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Abstract In this theoretical study, the effect of semiconductor
on sensitivity of a graphene-based surface plasmon resonance
(SPR) biosensor has been presented. Different semiconductors
such as silicon (Si), germanium (Ge) and wurtzite [1I-V nitrides
(AIN, GaN and InN) have been placed in between active silver
(Ag) metal and graphene layer. Our simulation result shows
that addition of semiconductor layer enhances the sensitivity
by a factor of 3.76, 2.19, 3.82, 3.94 and 4.17 respectively for Si,
Ge, InN, GaN and AIN. Also, we have examined the field
enhancement factor due to above semiconductors and found
maximum field intensity enhancement for the case of AIN.
The analysis shows that best performance is achieved for red
He-Ne laser light when optimized thicknesses of silver, AIN
and graphene layer are 55, 14 and 0.34 nm (monolayer of
graphene), respectively. More specifically, AIN would be a
better choice for biosensing application in SPR biosensor.

Keywords SPR biosensor - Semiconductor - Sensitivity -
Field enhancement

Introduction

Surface plasmon resonance (SPR) is a simple and direct optical
sensing technique that is used to investigate refractive index
change that occurs in the vicinity of a thin noble metal film.
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The potential use of SPR for gas molecule detection and biosens-
ing was first demonstrated by Nylander and co-workers [1, 2].
Later on, SPR biosensing has received a great attention from the
scientific community. The advantage of employing SPR in bio-
sensing lies in its capability of monitoring binding interactions
without the need for labelling and fluorescence of the biomole-
cules. In addition, this technique has shown great potential in the
real-time determination of the concentration, kinetic constant and
binding specificity of individual biomolecular interactions.
Antibody—antigen interactions [3—5], peptide—protein interac-
tions [6] and DNA hybridization [7] can all be analysed.

In order to monitor surface interactions in a sensitive and
stable manner with SPR biosensors, one should give attention
in three vital areas. It is necessary that the SPR sensor is highly
sensitive to binding interactions within the sensing region, the
reflectivity dip has a narrow full-width-half-maximum
(FWHM) and the metal film is highly stable even under ex-
treme environmental conditions [8]. Due to different optical and
chemical properties of individual metal films, the realization of
all three conditions is not possible simultaneously with a con-
ventional SPR sensor. The choice of metal used is critical since
the metal must exhibit free electron behaviour as described by
the free electron model. To be useful for SPR, a metal must
have conduction band electrons capable of resonating with light
at a suitable wavelength. Silver [9] and gold [10] are two such
metallic elements that satisfy this condition, and they are more
popularly used in research and commercial applications be-
cause of their sensitivity and stability, respectively. Instead of
the above-mentioned metals, other metals like copper, alumin-
ium and palladium may be used over the prism surface.

The drawback with gold is that it is a poor adsorbent of
biomolecules, thereby limiting the sensitivity of the biosensor.
Generally, a silver film with a sharp SPR curve may yield a
higher imaging sensitivity than a gold film. However, the sen-
sitivity of the silver-based SPR biosensor has a potential
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limitation, because silver is highly susceptible to oxidation.
While the use of a thin gold film might be a better choice in
terms of stability and reliability, silver would be a promising
candidate for sensitive SPR imaging detection if silver surfaces
can be made chemically inert. To enhance the sensitivity of
conventional SPR biosensor, researchers have been used
graphene on the surface of metals [11]. It possesses very fasci-
nating optical, mechanical and electrical properties which have
attracted many researchers and scientists all over the world. The
advantage of graphene on gold is that it helps to adsorb more
and more ring-type biomolecules [12], and in case of silver, the
advantage is that it prevents the oxidation of silver layer
[13—15]. Recently, Verma et al. [16] have demonstrated theo-
retically that the addition of silicon (Si) layer between gold and
graphene enhances the sensitivity of SPR biosensor twice the
value reported in the literature. The reason of enhancement of
the change in resonance angle or the sensitivity is the high
refractive index of the silicon layer which increases the field
intensity at the interface; hence, the field penetrates strongly
into the analyte. It is to be pointed out that a number of groups
have reported both experimentally and theoretically the effects
due to elevated temperatures on the surface plasmon at a metal—
semiconductor interface. The results show that the strength of
the surface plasmon (SP) at the junction will decrease as tem-
perature increases. The SPR curve is shifted and broadened at
high temperatures because properties of the metal layer and
prism depend on temperature [17]. The resonance position
shifts to a smaller value, and the sensitivity becomes lower with
increasing temperature. The properties of semiconductor layer
are also very sensitive to temperature rise.

