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Abstract: We propose surface plasmon resonance biosensors based on crumpled graphene and
molybdenum disulphide (MoS,) flakes supported on stretchable polydimethylsiloxane (PDMS)
or silicon substrates. Accumulation of specific biomarkers resulting in measurable shifts in the
resonance wavelength of the plasmon modes of two-dimensional (2D) material structures, with
crumpled structures demonstrating large refractive index shifts. Using theoretical calculations
based on the semiclassical Drude model, combined with the finite element method, we demonstrate
that the interaction between the surface plasmons of crumpled graphene/MoS; layers and the
surrounding analyte results in high sensitivity to biomarker driven refractive index shifts, up to
7499 nm/RIU for structures supported on silicon substrates. We can achieve a high figure of merit
(FOM), defined as the ratio of the refractive index sensitivity to the full width at half maximum
of the resonant peak, of approximately 62.5 RIU!. Furthermore, the sensing properties of the
device can be tuned by varying crumple period and aspect ratio through simple stretching and
integrating material interlayers. By stacking multiple 2D materials in heterostructures supported
on the PDMS layer, we produced hybrid plasmon resonances detuned from the PDMS absorbance
region allowing higher sensitivity and FOM compared to pure crumpled graphene structures on
the PDMS substrates. The high sensitivity and broad mechanical tunability of these crumpled 2D
material biosensors considerable advantages over traditional refractive index sensors, providing a
new platform for ultrasensitive biosensing.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Surface plasmon polaritons (SPPs) are collective oscillations of free electrons propagating at
the interface between a dielectric and a conductor. As SPPs confine the optical energy of light
into the subwavelength scale [1] they play an important role in biosensors [2], filters [3], lasers
[4], logic gates [5], and modulators [6]. Furthermore, as surface plasmon modes are sensitive to
environmental parameters even slight changes in the refractive index of the sensing medium can
dramatically affect the characteristics of the SPP modes including resonance wavelength. As
a result surface plasmon resonance (SPR)-based biosensors have attracted intensive attention
as biomedical diagnostic and food safety monitoring devices [7-9], enabled by their compact
structure and high sensitivity [10,11], achieving real-time detection of [12]. Traditional SPR-based
sensors are based on noble metals such as silver and gold due to their high electrical conductivity
and wide plasma frequencies in the ultraviolet and visible frequency regions. However, the
vibrational fingerprints of biomolecule building blocks, such as proteins and DNA are lie in the
mid-IR range, which is exclusively desired for biosensing [13,14]. One of the key approaches to
biosensing is the detection of changes in the refractive index of the medium around the sensor
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surface driven by the accumulation of biochemical species in the vicinity of the sensor surface,
allowing for real time biosensing. Because of the significant mismatch between the micrometer
scale IR wavelengths and nanometer scale size of biomolecules, the light-molecule interaction is
insufficient and IR absorption signals are extremely weak. The optical near-field penetration
within the metal in the IR range is weak as compared with UV-visible frequencies [15-17]. Thus,
due to weak optical field confinement into the metal surface, a device with a larger dimension is
required therefore, device integration becomes challenging [18]. Furthermore, metals, such as
gold, present high losses at infrared frequencies, have very limited tunability [19] and do not
adsorb biomolecules perfectly due to their intrinsic hydrophobicity motivating exploration of
emergent two dimensional (2D) materials as platforms for SPR phenomena [20].

In contrast, graphene, a single atomic layer of carbon atoms with high electron mobility,
electrical/thermal conductivity, and flexibility [21,22], has been demonstrated to support plasmons
in mid-infrared and far-infrared ranges with high spatial electromagnetic field confinement
and low dissipation loss. Furthermore, graphene plasmon resonances can be tuned through
chemical doping or electrostatic gating into the infrared and terahertz regions [23]. Monolayer
molybdenum disulphide (MoS;) is also a promising plasmonic material, which shows high
near-field confinement, localization, and low losses in the mid-infrared [24]. The high field
confinement of the 2D materials plasmons increases interaction with nanoscale biomolecules,
increasing sensitivity when monitoring biomolecule driven changes in analyte refractive index.

