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Graphene-TMDC-Graphene Hybrid Plasmonic Metasurface
for Enhanced Biosensing: A Theoretical Analysis

Li Jiang, Shuwen Zeng,* Qingling Ouyang, Xuan-Quyen Dinh, Philippe Coquet,

Junle Qu, Sailing He,* and Ken-Tye Yong*

In this work, a plasmonic metasurface for ultra-sensitive biosensing based on
graphene-transition metal dichalcogenide (TMDC)-graphene hybrid nanostruc-
tures are designed. The coating of the two-dimensional nanosheets plays an
important role for the sensitivity enhancement of the biosensors at the
atomic scale. To achieve the maximum plasmon resonance energy transfer,
different parameters of the hybrid nanostructures are systematically investi-
gated including the material types and the number of TMDC layers. The
important characteristics of plasmonic biosensors such as dark minimum
reflectivity, sharp differential phase change, high sensitivity and narrow full
width at half maximum (FWHM) are carefully studied in this work to
demonstrate the improved surface plasmon resonance sensing performances
of the TMDC-based metasurfaces. The graphene-TMDC-graphene configura-
tions with four different types of materials including MoS,/WS,/MoSe,/WSe,
are optimized respectively for potential sensing applications. Based on our

1. Introduction

For the last decade, surface plasmon
resonance (SPR) sensor has been serving
as a useful tool to monitor the interactions
of biomolecules on the sensing surface in
real-time."* The excited plasmon evanes-
cent field is highly sensitive to even tiny
refractive index changes (10~® RIU) in-
duced by the interactions between the
molecules at the interface. Thus, the signal
parameters of the reflected light from the
sensing surface such as intensity and phase
have sharp changes due to the mismatch of
the resonance condition. These signal
changes are usually proportional to the

theoretical analysis, the enhanced maximum sensitivity of graphene-TMDC-
graphene hybrid nanostructure is three orders of magnitude higher than that

of the conventional bare metallic substrate.
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concentration of the biomolecules in the
sample solutions. Such unique ability of
SPR sensors allows one to quantitatively
determine the dynamic kinetics and con-
centration of biomolecules in dilute sam-
ples. However, the conventional SPR
sensors with bare metallic thin film
currently face a great challenge in detecting
the biomolecules with ultralow molar
concentration (typically less than 1 pM). Thus, the SPR sensing
configurations with enhanced intensity and phase signal
changes are needed to be explored and optimized to overcome
this limitation. It is known that SPR effect shows typical physical
properties as an abrupt phase jump, a prominent darkness of the
reflected light, and a strongly enhanced plasmon electric field
induced at the sensing interface.**! Ideally, one needs to
achieve a darker minimum reflectivity and a more enhanced
electric field in order to improve the SPR excitation efficiency. In
this case, most of the incident light energy up to 95% can be
transferred into the plasmon resonance energy.!®

Recent studies have employed two-dimensional (2D) nano-
materials? ¥ (i.e., transition metal dichalcogenides (TMDCs),
1714 grapheme, "7 and graphene analogues!’®'?) to enhance
the plasmonic sensing performances.*?” In general, TMDCs
family show a chemical formula of MX2 and a sandwich structure
of X-M-X, where M stands for transition element (i.e., M = Cr, Mo,
W) and X stands for chalcogen element (i.e., X=S, Se, Te).l2!
Graphene and TMDCs are 2D layered materials with atomic
thinkness, and can be stacked layer by layer due to van der Waals
interactions. This feature gives the possibility that the plasmonic
sensing performance can be tuned at the atomic scale. Moreover,
strong light-matter interaction has been demonstrated as a generic
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feature for monolayer TMDCs due to Van Hove singularities
observed in their density of states peaks.~** The light absorption
rates of the TMDC monolayers are found to be around 5% to 10%,
and the one of graphene is 2.3%,*>%! which can transfer more
energy to afford the electronic resonant.