Past study reports that the temperature effect on the metal
film and the prism provides an opposite shift to the resonant
position of the SPR curve. As semiconductor is a part of our
proposed model, the temperature effects on semiconductor lay-
er need to be minimized for achieving maximum sensitivity.
Thus, a semiconductor material that possesses high refractive
index and high temperature resistance is required to be investi-
gated. In this regard, wurtzite I1I-V nitrides are the most prom-
ising candidates. They possess a number of superior properties
in addition to high refractive index and high temperature resis-
tance. They have already established themselves as the basic
material next to silicon/germanium in fabrication of thin films
optoelectronics devices. They are nontoxic and biofriendly and
can be easily attached with graphene due to hexagonal unit cell
structures. Recently, Makowski et al. [18] have demonstrated
GaN can be used for the detection of hexylamine and peptide.
To the best of the authors’ knowledge, the potential of nitrides
for active Ag metal in the SPR sensor keeping in mind high
sensitivity at ambient temperatures and high field enhancement
at analyte region has not been analysed. In the present study, we
have theoretically addressed the effect of wurtzite III-V nitride
as well as silicon and germanium on the sensitivity of a
graphene-based SPR biosensor.
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Theory and Principle

Surface plasmon polariton (SPP) wave is an electromagnetic
wave propagating at the interface between a metal and a di-
electric, evanescently confined in the perpendicular direction.
Here, the dielectric layer is a sensing medium that may be
water, blood, serum and urine, etc. When p-polarized light
incident on the noble metal surface at resonance angle (f,cs)
through another dielectric medium (here, it is a glass prism),
SPW will be produced at the metal—dielectric interface and
this information can be observed optically in terms of total
internal reflection. This concept was first introduced experi-
mentally by Otto [19] and later by Kretschmann [20] which is
known as prism coupler method. At resonance condition,
wave vector of incident p-polarized light and surface plasmon
must be equal which can be written as:

27 . w Emé&d
~ eres - - 1
st cVem+ed (1)

where ) is the wavelength of red He-Ne laser light, n, is the
refractive index of prism, 6, is the resonance angle, w is the
angular frequency of plasmon, &, is the dielectric constant of
the metal and &4 is the dielectric constant of the dielectric layer.

Computational Methodology In the proposed model, we
have taken N-layer structure for computing the reflectance
co-efficient by using transfer matrix method (TMM)
[21-23], where N=6. Here, the layers are placed according
to the following manner, i.e. prism: silver: semiconductor:
graphene: biomolecular layer: sample, as shown in Fig. 1.
The target biomolecules (such as hexagonal/ring type) are
present in the sample solution which can be attracted by
graphene layer due to the adsorption nature of graphene layer;
hence, additional layer, called biomolecular layer (or) binding
layer, is induced on the surface of graphene. The biomolecular
layer has somewhat higher refractive index than the sensing
medium, and this change in refractive index will modify the
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Fig. 1 Schematic diagram of SPR biosensor
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Table1 Optical properties of materials at 632.8 nm wavelength of light
Material Refractive  Extinction References
index (n) co-efficient (k)
BK?7 glass prism 1.5151 0 [25]
Silver (Ag) 0.05625 4.2760 [26]
Graphene 3 1.149106 [27]
Silicon (Si) 3.8827 0.019626 [28]
Germanium (Ge) 54717 0.81627 [28]
Aluminium nitride (AIN) ~ 2.1496 0 [29]
Gallium Nitride (GaN) 2.3848 0 [30]
Indium nitride (InN) 2.9 0 [31]
Water 1.3317 0 [32]

