
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

6:
06

:3
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Graphene based
aDepartment of Electrical and Electron

Dhaka-1000, Bangladesh. E-mail: mainul.ee
bSchool of Medicine, Stanford University, Pa

Cite this: RSC Adv., 2021, 11, 7938

Received 18th November 2020
Accepted 12th February 2021

DOI: 10.1039/d0ra09781k

rsc.li/rsc-advances

7938 | RSC Adv., 2021, 11, 7938–794
hyperbolic metamaterial for
tunable mid-infrared biosensing
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and Mainul Hossain *a

Plasmonic biosensors, operating in the mid-infrared (mid-IR) region, are well-suited for highly specific and

label-free optical biosensing. The principle of operation is based on detecting the shift in resonance

wavelength caused by the interaction of biomolecules with the surrounding medium. However, metallic

plasmonic biosensors suffer from poor signal transduction and high optical losses in the mid-IR range,

leading to low sensitivity. Here, we introduce a hyperbolic metamaterial (HMM) biosensor, that exploits

the strong, tunable, mid-IR localization of graphene plasmons, for detecting nanometric biomolecules

with high sensitivity. The HMM stack consists of alternating graphene/Al2O3 multilayers, on top of a gold

grating structure with rounded corners, to produce plasmonic hotspots and enhance sensing

performance. Sensitivity and figure-of-merit (FOM) can be systematically tuned, by varying the structural

parameters of the HMM stack and the doping levels (Fermi energy) in graphene. Finite-difference time-

domain (FDTD) analysis demonstrates that the proposed biosensor can achieve sensitivities as high as

4052 nm RIU�1 (refractive index unit) with a FOM of 11.44 RIU�1. We anticipate that the reported

graphene/Al2O3 HMM device will find potential application as a mid-IR, highly sensitive plasmonic

biosensor, for tunable and label-free detection.
1. Introduction

Plasmonic biosensors have been extensively used for rapid, real-
time, and label-free detection of biomolecules, at ultralow
concentrations.1,2 These devices, primarily targeted for point-of-
care (POC) applications, rely on the excitation of coherent
oscillations of delocalized conduction band electrons, when
light, incident on a metal/dielectric interface, meets the desired
resonance conditions.3 In macroscopic thin metal lms, the
resulting charge density oscillations, known as surface plasmon
polaritons (SPP), propagate along the boundary of themetal and
the dielectric and decay exponentially in the transverse direc-
tion.4 For nanostructured surfaces, the electric eld is conned
in the vicinity of the nanostructure, giving rise to localized
surface plasmon resonance (LSPR). At visible and mid-infrared
(mid-IR) wavelengths, the electric eld, associated with the
surface plasmons, is highly sensitive to change in refractive
index (RI) of the surrounding medium. The interface RI change
may be caused by the adsorption of biomolecules onto the
sensing platform, leading to a shi in the resonant wavelength.
The sensitivity of plasmonic biosensors is dened as the reso-
nance wavelength shi per refractive index unit (RIU) and can
be increased by enhancing the electric eld on the metal
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surface. Sensor performance, in the detection limit, is evaluated
in terms of the gure of merit (FOM) which is expressed as the
ratio of sensitivity to the full width at half-maximum (FWHM) of
the resonance dip.5

Conventional, state-of-the-art plasmonic biosensors make
use of metallic nanostructures to conne the electric eld
within 5–15 nm of the nanostructure surface, giving rise to near-
eld enhancements through LSPR.6 This enables LSPR based
plasmonic biosensors to detect small-sized molecules with high
sensitivity.7 However, due to high carrier concentrations, metal
based plasmonic sensors are more responsive in the visible and
ultraviolet (UV) wavelengths.3 On the other hand, absorption in
the mid-IR wavelength region (�3–20 mm) offers the unique
capability to probe molecular vibrations that are characteristic
of the bonds in the biological samples.8,9 Therefore, plasmonic
sensors operating in the mid-IR spectral region, can offer high
specicities by detecting the vibrational ngerprints associated
with the molecular bonds.10,11 Although, metal based plasmonic
biosensors have gained considerable success due to simple,
miniaturized, low-cost optical setup, and label-free sensing
capabilities, their use is limited by high optical losses in the
metal, followed by reduced spectral bandwidth and weak elec-
tric eld connements in the mid-IR ranges.12 Moreover, over-
coming the large mismatch, between the IR wavelengths and
the nanometre size of the biomolecules, presents a considerable
challenge, particularly for detecting samples with ultralow
concentrations.13–15 In addition, traditional, metal-based
© 2021 The Author(s). Published by the Royal Society of Chemistry
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plasmonic sensors suffer from low detection speed and limited
external tunability.