In this work, we have engineered hybrid G-TMDC-G (G
stands for monolayer graphene) nanostructure onto a metal thin
film as an enhanced plasmonic biosensing platform. Here, the
metal thin film provides abundant free electrons to generate
surface plasmon polaritons. The effects of hybrid nanostructure
can be well demonstrated from three aspects: (i) the top layer
graphene is acting as capture units to adsorb biomolecules with
aromatic ring structure that is originated from pi-stacking
interaction process'?; (ii) it has a high surface-to-volume ratio
that allows sufficient adsorption of target biomolecules®”"; (iii)
the coating of hybrid nanostructure on the sensing surface
can effectively prevent the lower metal thin film (especially for
silver) from oxidation and corrosion.!'” In this work, our analysis
reveals that the real part and imaginary part of the refractive
index as well as the thickness of the coating materials play
important roles in affecting the dispersion relation of
surface plasmon oscillations, which determines the minimum
reflectivity.?? Four types of TMDC materials®*—# have been
investigated systematically in this study including molybdenum
disulfide (MoS,), Tungsten disulfide (WS,), Molybdenum
diselenide (MoSe;) and tungsten diselenide (WSe,) with
different numbers of layers. Based on our results, G-WS,-G
hybrid nanostructure coated on the 42 nm Ag thin film coupled
by a ZnSe prism shows the darkest minimum reflectivity and
highest phase sensitivity at the 632.8 nm excitation wavelength.
The enhancement factor of the hybrid plasmonic metasurface is
at least three orders magnitude higher than that of the one with
the bare Ag thin film and Ag thin film coated with monolayer
graphene.

2. Theoretical Methods

Our theoretical analysis is based on a N-layer model consisted of
prism, metal, monolayer graphene, TMDCs, monolayer gra-
phene and biomolecules, as shown in Figure 1. The number of
N-layer model is 6 (N =6), and all materials are stacked layer by
layer and assumed to be optically isotropic and non-magnetic.
Titanium serves as an adhesion layer with a thickness of 2.5 nm

Figure 1. Schematic diagram of SPR biosensor based on G-TMDC-G/
metal hybrid multilayer sensing substrate.
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at the bottom of metal thin film. Here, the nomenclature for the
hybrid multilayer sensing substrate is defined as “G-TMDC-G/
metal” for better descriptions.

To optimize G-TMDC-G hybrid nanostructure with the best
sensing performance, TMDC materials of MoS,, WS,, MoSe,,
and WSe, from monolayer to 5-layer have been investigated
systematically. The wavelengths of SPR excitation light vary from
visible to near infrared (NIR) range including 632.8, 785, 980,
and 1550 nm. These wavelengths have been widely used in the
conventional SPR configuration due to the low cost for the laser
source.?*™** Au and Ag thin film, as the plasmonic metals,
provide a negative real permittivity at the dielectric/metal
interface with the abundance of free electrons. The wave vector
of the excitation light is determined by the coupling prism with
different materials including BK7, SF11, 2S2G, ZnSe, and
silicon (only for 1550 nm). Silica based prisms (BK7 and SF11)
are mostly common applied in the conventional SPR sensing
configurations. ZnSe prism with higher refractive index than
silica prisms, has a large potential tuning range to realize wide
dynamic range of SPR measurement and retains adequate
transmission rate for the wavelength from visible to infrared
range.l***% Chalcogenide glass (252G) offers a large operating
window due to the good transparent behavior in the near-to mid-
infrared region.*”*® In the NIR range, the standard doped
silicon is transparent enough for the SPR coupling while the
transmission rate is zero in the visible range.[*’!

Transfer matrix method (TMM) and Fresnel equations are
employed to calculate the SPR sensing characteristics of the
hybrid multilayer sensing substrate, including minimum
reflectivity (Rpmin), resonance angle (Ospr), differential phase
change (A@q), phase sensitivity (Sp,) and the full width at half of
maximum (FWHM).The simulation parameters of each layer are
defined by thickness d,,, refractive index n, and dielectric
function ¢,,. The refractive index and dielectric function of all the
materials at different wavelengths are shown in Tables S1 and S2
(Supporting Information). The thickness of monolayer graphene
and monolayer TMDCs (MoS,, WS,, MoSe,, WSe,) are listed in
Table S3 (Supporting Information). The tangential component of
the electromagnetic field at the interface of the first layer (z=0)
and the last layer (z= N—1) boundary relate with the following
equation,

g1 (8
M - [H} W

M in Eq. (1) is the Transfer Matrix (TM) of the combined N-
layer which is given by Eq. (2),

i(sn,)
MMy, N-1 cosB,, -
- =1 U (2)
M1 My, m=2 o

with

&m — nisin’g

Em
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2ndy, .
B, = 7;:)1 \/&m — n2sin’0 (4)

0in Egs. (3) and (4) represents the incident angle at the base of
coupling prism with the refractive index of n;.