propagation constant of plasma wave. As a result, the propa-
gation constant can be optically measured in terms of reflec-
tion co-efficient. The reflectance co-efficient of N-layer sys-
tem for p-polarized light is [12, 21, 24]:
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When the reflectance co-efficient (R) reaches its lowest
value, the intensity of the electromagnetic field reaches its
maximum at the metal surface. It is known that electric field
is not continuous across the metal-dielectric interface, but
magnetic field is continuous across all boundaries for p-polar-
ized light. Hence, the magnetic field intensity is first
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calculated using Eqgs. (3a), and then, electric field intensity
can be calculated using Egs. (3b).
The electromagnetic (EM) fields are [21]:

2 %X q,
H, = (3a)
(Myy 4+ Migy)q, + (M2 + Magy)
B =", (3b)
N

The refractive index of different materials used for compu-
tation of important parameters such as reflectance co-efficient,
FWHM and field intensity is mentioned in the Table 1.
Assuming that biomolecular reactions produce a change in
refractive index 1.462 of the biomolecular layer and do not
induce a change in thickness, here, the thickness of biomolec-
ular layer is taken 10 nm for the computation. The perfor-
mance of the SPR biosensor has been evaluated in terms of
three aspects, i.e. first, shift in resonance angle for a given
change in the sensing layer refractive index should be maxi-
mized. Mathematically,

Sensitivity(S) = % >S«Af (4)
Second, the FWHM corresponding to the SPR curves should
be minimized so that the error in determining the resonance angle
is minimal. Mathematically, Sensitivity (S)« i
Third, the stronger evanescent field implies a larger sensing
region for monitoring cell interactions; hence, higher sensitiv-
ity can be achieved.

Results and Discussion

In the proposed model, the active metal has been chosen as
silver (Ag). The structure of the sensor such as silver: semi-
conductor: graphene: binding layer: samples is arranged layer
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Fig. 3 Change in resonance
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by layer and is positioned on the surface of the BK7 glass
prism. We have examined the influence of semiconductors
such as Si, Ge, AIN, GaN and InN on the sensitivity of the
sensor. Using TMM method, we have computed attenuated
total reflection co-efficient (R), full-width-half-maxima
(FWHM) and field intensity for a p-polarized red He-Ne laser
light. A MATLAB-based simulation is performed for the com-
putation of the above-mentioned parameters. First, the thick-
ness of metal (here, it is Ag) layer has been optimized for
achieving minimum reflectance without using graphene and
semiconductor layers. The optimized thickness has been
found as 55 nm. When graphene layers are deposited over
metal surface, target analyst present on sample will be
adsorbed on the graphene surface. Due to this adsorption, a
binding layer/biomolecular layer is formed on the graphene
surface. Now, the resonance angle will shift after the forma-
tion of binding layer. This happens due to change in refractive
index of binding layer after its formation. But when semicon-
ductor layers are placed between Ag and graphene, it has been
observed that the resonance angle further shifts. The shift is
comparatively higher in the latter case. To check the perfor-
mance of the sensor, we have observed the resonance angle (6)
obtained before and after the formation of binding layer over
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the graphene layer. As the sensitivity of SPR sensor is directly
proportional to the change in resonance angle (Af) as shown
in Eq. (4), the maximum change in resonance angle (Afyax)
would imply higher sensitivity. In this work, we have opti-
mized the thickness of graphene and semiconductor layers for
achieving A,

