Performance of graphene-on-gold SPR biosensor
using wurtzite nitrides

Goutam Mohanty Bijay Ku. Sahoo Jamil Akhtar
Department of Physics Department of Physics Sensors and Nano-Technology
National Institute of Technology National Institute of Technology Group

Raipur, G. E. Road,
Raipur-492010 (C.G), India
gmohanty.phd2012.phy@nitrr.ac.in

Raipur, G. E. Road,
Raipur-492010 (C.G), India
bksahoo.phy@nitrr.ac.in

CSIR-Central Electronic
Engineering Research Institute
Pilani-333031 (Raj), India

Abstract—The effect of wurtzite nitride semiconductor on
performance of a graphene-on-gold surface plasmon resonance
(SPR) biosensor has been explored theoretically. Wurtzite
nitrides (i.e. Aluminium Nitride, Gallium Nitride and Indium
Nitride) have been introduced in between active metal gold and
graphene layers. All performance parameters of the proposed
SPR configuration has been computed for with and without
semiconductors. It is found that wurtzite nitrides demonstrate
high sensitivity and improved performance in comparison to Si
and Ge due to its superior optical and electronic properties. The
enhancement of evanescent electric field due to wurtzite nitrides
as well as Si and Ge have been computed and found highest
enhancement for InN. This is due to higher refractive index of
InN than GaN and AIN. Analysis shows that for a high sensitive
imaging biosensor the requisite optimal thickness of InN,
graphene and gold are respectively 11 nm, 0.34 nm and 49 nm for
light of wavelength 632.8 nm. This study suggests that addition of
InN-layer would be a better choice for fabrication of high
sensitive and high precision imaging SPR sensor for biomedical
application.

Keywords— SPR biosensor, wurtzite nitrides, sensitivity, FOM,
evanescent field, performance.

I. INTRODUCTION

Surface plasmon resonance (SPR) is an important optical
phenomenon that occurs at the interface of a metal and a
dielectric medium. This phenomenon measures the refractive
index changes in the vicinity of thin metal layers (i.c. Au, Ag,
Cu or Al) in response to biomolecular interactions [1]. It is
widely used in the healthcare industry to monitor molecular
interaction at the interface and allows the real-time analysis of
reactions without the use of labels [2], [3]. The first
application of SPR for gas molecule detection was
demonstrated by Nylander e al. [4]. Then after, research in
the field of SPR sensing grew in a very successive rates.
Finally, it significantly contribute to study the interactions
between different types of bio-molecules like protein, lipids,
antigens, nucleic acids, and viruses etc. [3], [5]. Many of the
research groups has been involved in the development of SPR
sensor. To improve the overall performance of these sensors,
one should focus on the number of parameters such as
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sensitivity, — evanescent field, full-width-half-maximum
(FWHM), figure of merit (FOM) and stability of the metal [6].
A number of metals like Ag, Au, Cu or Al has been used as
active metal layer in the SPR sensor. It is to be pointed out
that a silver film yields higher sensitivity than gold but the
potential drawback is that it is highly vulnerable to oxidation.
However, the gold film is highly stable and reliable but it
adsorbs bio-molecules very poorly and hence sensitivity of
gold based SPR sensor is low. [7], [8].

In order to get better sensitivity of gold based SPR sensor, a
sheet of graphene can be functionalized on the surface of
metal film [9]. The main advantages of graphene is that it
efficiently adsorbs bio-molecules and protects underlying
metal layer from oxidation [10]. For further enhancement of
sensitivity, high-index dielectric material like silicon is being
used in between gold and graphene [11]-[13]. The high index
of refraction boosts the intensity of evanescent field leading to
higher imaging sensitivity. Recently, few research groups
reported that the performance of SPR biosensor is affected by
elevated temperatures [14]-[16]. Thus, to improve imaging
sensitivity, a dielectric material that possesses superior optical
properties, high evanescent field and high resistance to
temperature rise is required to be investigated. In these
circumstances, wurtzite nitride semiconductors are most
promising candidates. They possess a number of superior
properties like high refractive index, high electron
concentration, high temperature resistance, more reliability
and long term stability [17]. Also, they are basic materials for
fabrication of thin film optoelectronic devices. In the
molecular research point of view, these materials are
chemically stable, non-toxic, bio-friendly and can be easily
attached with graphene surface due to hexagonal structure. In
practical point of view, wurzite nitride can be grown on metal
surface and also, graphene can be grown directly over the
wurtzite nitrides  [18]-[20]. Recently, Jewett et al.
demonstrated that gallium nitride (GaN) can be used for the
detection of hexylamine and peptide [21]. In our earlier work,
it has been reported that aluminium nitride (AIN) exhibits
higher performance for a graphene-on-silver SPR biosensor