Unfortunately, coupling between surface plasmons and free-space electromagnetic waves,
due to a large mismatch between the plasmon and incident light wave vectors. is still a
challenge preventing the realization of plasmonic devices based on 2D materials, Furthermore
conventional optical coupling configurations including prism couplers [25], grating couplers [26],
and waveguide couplers [27] are bulky and difficult to fabricate [28]. Similarly, while plasmonic
resonances can be simply excited in patterned graphene sensors, patterned configurations are
difficult to fabricate, are not reconfigurable [29,30], and present challenges in realizing broadband
tunable graphene plasmons [31]. It is possible to sidestep the issue of patterning 2D materials by
using textured graphene which has been deformed to produce periodic structures using macroscale
compressive strain. and can form the basis for mechanically reconfigurable plasmonic structures
to support plasmon resonances with broadband tunability [32]. Recent studies have shown that
crumpled graphene structures can be fabricated on different thermally or mechanically flexible
and stretchable substrates [33,34]. After transferring graphene onto an underlying thermally
activated polymer substrate such as polystyrene film or pre-stretched elastomer substrate such
as polydimethylsiloxane (PDMS) [35], graphene is forced into a textured configuration during
substrate shrinkage due to heating or release of strain. This induced structure enables strong
coupling between free space electromagnetic waves which can be tuned by subsequent application
of strain to modify crumple structure. It has been recently demonstrated that crumpled graphene
field effect transistors (gFETs) present superior sensitivity in biomolecule detection compared to
the flat gFET [36,37]. In addition, wrinkled graphene structures have been utilized to improve
surface-enhanced Raman spectroscopy (SERS) substrate [38].

In this work, we report, for the first time, the use of reconfigurable crumpled pure 2D material
and 2D materials heterostructure plasmonic structures as plasmonic biosensors. We investigate
how the plasmonic resonance wavelength of a crumpled 2D material sensor shifts in response
to variations in the refractive index of an analyte solution using theoretical calculations based
on the semiclassical Drude model, combined with the finite element method. Changes in
biomolecule concentration in the solution induce a local change in the refractive index shifting
the propagation constant of plasmonic waves, eventually leading to measurable red-shifts in
the resonant wavelength of surface plasmons. The high sensitivity of 2D material plasmon
modes to small changes in the optical properties of the surrounding medium allows detection of
extremely small changes in the refractive index of the neighboring samples. The performance of
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the proposed structures is evaluated in terms of sensor resonant wavelength shift over the change
in refractive index and figure of merit (FOM) [39] defined as the ratio of the refractive index
shift sensitivity to the full width at half maximum of the resonant peak, which quantifies the
sharpness of the shifting resonant peak and therefore the minimum resolution for monitoring
refractive index change. We show that the shift in plasmonic resonance wavelength for a
given change in refractive index and the corresponding FOM for textured graphene is larger
than that achieved by conventional, flat graphene-based plasmonic devices. Furthermore, we
explore a hybrid plasmonic resonance with high electric field confinement and localization
observed in heterogenous crumpled graphene/MoS; structures in the mid-infrared region. By
stacking a crumpled MoS; atop the graphene flake new resonance peaks emerge due to plasmon
hybridization within the spacing between the 2D material films. These emergent hybrid plasmons
possess lower FWHM and higher absorption intensity, compared to the plasmon resonances of
crumpled structures composed solely of graphene or MoS;. Furthermore, these resonances are
readily tuned by controlling the crumpled structure parameters including the crumple height and
period. Finally, the optical response spectra of the proposed heterostructure can be tuned by
altering the Fermi level in graphene and carrier concentration in MoS, flake allowing even more
sophisticated tuning of sensitivity. These observations indicate the crumpled MoS;-graphene
heterostructure is a promising platform for developing highly tunable and ultrasensitive plasmonic
biosensors. The superiority of the proposed structures is comprehensively investigated in terms
of sensitivity, FOM, and quality factor (Q). Our results indicate that crumpled pure 2D material
and mixed 2D material heterostructures structures can be used as a new reconfigurable plasmonic
biosensor with broadband tunability across the infrared range of light.