Recently, graphene is being explored as a promising candi-
date for plasmonic biosensors.16–24 The two-dimensional (2D)
nature of graphene has been shown to support stronger, deep-
subwavelength connement of plasmons in mid- and far-IR
part of the spectrum, where the plasmons can be dynamically
tuned through electrostatic gating, chemical doping, or modu-
lation of graphene structure. In addition to broadband
tunability, graphene plasmons are associated with longer life-
times and lower losses.25 Furthermore, high surface-to-volume
ratio of graphene and p-stacking interactions, between the 2D
hexagonal graphene cells and the carbon-based ring structure
of the biomolecules, strongly adsorb the biomolecules onto
graphene surface, aiding the biosensing process.26–28 Several
forms of graphene based plasmonic biosensors have been
proposed, including hybrid metal–graphene structures. The
seminal work on mid-IR graphene biosensors, by Rodrigo et al.
used graphene nanoribbons to sense vibrational ngerprints of
protein molecules, where the plasmonic resonance was elec-
trostatically tuned.17 Based on plasmon-induced transparency
phenomenon, Vafapour et al. designed a broadband, mid-IR,
graphene biosensor, with three slot antennas, achieving an
optical sensing coefficient of 99%.19 Besides, Hong et al.
combined asymmetric gold (Au) nano-antennas and unpat-
terned graphene sheets to achieve multi-functional, broadband
sensing, covering both near-IR and mid-IR wavelengths.16

Optical conductivity based mid-IR sensors, with ultrahigh
sensitivity, was reported by Zhu et al. through the use of Au
nanorod antenna array covered by monolayer graphene.29

Furthermore, the study by Wu et al. employed a graphene sheet,
integrated on top of a Au grating structure, for mid-IR sensing of
vibrational modes from protein molecules.20

Plasmonic biosensor platforms, using hyperbolic meta-
materials (HMMs), have gained considerable attention in recent
times for their extreme broadband sensitivity, arising from
enhanced light–matter interactions.30–32 HMMs are articially
engineered, strongly anisotropic metamaterials, which exhibit
hyperbolic dispersion with one of the principal components,
either the permittivity or the permeability, having a negative
sign. The hyperbolic frequency dispersion in HMMs allows the
propagation of highly conned wavevector modes (high-k
modes), across a metal/dielectric multilayer structure. These
high-k modes are known as bulk plasmon polaritons (BPPs) and
decay exponentially outside the structure. BPPs lead to unusual
properties of the HMMs, with extraordinary applications like
negative refraction, subwavelength imaging, spontaneous
emission enhancement, nanoscale light connement and bio-
sensing.33–35 In practice, highly sensitive HMM biosensors have
been realized using alternating layers of metal and dielectric.
Each metal/dielectric bilayer evanescently couples the short
range, propagating SPPs to its adjacent bilayer, leading to the
existence of BPPs. Replacing the metal with graphene, can lead
to new possibilities in terms of stronger plasmon response in
mid-IR range, smaller material loss and tunable conduc-
tivity.36–38 Furthermore, owing to the atomically thin nature of
graphene, HMM sensors based on graphene can offer extreme
© 2021 The Author(s). Published by the Royal Society of Chemistry
scalability, which is important in realizing portable, POC
biosensors. Although, graphene based HMMs have been used in
a wide variety of applications, such as, exhibition of negative
refraction,39 switchable reection modulator,40 and perfect
absorbers,41 their use, in biosensing platforms have been
limited.