[22]. Also, author reported that Indium nitride (InN) shows
higher performance for a graphene-on-copper SPR biosensor
[23].

To our knowledge, the potential of wurtzite nitrides for
graphene-on-gold SPR biosensor for high sensitivity and
performance at ambient temperatures and high evanescent
field enhancement has not been investigated. In this work the
superior optical, electronic and thermal properties of wurtzite
nitrides have been exploited to improve the sensitivity and
overall performance of a graphene-on-gold SPR biosensor.

II. THEORY AND PRINCIPLE OF SPR BIOSENSOR

Surface plasmon polariton (SPP) is the two dimensional
electromagnetic evanescent wave propagating at the flat
interface between a conductor and a dielectric. This concept
was verified experimentally by Otto and then it was modified
by Kretschmann in 1968 [24], [25]. Later on, Kretschmann
configuration was more popular in the whole scientific
community. The SPP can be excited at the interface by
allowing TM-polarized light at an angle o (a >a,)

through another high-index dielectric medium (e.g. glass
prism). Here ¢ is the critical angle of glass prism. At

resonance condition wave vectors of both incident light and
SPs present on the metal surface becomes equal which can be
written as [3]:
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Where A is wavelength of incident light (= 632.8 nm), « is
resonance angle (deg.), @ is plasma frequency (Hz), ¢ is the

velocity of light (m/s). n,,n,, and n, are refractive index of

prism, metal and dielectric medium respectively. The angle at
which resonance occurs called resonance angle. At this
resonance angle, intensity of reflected light is found to be
minimum. The biosensor which is based on this phenomenon
called as SPR biosensor. SPR based biosensor can be used to
detect various biomolecules in a liquid sample (e.g. water,
blood, serum and urine etc.). When sample solution flows on
the sensor surface, target bio-molecules present on the sample
gets adsorb on its surface and generates a layer, called binding
layer, with high-index of refraction than sample solution. This
will change the resonance angle. Hence the sensitivity of the
sensor can be computed by using the relation i.e. Sensitivity
=Aca /An. Where Aq is change in resonance angle and
An is change in refractive index.

The overall performance of the sensor depends on the
efficient adsorption of the biomolecules on the sensor surface.
Here graphene layer is used for efficient adsorption of
biomolecules. For imaging sensors high evanescent field of
excitation light at the analyte region is beneficial. This can be
achieved by adding high-index dielectric layer (wurzite
nitride) between gold and graphene.

III. COMPUTATIONAL METHODOLOGY

The schematic diagram of proposed SPR biosensor is
shown in Fig.1. In the present study, it has been employed
generalized N-layer model, called transfer matrix method
(TMM), for computing the reflectance R, where N = 6. In our
simulation, we have assumed layers are stacked one after
another i.e. prism| Au| semiconductor| graphene| binding layer|
sample. The reflectance of the proposed configuration for p-
polarized light can be computed using the expression [26]-[28]
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Fig. 1. Schematic diagram of SPR Biosensor.
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Where A is the wavelength of incident light, 7, is the
refractive index of the prism, d is the thickness of ™ layer

andn, is the refractive index of kM layer where k = 2, 3,

4,.....AN-1). The reflectance R is plotted as a function of
incident angle « . From the SPR intensity curve, the angle
corresponding to minimum reflectance (Rmn) is determined

and it is called as resonance angle ¢, . This resonance angle

a, . changes with the change in the refractive index of the

binding layer. If the change in refractive index A » induces a
change in resonance angle A« then the sensitivity of the

sensor can be calculated using the expression i.e.
S =(Aa,, /An) . In this study, we have assumed that bio-

molecular reaction produces a change in refractive index An




(= 0.005) but not the thickness of binding layer [11]. The
binding layer thickness has been taken as 10 nm (fixed) [29].