2. Method

We performed full-wave optical simulations using COMSOL Multiphysics based on the finite
element method (FEM) to investigate the absorption spectra (far-field response) of crumpled
two-dimensional (2D) materials structures, and radio frequency module with periodic boundary
condition is used. It has been shown that 2D surface conductivity model is useful and efficient in
the simulation of graphene-based devices [40]. In our numerical simulations, the graphene layer
is modeled as a thin film with a thickness (¢) of 0.34 nm and 2D surface conductivity (o¢,). Since
the photon energy is less than 2E; in mid-infrared frequency region, the interband transition
effect is neglected and the intraband conductivity of graphene at mid-infrared frequencies can be
characterized with a semiclassical Drude model [41] as

o6r(w) = (26%)/(n1)kpTy X In[2 X cosh(Ey | (2kgTi)]i/(w + itg,™") (1)

where T is the temperature, kp is the Boltzmann constant, 7 is the reduced Planck constant, 7, is
the carrier relaxation time which determines the carrier mobility u in graphene as g, = uEy/ ev?,

and Ef = hvy(nin) 172 is the Fermi energy level, where Vr = 109 m/s is the Fermi velocity and n is
the carrier density in graphene. In the simulations, the graphene layer is modeled as boundaries
using transition boundary condition with an anisotropic dielectric function described by a diagonal
tensor. The in-plane permittivity tensor components are &, = &, = 2.5 + io,/(gowt), and the
normal component to the surface is defined as g,,, = 2.5 based on the graphite permittivity. The
MoS; layer can be treated as a thin film material like graphene with a thickness of 0.68 nm.

In the mid-infrared region, the interband transition can be ignored and the intraband contribution
to the conductivity dominates the light-MoS; interaction [42]. We describe the 2D conductivity
of n-doped MoS; by the Drude model,

@)
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where nyp denotes the charge carrier concentration of MoS;, Ty,s, is the carrier relaxation
time, and m* is the electron effective mass. In the modeling of MoS; layer, we use the values
TMos, =0.17 ps and m* =0.53m,, where m, is the electron mass.

The use of crumpled structures can compensate for the wave vector mismatching between the
free-space electromagnetic wave and plasmon. The crumpled structure is formed by releasing a
pre-strained stretchable substrate such as PDMS after the graphene or MoS, transferring process.
Under normal-incidence conditions and optical energy dissipation due to Ohmic loss in 2D
materials, a sharp resonance peak can be seen in the absorption spectrum around the resonant
frequency. To model the sensor used for biosensing, the sensing medium to be detected is placed
on top of the structure surface. For undulated structures the wrinkles are filled by substrate
material, however, for flat substrates, the region between the apex of the crumpled 2D material
and substrate is filled by air with a refractive index of 1. The refractive index range of the sensing
medium was selected to cover commonly used biomolecules such as human serum albumin,
single-stranded DNA, and double-stranded DNA.

A periodic port is chosen in the z-direction in order to illuminate the structure and periodic
boundary condition is applied to the unit cell on the respective crumpling directions to simulate
the real structure with an array of infinite unit cells. A transverse electric field propagating along
the crumpling direction is radiated in the normal direction to the structure. During simulation,
non-uniform mesh sizes are used to decrease the simulation time and memory. The accuracy
of mesh for 2D materials boundaries along the x axis is set to 0.1 nm and mesh sizes increase
gradually outside the 2D materials layers with a mesh growth rate of 1.25. To ensure the accuracy
of the calculations in the mesh generation process, simulations are performed until convergence
is achieved. The minimum mesh size of 0.1 nm is assigned to the 2D materials boundaries
and extremely refined mesh size is used in other regions. In the simulations, the maximum
mesh element size is 29 nm and a mid-infrared light source illuminates the structure from the
top port. Scattering (S) parameters of the proposed device in this work are calculated using
the finite element method [43]. The S parameters not only can be used to derive the effective
refractive index of the plasmonic sensors but also are employed to determine optical responses
(i.e., transmission, reflection, or absorption spectra), and resonance wavelengths of the 2D
materials structures. The transmission and reflection coefficient spectra can be achieved by
solving Maxwell equations and defined as T; = |S,;|*> and R;=|S;|?, respectively. Therefore,
the absorption spectrum can be obtained as A;=1-T;-R;. The heterostructure can be formed by
stacking 2D materials on top of each other. Using the optical conductivity of 2D materials,
the absorption spectrum of heterostructure is obtained by solving the Maxwell equations and
matching the boundary conditions including the conductance and permittivity of the 2D materials
layers

In the simulations, the refractive index of silicon and SiO, substrates in mid-infrared were
taken from Kischkat [44]. The dielectric constants for PDMS substrate were taken from Zhang
[45].