First, we have examined the effect of silicon layers on the
sensitivity of the proposed sensor. We have optimized the
thickness of the silicon with respect to number of graphene
layers for maximum sensitivity. The change in resonance an-
gle (Af) as a function of graphene layer and Si-layer has been
shown in the Fig. 2. From the figure, it can be observed that
the Af becomes maximum when number of graphene layer is
one and thickness of Si-layer is 6 nm. The maximum change
in resonance angle (Af,,,,) is found as 4.67° in this case. For
the above values of graphene and semiconductor layer,
FWHM has also been computed and found as 7.26°. In
addition, it is to be noted that the Af for optimal thick-
ness of Ag and for a single layer of graphene has also
been computed in the absence of Si-layer and found as
1.241°. Thus, one can predict that addition of Si-layer
improves the sensitivity by a factor of 3.76. Similar pro-
cedure is applied to all other semiconductors.
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Fig. 5 Change in resonance
angle due to the effect of GaN 5 ..
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In the second step, we have examined the effect of germa-
nium (Ge) semiconductor on the sensitivity of the proposed
sensor. Figure 3 shows the change in resonance angle (A6) as
a function of graphene and Ge thickness. From Fig. 3, it can be
observed that for a single graphene layer, maximum change
occurs in the resonance angle. This maximum change be-
comes 2.713 and 1.241° for with and without Ge-layer.
Thus, one can find that addition of Ge-layer between Ag and
graphene enhances the sensitivity by a factor of 2.19. Also,
FWHM has been computed for the optimal values of Ge-layer
and found as 10.72°. It is to be noted that this FWHM is wider
than the case of Si. Thus, one can predict that Si-based SPR
sensor will have high sensitivity and high precision than Ge-
based sensor.

Now, we are interested to examine the effect of wurtzite
nitrides like InN, GaN and AIN. Figure 4 shows the change in
resonance angle (Af) as a function of graphene and InN thick-
ness. From Fig. 4, it can be observed that for a single graphene
layer, maximum change occurs in the resonance angle similar
to Ge-based sensor. This maximum change becomes 4.738
and 1.241° for with and without InN layers. Thus, one can
find that addition of InN layer between Ag and graphene en-
hances the sensitivity by a factor of 3.82. Also, FWHM has
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been computed for optimal thickness of InN and found as
6.80°. It is to be noted that this FWHM is narrower than the
case of Si and Ge.

figure 5 shows the change in resonance angle (A6) as a
function of graphene and GaN thickness. From Fig. 5, it can
be observed that for a single graphene layer, maximum change
occurs in the resonance angle. This maximum change be-
comes 4.887 and 1.241° for with and without GaN layers.
Thus, one can find that addition of GaN layer between Ag
and graphene enhances the sensitivity by a factor of 3.94.
Also, FWHM has been computed for the optimal thickness
of GaN and found as 6.54°. It is to be noted that this FWHM is
narrower than the case of Si, Ge and InN.

figure 6 shows the change in resonance angle (Af) as a
function of graphene and AIN thickness. From Fig. 6, it can
be observed that for a single graphene layer, maximum change
occurs in the resonance angle. This maximum change be-
comes 5.175 and 1.241° for with and without AIN layers.
Thus, one can find that addition of AIN layer between Ag
and graphene enhances the sensitivity by a factor of 4.17.
Also, FWHM has been computed for the optimal thickness
of AIN and found as 6.16°. It is to be noted that this FWHM is
narrower than the case of Si, Ge, InN and GaN.
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Table 2 Change in resonance angle and FWHM for various semiconductors

Semiconductor Thickness of Thickness No. of

Resonance angle

Resonance angle Change in FWHM (deg.) Increase

semiconductor (nm) of Ag (nm) graphene (#,) without (6,) with binding resonance in Af
layer binding layer (deg.) layer (deg.) angle, Af (deg.)

Si 0 55 1 67.73 68.971 1.241 - 3.76 times
Si 6 55 1 81.134 85.804 4.67 7.26

Ge 0 55 1 67.73 68.971 1.241 - 2.19 times
Ge 3 55 1 75.933 78.646 2.713 10.72

InN 0 55 1 67.73 68.971 1.241 - 3.82 times
InN 9 55 1 81.469 86.207 4.738 6.80

GaN 0 55 1 67.73 68.971 1.241 - 3.94 times
GaN 12 55 1 81.394 86.281 4.887 6.54

AIN 0 55 1 67.73 68.971 1.241 - 4.17 times
AIN 14 55 1 80.55 85.725 5.175 6.16

Above findings are summarized in the Table 2. It shows the
change in resonance angle (A6) and FWHM for various semi-
conductor layers with optimal values of Ag and graphene with
and without binding layers. The highest change in resonance
angle and narrow FWHM is clearly observed for AIN. This
suggests that AIN can be a superior choice than the other
considered semiconductors for active Ag metal.