In this work, we propose a novel HMM biosensor, consisting
of a multi-stack of graphene/Al2O3 bilayers, patterned on top of
a gold grating structure with rounded corners, to introduce
plasmonic hotspots and enhance sensitivity. The HMM stack
and the sub-wavelength nanograting structure effectively
couples incident light into the high-k modes in graphene by
mitigating the large k-vector mismatch between propagating
modes in free space and in the HMM slab. Moreover, the
resonance wavelength can be tuned by changing structural
parameters of the HMM stack and the grating, as well as the
Fermi energy of graphene. For the biosensor, proposed in this
study, resonance wavelength shi, caused by refractive index
(RI) change, is calculated, using nite-difference time-domain
(FDTD) simulations, in three-dimensions (3D). All simulations
were carried out using the commercially available Lumerical
soware package. The sensor performance is numerically eval-
uated, in terms of both sensitivity and FOM, for a wide range of
RIs that correspond to commonly used biomolecules.
2. Modelling and methods

Fig. 1(a) shows the 3D schematic of the proposed HMM device,
consisting of N bilayers of graphene/Al2O3, placed on top of the
Au grating structure, with rounded corners of radius g. Several
studies in the past have fabricated and characterized grating
structures, with rounded corners, for a variety of applica-
tions.42,43 In the proposed design, the grating height, h, is xed
at 700 nm while the width, d, changes with change in grating
period, p. For the structure in Fig. 1, p ¼ 820 nm, d ¼ 410 nm.
The topmost layer of the HMM stack, which forms the sensing
surface, consists of a graphene sheet, as shown in Fig. 1(b).
Using graphene as the sensing surface greatly enhances the
sensitivity of the proposed sensor. Top and side views of the
unit cell, simulated with periodic (Bloch) boundary conditions,
are shown in Fig. 1(c). 2D monolayer of graphene sheets with
thickness, tg � 0.34 nm, are separated by Al2O3 layers of thick-
ness, td ¼ 10.4 nm, satisfying the metamaterial limit.42 The
number of graphene/Al2O3 bilayers, N, can be varied to optimize
the absorption properties. Absorption by the HMM structure,
can also be tuned, by changing p and g of the grating structure,
and the doping levels (Femi energy, EF) in graphene. To avoid
diffraction in free space and excite high-k modes in the gra-
phene HMM slab, p is always kept within the sub-wavelength
dimension. The incident light, in the mid-IR range, is trans-
verse magnetic (TM) polarized and irradiates the device from
the top at an angle, q. TMmode is chosen because, in general, it
shows higher sensitivity than the transverse electric (TE)
mode.32

The proposed graphene/Al2O3 HMM structure in the FDTD
simulation was described via dielectric functions of Al2O3 and
RSC Adv., 2021, 11, 7938–7945 | 7939
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Fig. 1 (a) Schematic representation of the proposed HMM biosensor
stack on top of a gold grating structure (b) graphene/Al2O3 HMM stack
with N ¼ 11 bilayers and a graphene layer on top (c) top and side view
of a unit cell used in the simulation (d) real and imaginary parts of
effective permittivity of graphene/Al2O3 HMM, with 11 bilayers,
determined with effective medium theory. Hyperbolic dispersion
occurs when l > 3.58 mm. Here, p, g, d, and h denote the period, radius
of the rounded corner, width, and height of the grating structure,
respectively.
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surface conductivity of graphene. The uniaxial dielectric tensor
components of this anisotropic HMM can be approximated as:40

3xx ¼ 3yy ¼ 3k ¼ tg3g þ td3d

tg þ td
(1)