The Fresnel reflection coefficient for TM-polarized light is
given by Eq. (5),

¢, = arg(ry) (5)
and
q4,, = \/ ém — nisin’0 (6)

The differential phase change between TM-polarized and TE-
polarized light is obtained by Eq. (7),

ba =0y — 9, 7)

Reflectivity (R,) is plotted as a function of incident angle (6;,)
where the minimum reflectivity (Rpyn) corresponds to the
resonance angle (6spr). The intensity of the reflected light at this
resonance angle is normally near to zero, called a point of
darkness. Also, an abrupt phase change occurs at the resonance
angle. It is known that the phase change becomes sharper when
the minimum reflectivity is darker. Therefore, a sharp
differential phase change (A@q) can be detected at the resonance
condition due to even a tiny refractive index change of
biomolecule sample solutions injected into the sensing chamber
when Ospg is fixed. With the change of differential phase Agqy
corresponding to the refractive index change An, the phase
sensitivity is defined as Eq. (8),

Ad
P = an (®)
In this work, the phase sensitivity is only analyzed for the
linear relationship between differential phase change and
refractive index change.
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The full width at half maximum (FWHM) can be used to
evaluate the SPR sensing accuracy, which can be defined as the
width of the curve at the half of maximum reflectivity Rpwrm as
given in Eq. (9),

RFWHM - (anin + Rmax) (9)

N[ =

here, Ryin and Rpy,.x represent the minimum and maximum
reflectivity, respectively.

3. Results and Discussion

All the SPR sensing characteristics (i.e., minimum reflectivity,
differential phase change, phase sensitivity, and FWHM) are
calculated and considered in the optimization of G-TMDC-G
hybrid nanostructures for the bio- and chemical application. In
our theoretical analysis, optimized structures for various TMDC
materials with various layers coated on Au or Ag thin film with
different thicknesses coupled by various prisms at different
excitation wavelengths have been studied. Among these
combinations, optimized groups for MoS,, WS,, MoSe,, and
WSe, are specifically selected and listed in Tables 1-4. All the
other detailed results are shown in Tables S4 to S11 (Supporting
Information). In the tables, Ospr represents resonance angle for
pure water. Afspy is the change in resonance angle caused by
0.12RIU refractive index change due to biomolecules absorp-
tion. A@y gives the differential phase change between TM-
polarized and TE-polarized light for refractive index change of
10~°RIU and 0.0012 RIU, respectively. In each optimized group,
resonance angle decreases as the coupling prism with the higher
refractive index due to the wavevector matching condition for
SPR excitation. However, resonance angle shows only slight
changes with various excitation wavelengths. Also, infrared
excitation wavelength coupled with the Ag thin film shows
narrower FWHM, which is attributed by the larger real part of
the permittivity of Ag thin film. This narrower FWHM
represents higher SPR sensing accuracy. The change in
differential phase shows a linear relationship with tiny refractive
index change (from 1077U to 10 °RIU) caused by the capture
biomolecules, and becomes saturated as the refractive index
change increases to 0.0012 RIU. In general, the refractive index

Table 1. Optimized groups for MoS; at various excitation wavelengths show various SPR characteristics based on G-MoS,-G/metal hybrid

sensing substrate.

A Metal Prism rmetal MoS, Bspr(°) W/o NBspr(°) AD4(°) ADy(°) Sp FWHM

(nm) (nm) layers molecule (Anpio=0.12) (B =10"5) (Anpio=0.0012) (°/RIV) ©) Renin
1550  Au  SF11 27 5 49.91 0.21 0.06 54.14 6.55x 10" 0.1754 276 x10°
980 Au  BK7 40 5 65.89 1.06 0.40 83.53 4.04x10° 07224 1.29x10°°
785 Au 252G 41 4 38.03 0.65 0.17 75.06 1.73x 10°  0.5024 5.26 x 10°°
6328 Au  SF11 30 4 61.38 2.76 0.06 54.75 6.74x 10* 75415 233x10°°
1550  Ag  SF11 38 1 49.51 0.16 14.80 119.78 148 x 10”7 0.0371 9.21x107°
980 Ag  SFI 45 2 50.63 0.46 1.28 88.74 128 x 10°  0.0931 1.50x 10°°
785 Ag  SFI 44 4 52.22 0.90 5.65 89.84 5.65x 10° 0.2690 3.27x 1078
6328 Ag  SF11 44 0 52.45 1.25 2.34 90.40 2.34%10° 03595 1.85x 1077
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Table 2. Optimized groups for WS, under various excitation wavelengths show various SPR characteristics based on G-WS,-G/metal hybrid

sensing substrate.