Thus, sensitivity is directly proportional to A« . This
indicates that higher A« will imply higher sensitivity.

Hereafter we write A, asA«a . For imaging sensor,

maximum intensity of SPP is more beneficial. This can be
achieved by improving the evanescent electric field at the
interface. However, the electric field is not continuous across a
metal- dielectric boundary according to Maxwell’s boundary
conditions. Hence, to know evanescent electric field (E), the
magnetic field (H) is to be computed first using the
expressions [26], [30]:

i = 2xy, 7)
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and g = L H (8)
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The simulation has been carried out to compute parameters
i.e. reflectance (R), change in resonance angle A o , FWHM,
and evanescent field intensity at wavelength 632.8 nm. The
optical properties of different materials used in the computation
are mentioned in the Table I. The performance parameter
called figure of merit (FOM) of the proposed biosensor has
also been computed. The FOM is defined as: FOM =

sensitivity / FWHM.

TABLEI
OPTICAL PROPERTIES OF MATERIALS (AT A =6331Nm)
Mateiial Refractive Extinction Co- References
Index(n) efficient (k)
SF10-glass prism 1.7231 0.0000 [31]
BK7-glass prism 0.5151 0.0000 [31]
InN 2.9000 0.0000 [32]
GaN 2.3848 0.0000 [32]
AIN 2.1496 0.0000 [32]
Si 3.8827 0.0196 [33]
Ge 5.4717 0.8163 [33]
Au 0.1726 3.4218 [34]
Graphene 3.0000 1.1491 [35]
Water 1.3317 0.0000 [36]

IV. RESULTS AND DISCUSSION

The prism and active metal have been chosen as SF10-
glass and gold (Au). The thickness of gold layer has been
optimized for achieving minimum reflectance (Ri») without
using graphene and semiconductors. The optimized thickness
is found to be 49 nm (shown in Fig. 2). Now graphene is
grown on metal surface and sample solution is allowed to
flow. Let the resonance angles are ¢, and «, respectively

before and after the formation of binding layer. The change in
resonance angle is A« . This A @ has been computed for
with and without presence of different semiconductor layer in
between gold and graphene. The thickness of graphene and

semiconductor layer has been optimized to achieve maximum
change in resonance angle.

First, the effect of wurtzite nitride on performance of
proposed SPR configuration has been examined. The
simulation has been carried out individually after introducing
[nN, AIN and GaN in between Au and graphene layer in the
proposed SPR configuration. /n case of InN, the change in
resonance angle A ¢ attains maximum value when thickness
of InN-layer and graphene and are 11 nm and 0.34 nm
respectively (shown in Fig. 3). In the presence of InN-layer,
A o is found to be 3.863° which is 3.67 times greater than
the value of 1.052° (A « for the absence of InN-layer). Thus
it can be concluded that the addition of InN-layer, enhances
the sensitivity by a factor of 3.67 because it has been assumed
that change in refractive index is fixed. Also, FWHMs have
been computed and found to be 4.43° and 14.79° for without
and with the presence of InN-layer respectively.
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Fig. 2. Variation of minimum reflectance with the thickness of Au layer.
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Fig. 3. Change in resonance angle as a function of thickness of graphene and
InN-layers.