In addition, we have studied how field intensity at the sen-
sor surface affects by placing various semiconductors in be-
tween active Ag metal and graphene layer. The performance
of SPR sensor depends on the field distribution of surface
plasmons at metal—dielectric interface. It is well known that
the electromagnetic (EM) field of SPs at the metal-sensing
layer interface decays exponentially within only a fraction of
a wavelength which is termed as evanescent field. The asso-
ciated EM field distribution of SPs is important for SPR sen-
sors because the interaction of evanescent field with mole-
cules in the sensing region is vital. If the field distribution is
enhanced, then, more biomolecular interaction takes place;
hence, sensitivity will be enhanced. One can achieve this by
increasing the field’s peak height at metal-sensing layer inter-
face. In order to understand the field peak height, we carried

out the study of electric field intensity enhancement factor
(EFIEF) at interface for each semiconductor.
Mathematically, Eq. (3b) can be written as [21, 33],

> g |H(N/N-1)[

H.(1/2)

'E(N/N—l) 5)

Ey(1/2)

EN

figure 7 shows the variation of electric FIEF for various
semiconductor-based SPR sensors with optimized thickness
of metal and graphene layers. It is known that the propagation
of electromagnetic wave in a material with complex refractive
index is attenuated as a function of distance. Here, imaginary
part (extinction co-efficient, k) of a complex refractive index
represents an attenuation of the wave. Our simulation result
shows that Si has higher FIEF than the Ge because the extinc-
tion co-efficient of Si (0.019626) is smaller than the Ge
(0.81627). This indicates that maximum EFIEF is achieved
for semiconductors having smaller k- value. It is to be pointed
out that III-V nitrides have zero extinction co-efficient for
632.8 nm wavelength of light. We have simulated EFIEF for
M-V nitrides (AIN, GaN and InN). Our simulation result
shows that the highest EFIEF is achieved for AIN-based
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SPR sensor in comparison to GaN- and InN-based sensors.
This happens due to the fact that the real part of complex
refractive index of AIN is smaller than that of GaN and InN.
Thus, from the above discussion, one can conclude that max-
imum EFIEF is achieved for semiconductors having smaller
k- value and for smaller n value. From Fig. 7, it can be ob-
served that electric FIEF of AIN is increased by a factor of
1.53, 2.45, 1.56 and 1.63 in comparison to the Si, Ge, GaN
and InN, respectively.

Conclusion

In this work, a theoretical simulation is performed to observe
the effect of semiconductor layer on sensitivity parameters and
electric field enhancement factor of a graphene-based SPR
biosensor. The effect of silicon, germanium and wurtzite I1I-
V nitride materials on the sensitivity has been analysed. The
simulation result shows that after placing the semiconductor in
between active Ag metal and graphene, the sensitivity in-
creases due to increase in Af. For AIN, FWHM is 6.16° and
the Ad is increased by a factor of 4.17. This increase in Af is
maximum, and FWHM is narrower in comparison to the other
semiconductors. In addition, the electric field intensity is en-
hanced for the case of AIN by a factor of 1.53,2.45, 1.56 and
1.63 with respect to Si, Ge, GaN and InN, respectively. This
study suggests that for a high-performance graphene-based
SPR biosensor, aluminium nitride (AIN) would be a better
choice in comparison to other proposed semiconductor-
based SPR biosensor. In addition, AIN layer can suppress
the thermo-optic effects on sensitivity and it can be used for
a variety of sensing applications including specific antibody
detection, biological warfare agent detection and immune
sensing.
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