3zz ¼ 3t ¼ 3g3d
�
tg þ td

�
tg3d þ td3g

(2)

where 3k and 3t are in-plane and out-of-plane permittivity
components, respectively. The effective permittivity and thick-
ness of graphene are represented by 3g and tg and that of the
dielectric by 3d and td, respectively. Due to the atomically thin
nature of graphene, tg � td and hence we can approximate, 3t
y 3d. Since the period (¼tg + td) of the multilayer graphene/
Al2O3 HMM structure is much smaller than the operating
wavelength, it can be considered as an anisotropic meta-
material.44 For Al2O3 and Au, the permittivity values are directly
taken from the Lumerical material database while, 3g can be
expressed as:45

3g ¼ 1þ i
s

u30tg
(3)

where, 30 and s are permittivity of vacuum and surface
conductivity of graphene, respectively. This relation assumes
that the electronic band structure of a graphene sheet is not
affected by the neighbouring sheets. Without considering
external magnetic eld, the isotropic surface conductivity of
graphene is calculated by using the Kubo formula where, s is
expressed as the summation of intraband (sintra) and interband
(sinter) transitions as:45

sintra ¼ ie2kBT

pħ2ðuþ i=sÞ

0
B@ EF

kBT
þ 2 ln

0
B@e

� EF

kBT þ 1

1
CA

1
CA (4)
7940 | RSC Adv., 2021, 11, 7938–7945
sinter ¼ ie2

4pħ
ln

����
2EF � ðuþ is�1Þħ
2EF þ ðuþ is�1Þħ

���� (5)

where, u is the frequency of the incident light, s is the electron–
phonon relaxation time, EF is the Fermi energy, T designates the
temperature in Kelvin and e, kB and ħ represent electronic
charge, Boltzmann constant and reduced Planck's constant,
respectively. The relaxation time is given by, s ¼ mEF/evF

2, with
vF as the Fermi velocity and m as the carrier mobility. The Fermi
energy depends on the 2D carrier density (h2D) of graphene
sheets, such that EF ¼ ħvF (ph2D)

1/2 and can be tuned by
applying an external voltage. Between, l ¼ 3 to 10 mm, s is
calculated by taking T ¼ 300 K, m ¼ 10 000 cm2 (V s)�1 and vF ¼
106 m s�1. Fig. 1(d) plots the real and imaginary parts of the
effective permittivity for the proposed device.16,45 The uniaxial
dielectric tensor components, of the anisotropic graphene/
Al2O3 HMM stack, are determined with EMT, where the
graphene/dielectric bilayers satisfy the criterion of EMT. The
background RI is set at 1.33 (water). The FDTD simulations are
carried out with N ¼ 11, g ¼ 30 nm, p ¼ 820 nm, d ¼ 410 nm,
and EF ¼ 0.64 eV. Hyperbolic dispersion is observed for wave-
lengths of l > 3.58 mm, where 3k (3xx ¼ 3yy) < 0 and 3t (¼3zz) > 0.
When l < 3.58 mm, both 3k > 0 and 3t > 0, and the dispersion is
elliptical. Since the energy of the incident photon, hu � 2EF, it
forbids interband transitions in graphene and therefore, the
contributions from sinter can be ignored.

Eqn (1)–(5), illustrate that the surface conductivity of gra-
phene, in the graphene/Al2O3 HMM structure, changes with the
Fermi energy and the permittivity or refractive index of the
surrounding environment. The change in s affects the optical
properties of graphene and consequently, tunes the resonance
wavelength of the HMM structure. The biomolecules, adsorbed
onto the graphene/Al2O3 stack, are modelled with a wide range
of RIs such as 1.41 (human g-immunoglobulin or IgG), 1.445
(human serum albumin or HSA), 1.462 (single-stranded DNA or
ss-DNA) and 1.53 (double-stranded DNA or ds-DNA).26 The
resonance wavelength shis, caused by these commonly
studied biomolecules, are obtained using the FDTD method.
Aqueous medium (RI ¼ 1.33) has been used as the reference.
3. Results and discussion
3.1 Optimization of the graphene/Al2O3 HMM structure