A Ametal WS, Bspr(°) W/o ABspr(°) ADy(°) AGy(°) Sp FWHM

(nm)  Metal Prism (nm) layers molecule (Anpio=0.12) (BApio=10"°) (Anpi,=0.0012) (°/RIV) ) Remin

1550  Au SF11 27 2 49.80 0.20 2.10 86.34 2.10% 10° 0.1946  2.75x10°%
980  Au SF11 36 4 51.81 0.64 0.32 81.61 321x10° 05646  1.27x10°°
785  Au SF11 42 4 53.57 1.14 0.36 82.68 3.63x10° 0.7862  1.44x10°°
632.8 Au 252G 40 1 39.04 1.16 0.86 86.52 8.63x10° 1.2560  9.08 x 10°%
1550 Ag Si 42 0 22.42 0.05 0.89 90.91 8.96x10° 0.0110  3.21x10°°
980  Ag SF11 40 5 51.37 0.57 0.84 88.25 8.45x 10° 0.2158  1.01x10°°
785 Ag ZnSe 47 1 33.07 0.39 1.41 86.85 1.41 % 10° 0.0802 1.10x 107°
6328 Ag ZnSe 42 1 33.28 0.68 21.12 86.85 2.11x 10" 02576  1.14x107°

change is determined by the molecular weight and molar
concentration of the capture biomolecules. More importantly,
the theoretical results demonstrate that the higher phase
sensitivity corresponds to the darker minimum reflectivity. This
is because that the phase accumulates more sharply at the darker
point of the reflected intensity.

In our models, the optimized hybrid nanostructures for SPR
sensing configuration need to provide dark minimum reflectiv-
ity, high sensitivity, and sharp differential phase change together
with narrow FWHM. Among all the optimized groups, G-WS,-
G/Ag hybrid sensing substrate coupled by ZnSe prism, with
monolayer WS, and 42nm Ag thin film, shows the best SPR
performance with the excitation wavelength of 632.8 nm.

Figure 2 gives SPR reflectivity and phase curves of TM-
polarized light based on G-WS,-G/Ag hybrid sensing substrates,
which shows five main features: (i) the minimum reflectivity of
TM-polarized light under SPR condition corresponds to an
abrupt phase change; (ii) the sharpest phase change of TM-
polarized light takes place when the minimum reflectivity is
close to zero.

Figure 3 exhibits that the sharpest phase change is related to a
lowest minimum reflectivity of 1.14 x 10™; (iii) the darkness of
the minimum reflectivity strongly depends on the number of
WS, layer in the G-WS,-G/Ag hybrid sensing substrate. The

absorption of the incident light and the energy loss of the
damping should be taken into consideration when increasing
number of WS, layer. More absorption of the incident light
while less energy loss of the damping is required for a SPR
excitation with high efficiency. Thus, there is a trade-off balance
to choose the number of WS, layer; (iv) The SPR resonance
angle (Ospr) has a relatively large red shift with increasing
number of WS, layers at fixed sensing substrate parameters,
since the real part of the dielectric constant of the hybrid
nanostructure increases as the number of WS, layer increases,
which results in the increased SP wave vector; (v) The increase
number of WS, layer widen FWHM, which is attributed to the
energy loss of electrons due to the large imaginary part of WS,
dielectric function.

In order to compare the SPR sensing performance based on
phase-interrogation and angular-interrogation, differential
phase change (A@4) and resonance angle change (Afspg)
corresponding to a refractive index change (Any;, =0.0012 RIU
or Anpio =0.12 RIU) due to the absorption of biomolecules are
plotted with respect to silver thickness from 30 to 50nm, as
shown in Figure 4a and b. The obvious change in differential
phase is more than 10 degree and less than 90 degree for the
refractive index change of 0.0012 RIU, with the phase sensitivity
from 8333 deg/RIU to 75 000 deg/RIU. The change in resonance

Table 3. Optimized groups for MoSe, under various excitation wavelengths show various SPR characteristics based on G-MoSe,-G/metal hybrid

sensing substrate.