Similar procedure has been followed for AIN and GaN. For
AIN, the change in resonance angle A « attains maximum
when thickness of AIN-layer and graphene are 20 nm and 0.34
nm respectively. In the presence of AlN-layer, A a is found
to be 3.610° which is 3.42 times greater than the value of
1.052°. Thus it can be concluded that the addition of AIN-
layer, enhances the sensitivity by a factor of 3.42. Also,
FWHM has been computed and found to be 13.80° in presence
of AlN-layer. For GaN, the change in resonance angle
A o attains maximum when thickness of GaN-layer and
graphene are 16 nm and 0.34 nm respectively. In the presence




TABLEII
PERFORMANCE PARAMETER FOR PROPOSED SEMICONDUCTORS

Optimized Optimized Resonance ang[e Resonance angle Change in
thickness of Semi- thickness of without binding with binding resonance
Conductor graphene layer layer angle FWHM
Materials (nm) (nm) o, (deg) a, (deg) Aa (deg) (deg.) FOM
Semiconductor 00 0.34 57.366 58.418 1.052 4.43 47.49
AIN 20 0.34 75.989 79599 3.610 13.80 52.31
GaN 16 0.34 75.951 79.719 3.768 14.37 52.44
InN 11 0.34 74.999 78.862 3.863 14.79 52.23
Si 07 0.34 75.743 79.367 3.624 16.20 44.74
Ge 03 0.34 66917 69.176 2:259 19.94 22.65
of GaN-layer, A o is found to be 3.768° which is 3.58 times
greater than the value of 1.052°. Thus it can be concluded that 54 ~si(7nm)
the addition of GaN-layer, enhances the sensitivity by a factor 2 3 --Ge(3nm)
of 3.58. Also, FWHM has been computed and found to be 2 é'NN(;"fé’"‘))
. -=Gal nm).
14.37° in presence of GaN-layer. “g’, § 2 ~-InN(11nm) |
In addition, simulation has been carried out for well-known 2B g i
semiconductors e.g. silicon (Si) and germanium (Ge). For © g .
silicon, it is found that A o attains maximum value when g
thickn f Si-layer and graphene are 7nm and 0.34 nm = ) : Y )
ess of 5 ayer 4 grap 0 3 6 9 12 15 18 21

respectively. The value of A ¢ is found to be 3.624° which is
3.45 times higher than 1.052°. Thus it ca be concluded that
addition of Si-layer improves the sensitivity of the proposed
sensor by a factor of 3.45. The FWHM has been computed and
found to be 16.20° in the presence of Si-layer. For germanium,
it is observed that A o attains maximum when thickness of
Ge-layer and graphene are 3 nm and 0.34 nm respectively.
The value of A « is found to be 2.259° which is 2.15 times
higher than 1.052°. Thus it can be concluded that the addition
of Ge-layer, enhances the sensitivity by a factor of 2.15. The
FWHM has been computed and found to be 19.94° in the
presence of Ge-layer.

From the above discussions, it is concluded that the InN
based configuration has higher sensitivity in comparison to
GaN, AIN, Si and Ge respectively by a factor of 1.025, 1.070,
1.060 and 1.710. Fig. 4 shows the variation of A a with
respect to graphene layers for all optimized thickness of
semiconductor materials. The FWHM of InN based
configuration is narrower in comparison to Si and Ge but little
wider than GaN and AIN. So, detection accuracy (DA) for InN
is higher than the Si and Ge but little less than GaN and AIN
because DA of biosensor is determined from inverse of
FWHM. The above findings are summarized in Table II. From
Table II, it can be clearly seen that FOM of InN based
configuration is higher than the Si and Ge but comparable to
AIN and GaN. In order to determine superiority among
wurtzite nitrides for active metal Au and for a specific
application, the electric field intensity enhancement factor
(FIEF) at the analyte interface have been examined.

Number of Graphene layers

Fig. 4. Change in resonance angle as a function of thickness of graphene and
Semiconductor layers.