Fig. 2(a)–(d) show how the optical properties of graphene/Al2O3

HMM structure can be tuned by changing the angle (q) of the
TM polarized light, the radius (g) of the rounded grating
corners, the number of graphene/dielectric bilayers (N) and the
period (p) of the underlying grating structure, respectively. In
the hyperbolic region (l > 3.58 mm) shown in Fig. 2(a), ve
reectance dips are observed, which represent the high-k
modes. At, q ¼ 35�, the high-k modes correspond to wave-
lengths of 3.95 mm (BPP1), 4.33 mm (BPP2), 4.96 mm (BPP3), 5.82
mm (BPP4) and 8.58 mm (BPP5). Considering zero transmission
through the grating coupled HMM, near about 85% absorption
is obtained for BPP2, while BPP3 and BPP5 show �80%
absorption. Modes corresponding to BPP1 and BPP4, on the
other hand, absorb �40% and �50% of the incident TM
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reflectance spectra of the grating coupled graphene/Al2O3

HMM structure for varying (a) angles of incidence q, with g ¼ 30 nm, N
¼ 11 and p ¼ 820 nm. Enlarged view shows blue shift of the resonance
wavelength, with increasing q for BBP5 (b) radius (g) of the rounded
corners in the grating, with q¼ 35�,N¼ 11, and p¼ 820 nm (c) number
of graphene/Al2O3 bilayers (N), with q ¼ 35�, g ¼ 30 nm, and p ¼
820 nm (d) grating period (p) with q ¼ 35�, g¼ 30 nm, and N¼ 11. In all
cases, EF ¼ 0.64 eV.

Fig. 3 (a) Reflectance spectra of grating coupled graphene/Al2O3

HMM stack for different values of graphene Fermi energy EF, showing
all five BPP modes (b) real part of in-plane permittivity, 3k, with varying
EF. Here, q ¼ 35�, g ¼ 30 nm, N ¼ 11 and p ¼ 820 nm.
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polarized light, respectively. Furthermore, the h high-k mode
(BPP5) shows broader and more distinct resonance dips than
the rest of the modes. Strong absorption by HMMs is attributed
to the indenite hyperbolic k-space, which results in large
number of photonic density of states inside the HMM. The
reection minima represent the highly conned BPPs, which
are slightly blue shied, with increasing angle of incidence.
Higher incident angle of the propagating light tends to result in
greater contribution of the signal component parallel to the
interface. The blue shi is more obvious for longer wavelength
modes, as shown in Fig. 2(a) for BPP5, and is caused by the
change in effective index (modal index, nmodal) of BPPs with
incidence angle. For the grating coupled structure, nmodal is
given by:46

nmodal ¼ l

p
n0 sin q (6)

where l is the incident wavelength, p is the grating period, n0 is
the refractive index of the incidentmedium and q is the incident
angle. At higher angle of incidence, the resonant wavelength
decreases (blue shi), for a given value of nmodal. Fig. 2(b) and (c)
depict the inuence of the radius (g) of the rounded corners in
the grating structure and the number (N) of graphene/Al2O3

bilayers, respectively, on the reectance spectra. In both cases,
absorption decreases, and the resonance shis towards the
shorter wavelengths as g and N increase. The shi in reectance
minima, with increasing N, is due to the coupling of the indi-
vidual graphene plasmon modes. Increasing the grating period
(p) causes a red shi of the resonance wavelengths and
increases the depth of the reectance dips, as displayed in
Fig. 2(d). The associated electric eld and absorption can,
therefore, be enhanced by choosing appropriate values of p as
shown by Chang et al.42 To obtain an optimized sensor perfor-
mance, by detecting the resonance wavelength shi, the
subsequent FDTD simulations are carried out with, q¼ 35�, N¼
11, g ¼ 30 nm and p ¼ 820 nm.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Tunable Fermi energy of graphene