A Ametal MoSe, Ospr(°) w/o ABspr(°) A04(°) ADy(°) Sp FWHM

(nm)  Metal Prism (nm) layers molecule (Anpio=0.12) (B =1075) (Anpio=0.0012) (°/RIV) ©) Rinin
1550  Au 252G 27 4 36.29 0.13 0.99 89.06 9.93x10° 0.1286  1.16 x 107
980 Au 252G 35 5 37.24 0.37 0.23 78.91 236x10° 03378  2.23x10°
785 Au 252G 38 2 37.59 0.58 0.16 73.94 1.60 x 10° 0.5243  4.59 x 10°®
6328 Au 252G 38 1 38.91 1.14 0.54 85.92 539x10° 13992  1.81x 107
1550  Ag  BK7 38 4 62.31 0.28 16.41 98.99 1.64x 107 00772 5.59 x 10°
980 Ag  BK7 45 2 64.22 0.78 1.47 85.62 1.47x10° 0.1762  8.83 x 107
785 Ag 252G 47 0 36.61 0.42 1.01 84.27 1.01x10° 0.0826  2.39x 10°®
632.8 Ag SF1 44 0 52.46 1.25 2.34 90.40 2.34x10° 03595 1.86x 107
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Table 4. Optimized groups for WSe2 under various excitation wavelengths show various SPR characteristics based on G-WSe2-G/metal hybrid

sensing substrate.

A Ametal WSe; Bspr(°) W/o ABspr(°) DD4(°) AGy(°) Sp FWHM

(nm)  Metal Prism (nm) layers molecule (Anpio=0.12) (Bnpio=10"°) (Anpi,=0.0012) (°/RIV) °) Rumin
1550 Au SF11 27 2 49.79 0.19 0.52 84.64 522x10° 0.1918 451x 1077
980 Au 252G 36 5 37.35 0.38 2.38 91.62 238x10° 03424 232x10°%8
785 Au 252G 42 4 38.01 0.65 1.56 89.37 1.56 x 10°  0.4559 7.81x 10°%
6328 Au  SF11 35 5 62.63 3.25 0.17 73.26 1.70x 10°  6.0145  7.41x 1077
1550 Ag Si 41 2 22.45 0.06 2.69 98.77 2.69%x10° 00132 2.82x1077
980 Ag SF11 45 1 50.53 0.44 5.42 85.25 5.42x10° 00878 8.48x10°%
785 Ag 252G 46 3 37.06 0.50 2.65 88.64 2.65%10° 0.1188 2.36x 1077
632.8 Ag SF11 44 0 52.45 1.25 2.34 90.40 234x10° 03595 1.86x 1077

angle is about one degree for the refractive index change of
0.12RIU, with the angular sensitivity near 8.333deg/RIU.
Therefore, phase-interrogation shows 3 —4 orders higher
sensitivity than angular-interrogation due to an abrupt phase
change at a fixed resonance angle. Curves of FWHM and
minimum reflectivity under the SPR effect of pure water at the
632.8 nm wavelength are plotted with respect to the thickness of
Ag thin film as well, as shown in Figure 4c and d. The resonance
angle and FWHM change with the number of WS, layer, since
the real part of effective dielectric function of G-WS,-G/Ag
hybrid sensing substrate is determined by the number of WS,
layer. Change in differential phase and minimum reflectivity for
various numbers of WS, layer further demonstrate that
minimum reflectivity is related to a sharp phase change. The
hybrid sensing substrates, 42 nm Ag thin film with monolayer
WS,, 35nm Ag thin film with 5-layer WS,, 40nm Ag thin film
with bilayer WS,, exhibit significant differential phase changes.
WS, mentioned here is sandwiched by monolayer graphene as
described above. Among all the optimized sensing schemes,
42nm Ag thin film with monolayer WS, is the best sensing
configuration with a significant differential phase change of
86.85°, a narrow FWHM of 0.2576° and a dark minimum
reflectivity of 1.14 x 107°.

To investigate the effect of WS, layers in the G-WS,-G
hybrid nanostructure, the thickness of Ag thin film is fixed at
42 nm, and the number of WS, is tuned from monolayer to 5

layers. As shown in Figure 5a, monolayer WS, in the G-WS,-G
hybrid nanostructure exhibits the most significant differential
phase change that has 10 times higher than the one based on
bilayer WS,.

