the
sensor and the minimum reflectivity, the thickness

correction made to the Cr layer at 0.5 nm has the least effect
on the sensor. -e red line in the figure illustrates the in-
fluence of the Cr layer on the sensor structure without and
with graphene; the minimum reflectances are 0.3%
(FWHM� 2.02, θres � 44.6°) and 0.7% (FWHM� 1.83,
θres � 44.6°), respectively. -e data show that the 0.5 nm Cr
layer in the sensor structure without graphene considerably
changed the reflectivity of the sensor. -e minimum
reflectivity increased by 0.08% to 0.3%. However, the Cr
layer negligibly affected the FWHMs of the other sensor
structures.

3.4. Performance Parameters of SPR Sensor. We analysed the
changes in refractive index of biological samples using the
following four chip structures: 20nmAg/30nm ITO/10nmAu;
20nmAg/G/30nm ITO/10nmAu; 0.5nmCr/20nmAg/30nm
ITO/10nm Au; and 0.5nm Cr/20nm Ag/G/30nm ITO/10nm
Au. -ese structures were comprehensively evaluated based
on their sensitivities and FOM values.-e refractive index of
the biological sample layer is defined as ns � 1.33 + Δn,
where Δn is the change in the refractive index of the bio-
logical medium. Changes in sensor signals were measured as
the refractive index varied from 1.3360 to 1.3405
(Δn� 0.0045).

-e refractive index changes occurring in the four chip
structures with respect to the sensing layer are presented in
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Figure 5: Sensor reflectivity after graphene was added. (a) A graphene monolayer was added at different positions in the sensor; (b) double-
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Figure 7.-e sensitivities of 20 nm Ag/30 nm ITO/10 nm Au
and 20 nm Ag/G/30 nm ITO/10 nm Au without the Cr layer
were 197.6° RIU−1 (FWHM� 4.55, FOM� 43.4 RIU−1) and
92° RIU−1 (FWHM� 4.19, FOM� 22.0 RIU−1), respectively.
-e sensitivities of the other two structures with a 0.5 nm
stable Cr layer were 113.3° RIU−1 (FWHM� 4.73,
FOM� 24.0 RIU−1) and 98.7° RIU−1 (FWHM� 4.58,
FOM� 21.6 RIU−1), respectively. We show the change in
sensitivity in Table 2. -erefore, in the absence of the Cr
layer, the presence of graphene did not increase the sensi-
tivity of the sensor, thus contradicting our expectations;
rather, it slightly reduced the FWHM. -is may be because
graphene changes the propagation coefficient of the surface
plasma wave, causing the light waves concentrated in the Ag
or the ITO layer to resonate. -us, adding graphene reduces
the influence of the outermost Au layer such that the re-
sponse of the outermost metal layer to the change in the
external refractive index is reduced.-is balance was broken
by the addition of the Cr layer because of which more light
waves could resonate with the outermost Au film. However,
because of the high refractive index of the Cr layer, the
overall sensitivity of the chip reduced. Nevertheless, the
sensitivity of the Ag/ITO/Au chip structure proposed in this

paper is still nearly three times higher than that of the Ag/
ITO chip structure proposed by Gan et al. [10], including the
sensitivity in terms of the FOM value. In Table 3, we
compare the performance of several sensors. -e results
obtained in this study prove that this type of chip-capacitor
SPR sensor can offer significantly high sensitivity compared
to that of traditional Au and Ag sensors. At the same time,
for this structure, the performance enhancement achieved
using a semiconductor conductive material such as ITO is
better than that achieved by adding graphene, which also
provides a new idea for eliminating the effect of graphene
monolayer quality problems in practical applications.
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Figure 7: Changes in reflectance in terms of resonance angles, sensitivities, and FOM values. (a) Ag/ITO/Au; (b) Ag/G/ITO/Au; (c) Cr/Ag/
ITO/Au; and (d) Cr/Ag/G/ITO/Au. Δ(n)� 0.0045.

Table 2: -e influence of the graphene and Cr layer on sensor sensitivity and FOM value.

Sensor configuration Sensitivity FWHM FOM
20nm Ag/30 nm ITO/10 nm Au 197.6° RIU−1 4.55 43.4 RIU−1

20 nm Ag/G/30 nm ITO/10 nm Au 92° RIU−1 4.19 22.0 RIU−1

0.5 nm Cr/20 nm Ag/30 nm ITO/10 nm Au 113.3° RIU−1 4.73 24.0 RIU−1

0.5 nm Cr/20 nm Ag/G/30 nm ITO/10 nm Au 98.7° RIU−1 4.58 21.6 RIU−1

Table 3: Performance comparison of several reported sensors.

Sensor configuration Sensitivity Rmin FOM
Ag/ITO/Au 197.6° RIU−1 0.0008 43.4 RIU−1

Ag/Au [16] 57.8° RIU−1 0.8 56.9 RIU−1

Cr/Ag [10] 69.88° RIU−1 0.12 15.19 RIU−1

Cr/Ag/ITO [10] 68.77° RIU−1 0.0903 11.26 RIU−1

Ag/Si/BaTiO3 [17] 130.3° RIU−1 0.01587 11.08 RIU−1

Au/G [17] 53.71° RIU−1 0.125 10.74 RIU−1

WS2/G/Al [11] 315.5° RIU−1 Not reported 18.8 RIU−1
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4. Conclusions

In summary, variations in the performance of SPR sensing
chips following the addition of the semiconductor con-
ductive ITO glass layer between the Ag and Au layers
were investigated in this study. -e performance of the
Ag/ITO/Au composite chip was analysed and numerically
simulated, and the influence of the graphene and Cr layers
on the chip performance was explored. Finally, the sensi-
tivity and FOM for each chip structure were obtained via
simulations involving changes in the refractive index of the
biosensitive layer. Numerical simulation results showed that
the structure comprising 20 nm Ag, 30 nm ITO, and 10 nm
Au exhibited the best performance; the angular sensitivity
was 197.6° RIU−1; and the FOM was 43.4 RIU−1. Although
the sensor structure exhibits good performance, we still need
to determine methods for accurately controlling the thick-
ness of the sensing layer during actual manufacturing. -is
type of biosensor, wherein the sensitivity is improved
through structural changes, is expected to reduce depen-
dence on some photosensitive materials, thereby facilitating
easy and economical biological sensing processes. -e
findings of this study can serve as a theoretical basis for
improving the sensitivity of SPR sensors via structural
changes.
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