A feasible scheme for tuning the conductivity of graphene, via
electrical biasing, has been demonstrated by Chang et al.,36

where the chemical potential of graphene was efficiently tuned
by applying a bias voltage across each graphene layer. A similar
scheme can be adopted, in our proposed HMM structure, to
electrically bias the graphene layer, sandwiched between two
layers of Al2O3. The voltage-controlled Fermi energy, EF, can be
used to tailor the surface conductivity of graphene and hence
control the absorption properties of the graphene/Al2O3 HMM
structure.47,48 This is demonstrated in Fig. 3(a), where each EF
value corresponds to a specic doping level in graphene. The
absorption decreases, and the resonant wavelengths undergo
a blue shi, as EF increases. Fig. 3(b) displays the real part of 3k
vs. incident wavelengths, plotted for different values of EF. The
hyperbolic region is seen to shi towards shorter wavelengths
(blue shi), as EF increases, further conrming the strong
dependence of the HMM's optical characteristics on the Fermi
energy of graphene.
3.3 Evaluation of sensor performance

The sensor performance is evaluated by calculating the reso-
nance wavelength shi, for each high-k mode, in presence of
the biomolecules represented by their respective RIs. Fig. 4(a)–
(e) show the reectance spectra for each BPP mode, for different
RIs. An increase in RI induces a red shi in the resonance
wavelength of each mode, as demonstrated earlier.49 The cor-
responding linear relationship, between the resonant wave-
length and the RI of the surrounding medium, are displayed in
Fig. 4(f)–(j). In each case, nearly perfect linear response is ob-
tained which is indicative of excellent sensor quality. The
sensitivity (S) of the graphene/Al2O3 HMM biosensor is given
by:16

S ¼ Dlr
Dn

(7)

where, Dlr is the resonance wavelength shi caused by Dn
change in refractive index of the surrounding medium, with
respect to water (RI ¼ 1.33) as the background. The resonance
wavelength shi, relative to the reference solution, is calculated
for commonly found biomolecules such as human g-
RSC Adv., 2021, 11, 7938–7945 | 7941
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Fig. 4 (a–e) Reflectance spectra of the graphene/Al2O3 HMM biosensor, detecting biomolecules with different RIs. (f–j) Corresponding linear
fitting of resonant wavelength versus ambient RI. In all cases, EF ¼ 0.64 eV, q ¼ 35�, g ¼ 30 nm, N ¼ 11, and p ¼ 820 nm.
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immunoglobulin (IgG, RI¼ 1.41), human serum albumin (HSA,
RI ¼ 1.445), single-stranded DNA (ss-DNA, RI ¼ 1.462) and
double-stranded DNA (ds-DNA, RI ¼ 1.53).

The sensitivity of the proposed biosensor depends on the
BPP modes used for detection. Fig. 5(a)–(e) present the sensi-
tivities for each mode, at specic RIs, corresponding to the
biomolecules. It is noted that, the sensitivity decreases with
increase in RI as the resonance wavelengths undergo red shis.
BPP5 provides the highest detection sensitivity, with sensitiv-
ities ranging between 4052 nm RIU�1 and 3938 nm RIU�1 for
Fig. 5 (a–e) Sensitivity of graphene/Al2O3 HMM biosensor for
detecting biomolecules, represented by their respective RIs. The
reference RI ¼ 1.33 (water). In all cases, EF ¼ 0.64 eV, q ¼ 35�, g ¼
30 nm, N ¼ 11, and p ¼ 820 nm (f) sensitivity of graphene/Al2O3 HMM
biosensor, for the BPP5 mode, at different EF of graphene, when RI ¼
1.33.

7942 | RSC Adv., 2021, 11, 7938–7945
IgG (RI ¼ 1.41) and ds-DNA detection (RI ¼ 1.53), respectively.
The corresponding RI sensitivities for the other BPP modes are
499 nm RIU�1 (RI ¼ 1.41) and 487 nm RIU�1 (RI ¼ 1.53) for
BPP1, 875 nm RIU�1 (RI ¼ 1.41) and 868 nm RIU�1 (RI ¼ 1.53)
for BPP2, 1899 nm RIU�1 (RI ¼ 1.41) and 1890 nm RIU�1 (RI ¼
1.53) for BPP3 and nally, 2774 nm RIU�1 (RI ¼ 1.41) and
2688 nm RIU�1 (RI ¼ 1.53) for BPP4.