This abrupt phase change is caused by the ultrahigh
sensitivity of G-WS,(1)-G/Ag(42 nm) hybrid sensing substrate.
Moreover, change in differential phase of monolayer WS,
based nanostructure starts to saturate at the refractive index of
1.3327, while the one of bilayer WS, based nanostructure
maintains good linear relationship with the refractive index of
1.3338. This is because monolayer WS, based nanostructure
shows superior sensitivity to the slight refractive index change
of biomolecules over bilayer WS, based nanostructure.
Obviously, monolayer WS, based nanostructure possesses
high sensitivity in differential phase change with the expense
of detection dynamic range. It is worth noting that the phase
sensitivity is defined within the linear range that the
differential phase change is linearly related with the refractive
index. Thus, a tiny refractive index change induced by
absorption of biomolecules on the sensing surface as low as
1077 RIU is used in our model to ensure the linear change of
differential phase in Figure 5b. G-WS,-G hybrid nanostructure
shows the most sensitive performance compared with
structure based on bare Ag thin film or monolayer graphene.
All the structures for comparison are coated on the Ag thin film
with a fixed thickness of 42 nm.

@ b
@ 0.9 ®) 150
0.8 100
07 NN meeomemmemmmmeaee 50
F ~ 0 kY
z y i \' TAg=42nm
> o 1
H " TAg=42nm > =0 == 632.8nm
% 0.4 63280m @ 100 3 ..... wio W,sz
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Figure 2. Curves of reflectivity (a) and phase (b) with respect to various incident angles based on G-WS,-G/Ag hybrid sensing substrates. The thickness
of Ag thin film is 42 nm. DI water is attached on the sensing surface with a refractive index of 1.3326 at the excitation wavelength of 632.8 nm.
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Figure 3. SPR sensing curves of reflectivity (black) and phase (red) related
to different incident angles for DI water attached on the sensing surface
with a refractive index of 1.3326 at the excitation wavelength of 632.8 nm.
Ag thin film with the thickness of 42 nm is coated with the G-WS,(1)-G
hybrid nanostructure (WS,(1) stands for monolayer WS,).

Figure 6 shows the enhancement of SPR sensing perfor-
mance based on various numbers of WS, layers and Ag thin film
with different thicknesses. The plot of the ratio bet
ween differential phase change and refractive index change of
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biomolecules ((A@q)/(Anwio)) further demonstrates that the most
optimal hybrid nanostructure is G-WS;,(1)-G/Ag(42 nm) at the
excitation wavelength of 632.8 nm as shown in Figure 6a. The
thickness of Ag thin film is 42 nm and the number of WS, layer
is monolayer. The plot of the ratio between SPR resonance angle
change and refractive index change of biomolecules ((Afspr)/
(Ampio)) in Figure 6b further demonstrates that the number of
WS, layer directly influences the resonance angle due to the real
part of effective dielectric function of the G-WS,-G/Ag hybrid
sensing substrate. We also find that the sensing substrate
exhibiting the most significant differential phase change is not
corresponding to the largest SPR resonance angle change. This
is because the differential phase is only determined by the
darkness of the minimum reflectivity, but has no inherent
relation with the position of the resonance angle.”! Here,
the absorption and real part of the effective dielectric function of
the G-TMDC-G/Ag hybrid sensing substrate respectively
determine the minimum reflectivity and resonance angle.
The phase sensitivity within the refractive index change of
107°RIU is depicted in Figure 6¢c. The maximum phase
sensitivity for G-WS,(1)-G/Ag(42 nm) hybrid sensing substrate
is up to 2.11 x 107°/RIU.

To further study the SPR performance of the designed G-
WS,-G/Ag hybrid sensing substrate, we also have employed
finite element analysis (FEA) method (COMSOL Multiphysics
5.0) to simulate the electric filed distribution along the sensing
surface at the resonance angle. The incident light (wavelength

(b) 1.4

—e—wio WS,
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—&— bilayer
—o&— 3-layer
—e— 4-layer
—e—

W’M

-
2
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o
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1 L I i h o h A . '
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g 041
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£ .
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Figure 4. a) Differential phase change due to the refractive index change of 0.0012 RIU by absorption of biomolecules; b) change in SPR resonance angle
with pure water on the sensing surface and a refractive index change of 0.12 RIU by absorption of biomolecules; ¢) FWHM,; and d) Minimum reflectivity in
SPR curve with pure water on the sensing surface. The curves are plotted with respect to Ag thickness from 30 to 50 nm at the wavelength of 632.8 nm.
The circle symbols stand for the simulation results and the continuous lines are the fit curves through the circles symbols.
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Figure 5. a) Variation of differential phase change with respect to refractive index of sample for different WS, layers based on the G-WS,-G
nanostructure. The thickness of Ag thin film is fixed at 42 nm and the excitation wavelength is 632.8 nm. (b) Comparison of change in differential phase
for a trace of refractive index change of biomolecules layer as low as 1077 RIU based on G(1)-WS,(1)-G(1) (red), monolayer graphene (blue) coated on
42 nm Ag thin film, and bare 42 nm Ag thin film (black). The changes in differential change for bare Ag thin film (black) and Ag thin film with monolayer

graphene (blue) are magnified 500 times for clear comparison.