The evanescent field produced at the analyte interface is
responsible for the sensing process. Shalabney et al. pointed
out that sensitivity can be increased by increasing the intensity
of evanescent field in the analyte region [11]. A stronger
evanescent field implies a larger sensing volume for
monitoring biological interactions. The electric field intensity
enhancement factor (FIEF) has been computed at analyte
interface for each semiconductor. From Eq. (7) and (8), FIEF
can be written as [37]

E
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E;; and Hj are fields at the interface of i and j* layer. Fig. 5
shows the FIEF for various semiconductors as a function of
angle for optimal thickness of metal and graphene layers.
From Fig. 5, one can see that InN generates highest FIEF
followed by GaN, AIN, Si and Ge. The propagation of
electromagnetic wave in a material with complex refractive
index (n + 1k), is attenuated as a function of distance. The
imaginary part (extinction co-efficient, k) is responsible for
attenuation of the wave. Our simulation result shows that Si
has higher FIEF than the Ge because the extinction coefficient
of Si (0.0196) is smaller than the Ge (0.8162). This indicates
that maximum FIEF arises for semiconductors having smaller
k-value.
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Fig. 5. Electric field intensity enhancement factor (FIEF) for different
semiconductors chematic diagram of SPR Biosensor.

On the other hand, wurtzite nitrides have zero extinction co-
efficient for 632.8 nm wavelength of light [34]. From Fig. 5 it
can be seen that the highest FIEF is achieved for InN in
comparison to AIN and GaN. This happens due to the fact that
the real part of complex refractive index, » of InN (2.9000) is
higher than GaN (2.3848) and AIN (2.1496) [17], [35]. Thus,
for k = 0, higher field enhancement arises for semiconductors
having higher n-value (when active layer is gold). From the
Fig. 5, one can find that FIEF of InN is higher by a factor of
1.43, 1.19, 1.11 and 1.10 than Ge, Si, AIN and GaN
respectively.

Again, it is pointed out that all computations have been
performed for both BK7- and SF10- glass prism in this work.
For BK7 glass prism, the highest change in resonance angle
and highest FIEF are not found for a particular semiconductor
material. However, for high refractive index SF10 glass prism,
simulation result shows maximum A ¢ and highest FIEF for
InN. Also, the current result for InN has been compared to our
previous work [23]. Table I1I shows the comparison results.

From Table III, it is observed that the current value of
Ao (e 3.863% is 1.68 times greater than the previous
reported result (i.e. = 2.298%) and hence, sensitivity improves
1.68 times. The calculated FWHM, FOM and FIEF values are
higher in comparison to the earlier reported [23]. Current FIEF
is 1.22 times greater than the previous work [23]. On this
basis, our study suggests that InN would be a better choice for
active metal Au based graphene SPR biosensor for angle
interrogation and imaging sensing method.

TABLE III
COMPARISON OF OPTIMIZED PARAMETERS FOR INDIUM NITRIDE BASED
SPR BIOSENSOR

Graphiene- Graphene-on-Cu

Parameters ensaiLERR ’ SPR
contfluratl configuration [23]

Thickness of InN (nm) 11 13

Thickness of Graphene (nm) 0.34 0.34

A a (deg.) 3.863 2.2980

FWHM (deg.) 14.79 20.770

FOM 52.23 22.128

FIEF 2.149 1.7660

V. CONCLUSION

In this work, a theoretical simulation has been performed to
examine the effect of wurtzite nitride on overall performance
of a graphene-on-gold SPR biosensor. The result shows that
wurzite nitride enhances the sensitivity of the proposed
biosensor in comparison to Si and Ge. This happens due to
larger shift in resonance angle. In particular, addition of InN-
layer shows highest angular shift and hence, sensitivity.
Although, addition of AIN shows higher detection accuracy
and GaN shows higher FOM in comparison to others. Our
result shows that evanescent field enhancement factor is
higher for InN followed by GaN, AIN, Si and Ge. Also, all
performance parameters for InN are superior to our earlier
SPR configuration [23]. This is attributed to the superior
optical property of InN. This study suggests that, on the basis
of high sensitivity and high FIEF, InN would be a better
choice in comparison to other proposed semiconductors for a
high sensitive imaging graphene-on-Au SPR biosensor. In
addition, InN-layer can suppress the thermo-optic effects on
sensitivity and it can be used for a variety of sensing
applications. Hence, authors ensure that this study will drive
the researchers to fabricate highly sensitive and accurate
wurtzite nitride based SPR biosensor for biomedical
applications.
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