The sensitivity can be tuned by varying the Fermi energy (EF)
of graphene, through an external bias. This is demonstrated in
Fig. 5(f), which shows the sensitivity for BPP5 mode, at different
values of EF, in aqueous solution (RI ¼ 1.33). The highest
sensitivity is achieved for EF ¼ 0.64 eV. The other high-k modes
Fig. 6 (a–e) FOM values of graphene/Al2O3 HMM biosensor for
detecting biomolecules as represented by their respective RIs. In all
cases, EF ¼ 0.64 eV, q ¼ 35�, g ¼ 30 nm, N ¼ 11, and p ¼ 820 nm. The
reference RI ¼ 1.33 (water).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The distribution of electric field intensity, for BPP4, with (a)
background RI ¼ 1.33 and (b) background RI ¼ 1.41. In all cases, EF ¼
0.64 eV, q ¼ 35�, g ¼ 30 nm, N ¼ 11, and p ¼ 820 nm.
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also follow the same trend. Hence, we used EF ¼ 0.64 eV, for
evaluating the performance of the proposed biosensor.

The sensor performance, in the detection limit, is deter-
mined by the sharpness of the resonance dips, as quantied by
the FOM parameter:16

FOM ¼ S

FWHM
(8)

where, S is the sensitivity and FWHM is the full width of the
resonance dip at half-maximum. Here, the detection accuracy is
dened as the reciprocal of FWHM. A sensor with large FOM
has high detection accuracy and produces resonance dips with
narrow line width. This enables the sensor to detect small RI
changes in the sensing medium with high sensitivity. The FOM
Table 1 Comparison of sensing performance of graphene based plasm

Sensing structure RI range
M
(n

Hybrid metal–graphene
plasmonic sensor

1–1.4 23

LSPR based U-shaped
multimode ber with 3D
complex of gold
nanoparticles and multilayer
graphene

1.340–1.352 12

Standard single-mode ber
(SMF), laterally polished and
coated with a thin gold lm,
with a single graphene sheet
on top of the gold lm

1.333–1.3505 10
1.3326–1.3497 41

Graphene oxide/silver coated
polymer cladding silica ber

1.333–1.3731 33
1.3328–1.3739 28

Graphene lm patterned
into periodic arrays of
nanoribbons on top of
a transparent substrate

1.312–1.530 16

Graphene/Al2O3 HMM on
top of Au grating structure

1.330–1.530 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
values, for each of the BPP modes, are shown in Fig. 6(a)–(e) at
specic RIs. In general, high sensitivities and sharp resonance
dips, results in higher FOMs, for smaller RIs. Between RI ¼ 1.41
(IgG) and 1.53 (ds-DNA), the FOM values are 15.03/RIU (RI ¼
1.41) and 13.37/RIU (RI ¼ 1.53) for BPP1, 17.42/RIU (RI ¼ 1.41)
and 14.91/RIU (RI ¼ 1.53) for BPP2, 28.98/RIU (RI ¼ 1.41) and
27.68/RIU (RI ¼ 1.53) for BPP3, 35.37/RIU (RI¼ 1.41) and 34.39/
RIU (RI¼ 1.53) for BPP4 and 11.44/RIU (RI¼ 1.41) and 8.37/RIU
(RI ¼ 1.53) for BPP5. Based on the sensitivity and FOM values,
a trade-offmust be made between high detection sensitivity and
high accuracy, when designing the biosensor. For example, for
IgG detection (RI ¼ 1.41), using BPP5 gives 1.5� higher RI
sensitivity than BPP4 because it provides a larger spectral shi
as compared to BPP4 for the same change in RI. However, BPP5
produces wider reectance dips, with nearly 4.5� the FWHM of
BPP4. Hence, FOM for BPP5 is three-folds lower than BPP4. A
good balance between sensitivity (2774 nm RIU�1) and detec-
tion accuracy (FOM ¼ 35.37/RIU) is, therefore, obtained for the
BPP4 high-k mode.