of 632.8nm) is coupled by ZnSe prism (refractive index of
2.593) to G-WS,(1)-G/Ag(42 nm) hybrid substrate to excite the
SPR effect (Figure 7a). The 3D electric field distribution of the
model is shown in Figure 7. The simulation results confirm
that the electric field is strongly enhanced at the sensing
surface of the hybrid substrate, which contributes to a high

exponentially decays with the distance away from the sensing
surface of the hybrid substrate. Numerical electric field
distribution curve clearly indicates that the evanescent wave
exponentially decays along the propagation direction of surface
plasmon wave (Figure 7d).

In addition to the above results for the optimized sensing

sensitivity to even tiny refractive index change of sample
solutions. In addition, the intensity of the electric field

substrate based on G-WS,-G hybrid nanostructure, Figure 8
shows the change in differential phase and sensitivity based

Ay ! Any; (deg/RIV)

N

—_
1)

~

35
0 30 Thickness of Ag thin film (nm)

Number of WS, layer

(b)

Sensitivity (deg/RIU)

Thickness of Ag thin film (nm)

Number of WS, layer

A0gpp f ANy, (deg/RIV)

50
40

35
Number of WS, layer 0 Thickness of Ag thin film (nm)

30

Figure 6. a) The ratio between differential phase change and refractive index change of biomolecules (Any;, = 0.0012 RIU) absorbed on the sensing
surface that as a function of number of WS; layer and thickness of Ag thin film. (b) The ratio between change in SPR resonance angle and refractive index
change of biomolecules (Anp;, = 0.12 RIU) for SPR excitation that as a function of number of WS, layer and thickness of Ag thin film. (c) The phase
sensitivity within the refractive index change of 107°RIU that as a function of number of WS, layer and thickness of Ag thin film. The excitation
wavelength is 632.8 nm.
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Figure 7. The FEA simulations of the electric field based on G-WS,-G hybrid nanostructure. a) 2D and (b) 3D electric field distribution at the
resonance angle. c) The total electric field distributions showing enhanced filed on the G-WS,-G/Ag sensing surface. d) Numerical analysis of electric
field across the structure from the Ag thin film. The value marked by the black circle is shown in the upper-right corner. The number of WS, is
monolayer, and the thickness of Ag thin film is 42 nm. The coupling prism is ZnSe with the refractive index of 2.5930 under 632.8 nm excitation

wavelength.

on the optimized G-MoS,-G, G-MoSe,-G, G-WSe,-G hybrid
nanostructures, respectively. Figure 8a compares the change in
differential phase between G-MoS,(1)-G/Ag(38nm) hybrid
sensing substrate (red curve), monolayer graphene coated on
38nm Ag thin film (blue curve) and 38nm bare Ag thin
film (black curve). The sensitivity for the G-MoS,-G hybrid
nanostructure is given in Figure 8b. In our case, the hig
hest sensitivity is achieved as 1.48 x 10”°/RIU based on the
G-MoS,(1)-G/Ag(38nm) hybrid sensing substrate with
1550 nm excitation wavelength and SF11 coupling prism
(Figure S1-S5 (Supporting Information)). Similarly, Figure 8c—
e compare the differential phase change results for the G-
MoSe,(4)-G/Ag(38nm) and G-WSe;(5)-G/Au(36 nm) hybrid
sensing substrates respectively. The corresponding sen
sitivity is respectively determined to be 1.64 x 10’ and
2.38 x 10°°/RIU (Figure 8d and f). The excitation wavelength

for G-MoSe;(4)-G/Ag(38nm) hybrid sensing substrate is
1550nm and the coupling prism is BK7. The excitation
wavelength for G-WSe,(5)-G/Au(36nm) hybrid sensing
substrate is 980nm and the coupling prism is 2S2G.
Figure S6-S15 (Supporting Information) show the
SPR sensing performances for both G-MoSe,(4)-G/Ag(38 nm)
and G-WSe,(5)-G/Au(36 nm) hybrid sensing substrates, re-
spectively. The enhancement factor of differential phase signal
change compared with monolayer graphene coated on the
metal thin film and the phase sensitivity for the hybrid
substrates based on four types of TMDC materials are listed in
Table 5. The changes in differential phase based on the
G-TMDC-G hybrid nanostructures show 500-3000 times
higher than the ones based on monolayer graphene. The
comparison results demonstrate that G-TMDC-G hybrid
metasurfaces can significantly enhance the SPR sensing

Table 5. The comparison of optimized results for four types of hybrid structures based on TMDC material of WS,, MoS;, MoSe, and WSe,.