For each BPP mode, the electric eld intensity, surrounding
the HMM structure, has been derived. To calculate the electric
eld intensity distribution, the HMM structure was trans-
formed into a homogeneous medium, using the effective
medium theory (EMT). This is made possible because the
period of the HMM structure is in the sub-wavelength range.42,50

Fig. 7(a) and (b), show the jEj eld plots at the resonance
wavelengths of 5.82 mm (RI ¼ 1.33) and 6.04 mm (RI ¼ 1.41) for
BPP4. The BPP4 mode is chosen because it exhibits a good
balance between sensitivity and FOM. From Fig. 7(a) and (b), it
is observed that the jEj eld is enhanced at the interface of the
HMM structure and the surrounding medium, but decays
rapidly within the HMM slab. Also, the interface jEj elds
change with the change in background RI. The other BPP
onic biosensors

aximum sensitivity
m RIU�1) FOM (RIU�1) References

00 28.75 16

51.44 — 18

39.18 — 22
3.79 —

11 24 23
75 —
97 �3 26

52 11.44 This work
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modes (not shown here) were found to generate similar electric
eld patterns around the HMM structure, with varying electric
eld strengths.

The performance of the proposed sensor has been bench-
marked against some of the existing, state-of-the-art, graphene
based plasmonic biosensors, as shown in Table 1. Several
aspects of the sensors, including the sensing structure, RI
detection range, maximum sensitivity and FOM have been
compared. It can be concluded, from Table 1, that the proposed
sensor performs better, in terms of maximum sensitivity. The
FOM of the proposed sensor is 11.44/RIU at the highest sensi-
tivity of 4052 nm RIU�1 for BPP5 mode. However, as described
earlier, a FOM of 35.37/RIU can also be obtained, at a slightly
reduced sensitivity of 2774 nm RIU�1, for BPP4 mode, when
higher detection accuracy is desired. The highest FOM for BPP4
is attributed to the sharpest resonance peak, while, the highest
sensitivity, for BPP5 results from the maximum shi in reso-
nance wavelength for a unit change in RI. Although, metal/
dielectric based HMM biosensors, as demonstrated by Sree-
kanth et al.30 can achieve sensitivities between 10 000 nm RIU�1

and 30 000 nmRIU�1, the detection is limited to visible and NIR
wavelength regions. Graphene based HMM biosensors, on the
other hand, offers mid-IR sensing capabilities in addition to
external tunability, extreme scalability and lower loss.

4. Conclusions

In summary, we proposed a graphene/Al2O3 HMM stack,
coupled to Au grating structure, for tunable, label-free, and
highly sensitive biosensing in the mid-IR region. The absorp-
tion characteristics, of the HMM stack, can be tuned by
changing the Fermi energy of graphene, using an external
voltage, or by changing the structure of the HMM stack. The
wavelength dependent effective permittivities, of the HMM
layer, are obtained from the well-established EMT. The sensor
performance has been numerically evaluated, through FDTD
simulations, by determining the resonance wavelength shi,
caused by the change in RI of the surrounding medium, where
different RIs correspond to different biomolecular entities. The
proposed sensor can detect commonly found biomolecules
(IgG, HSA, ss-DNA, and ds-DNA) with detection sensitivities as
high as 4052 nm RIU�1 and a corresponding FOM of 11.44/RIU.
Both the sensitivity and FOM values of our proposed sensor are
either higher or comparable to the previously reported gra-
phene based plasmonic biosensors. HMM structures, like the
one proposed here, can be fabricated and characterized using
well-established techniques, as demonstrated by Chang
et al.,36,42,51 paving the way for the next generation of high-
performance, graphene based, mid-IR biosensing platforms.
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