A (nm) Prism Hybrid structure ADy(°) (G-TMDC-G) AD4(°) () Enhancement factor Sensitivity (°/RIU)
632.8 ZnSe Ag (42 nm)-G-WS2(1)-G 21.1233 0.0062 3.4 10° 2.1123 x 107
1550 SFN Ag(42 nm)-G-WS2(1)-G 14.8071 0.0208 7.1 % 10 1.4807 x 107
1550 BK7 Ag(42 nm)-G-WS2(1)-G 16.4098 0.0208 1.5% 10° 1.6410 x 107
980 252G Ag (42 nm)-G-WS2(1)-G 2.3793 0.0208 5.5 x 10 2.3793 x 10°
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Figure 8. Comparison of change in differential phase for a trace of refractive index change of biomolecules layer as low as 1077 RIU based on
(a) G-MoS;(1)-G/Ag(38 nm), (c) G-MoSe;,(4)-G/Ag(38 nm), and (e) G-WSey(5)-G/Au(36 nm) hybrid sensing substrates. The blue curves represent
the one based on monolayer graphene coated Ag (Au) thin film and the black curves show the one based on bare Au (Ag) thin film. The two curves
are magnified of 100 or 500 times for clear comparison. The phase sensitivity within the refractive index change of 107°RIU that as a function of the
number of (b) MoS,, (d) MoSe,, (e) WSe, layer and thickness of Ag (Au) thin film. The excitation wavelength for MoS,, MoSe, and WSe, is 1550, 1550,

and 980 nm respectively coupled by SF11, BK7, and 252G prism.

performance. Among all these configurations, G-WS,(1)-G/
Ag(42nm) shows the highest sensitivity and an enhancement
factor of over three orders.

The interactions between metal, graphene and TMDC
materials could be assumed as the physical mechanism for
the enhanced sensing performance: (i) the metal layer provides
abundant free electrons for the excitation of surface plasmon
polaritons; (ii) the efficiency of exciton relaxation is enhanced
attributed to the strong spin-orbit interfacial and localized
Coulomb interactions between TMDC materials and graphene
layer, which leads to a higher light absorption rate®**"; (iii) more
free electrons are transferred to the sensing surface to enhance
the resonant electric field due to interlayer coupling, leading to
the perfect absorption of the incident light and related phase
jumpl?; (iv) more energy is transferred to afford the resonant
oscillations of the free electrons on the sensing surface due to the
efficient light absorption of graphene and TMDC materials; (v)

Phys. Status Solidi A 2017, 214, 1700563
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more electrons can be transferred to the sensing surface to
participate in the resonant oscillations. This is attributed to the
work function difference between metal, graphene and TMDC
(e, Au-5.54eV, MoS,-5.1eV, graphene-4.5eV), since the
continuity of the Fermi levels of the whole system needs to
be maintained.

4, Conclusion

In this study, G-TMDC-G hybrid metasurfaces for ultra-sensitive
plasmonic biosensing have been systematically studied. The
optimized G-TMDC-G/metal sensing substrates for four types of
TMDC materials (i.e., WS,, MoS,, MoSe,, and WSe,) were
respectively engineered. Our analysis demonstrated that G-
TMDC-G hybrid nanostructure could enhance the SPR sensing
performance significantly under optimum conditions. A high
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enhancement factor of more than 3 orders of magnitude for
differential phase change of SPR biosensor was successfully
achieved for G-WS,(1)-G/Ag(42nm) hybrid sensing substrate,
coupling by ZnSe prism at the 632.8 nm excitation wavelength.
For the G-WS,-G hybrid metasurface, monolayer WS, is found
to have the highest efficiency for the electron charge transferred
to metallic sensing surface to enhance the electric field. The
outer graphene layer can not only prevent the oxidization of the
Ag thin film but also act as a capture unit for sensing specific
biomolecules. More importantly, the mature synthesis and
transfer technologies ensure the experimental feasibility of the
plasmonic sensor based on G-TMDC-G hybrid nanostructure.
Thus, this G-TMDC-G hybrid plasmonic metasurface shows a
great potential in the detection of the analyte with small
molecular weight or ultra-low concentration.
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