3. Results and discussions

We investigated the plasmonic resonances of the crumpled graphene, MoS,, and graphene/MoS,
heterostructures placed on different substrates. The sensor is composed of a crumpled 2D material
layer on a stretchable substrate (Fig. 1(a)). Crumpled graphene is assumed to adopt a sinusoidal
shat with characteristic wavelength (7)) and crumple height (H). Transverse magnetic (TM)
polarized light along the crumpling direction x irradiates the system in the normal direction to the
structure (ko). To observe the plasmonic resonances in the proposed crumpled graphene/MoS;
structure, we have studied the absorption spectrum for the proposed device at normal incidence
with the E-field polarization along the x-axis in Fig. 1. The 2D material electrical properties are
defined by the parameters in Table 1.
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Fig. 1. The effect of PDMS substrate on the plasmonic resonance of crumpled graphene.
(a) Schematic demonstration of a crumpled graphene structure with crumple period 7 and
crumple height H. Polarized light with electric field E along the crumpling direction x
illuminates in the normal direction kg to the structure. (b) Optical absorption spectra of
free-standing crumpled graphene, (c) crumpled graphene supported on flat PDMS substrate,
(d) crumpled graphene placed on corrugated PDMS substrate, (e) bare corrugated PDMS
structure, with 7=150nm and H =350nm. Carrier mobility ¢ and Fermi energy level
Er are adjusted to 10000 cm?/(V.s) and 0.64 eV, respectively. (f) Absorption spectra of
free-standing flat graphene as control. The insets indicate schematic demonstrations of the
crumpled graphene without and with a substrate.

Table 1. Summary of the variable name, value, and definition of the electrical parameters of
graphene and MoS, layers

Definition Label Value Unit
Fermi velocity vr 106 m/s
Carrier mobility of graphene M 10000 cm?/(V.s)
Fermi energy level Ey 0.64 eV
Carrier relaxation time of MoS; TMoS, 0.17 ps

Temperature Ty 300 K
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To establish the baseline plasmonic characteristics of devices composed of crumpled graphene
we simulated flat and crumpled graphene on various substrates immersed in water No resonance
peaks can be observed in the absorption spectrum of free-standing flat graphene (Fig. 1(f)). How-
ever, two absorbance peaks at the resonance wavelengths of ~7.3 and ~12.8 um, corresponding
to the first and second resonance modes of the crumpled graphene suspended in water can be
observed in Fig. 1(b), respectively.

To better model the performance of a physically realizable device we simulated the effect of a
PDMS supporting layer on the plasmonic properties of crumpled graphene. Crumpled PDMS
without graphene shows a sharp peak in absorption around 8 pm and broader spectral peaks at 9.2,
9.7, and 12.5 um (Fig. 1(e)). For crumpled graphene supported on the flat PDMS substrate, we
can clearly observe the plasmon resonance peaks similar to the free-standing crumpled graphene
along with PDMS absorbance peaks. For the whole crumpled graphene-PDMS structure a wide
peak can be seen at a wavelength of 14 um in the absorption spectrum. This peak arises from the
spectral overlap between the plasmon resonance of crumpled graphene and the wide absorbance
spectral peak of PDMS substrate and results in damping and broadening of the plasmonic
resonance. This obscuring of the graphene plasmonic resonance will make determination of
subsequent shifts in the graphene plasmonic resonance difficult. Also, the intensity of the
plasmon peak at ~7.3 um decreases from 0.17 to 0.08, compared to the fee-standing crumpled
graphene structure. With this confirmation that strong absorption peaks emerge in crumpled
graphene as the result of plasmonic resonances which persist on different substrates, we proceed
to explore how these plasmonic resonances are influenced by analyte solutions introduced into
the crumpled graphene sensors environment.

We proceeded to examine how varying the refractive index of the medium (7;) around the
crumpled graphene, simulating the effect of an accumulating biomarker, affects the absorption
spectra of the crumpled graphene. Figure 2 depicts the absorption spectra of the sensor shown in
Fig. 1 as medium n varies from 1.3 to 1.5 around the surface of crumpled graphene. An obvious
redshift in the resonance wavelength appears by increasing the refractive index surrounding the
surface of the graphene layer. As can be observed in Fig. 2(a), as the refractive index of the
medium increases from 1.3 to 1.5, the resonance wavelength of the main mode red-shifts from
12.88 um to 14.85 um, for bare crumpled graphene structure. The shifts for the main plasmon
modes of the crumpled graphene on the flat PDMS and corrugated PDMS structures are 1942nm
and 1252 nm, respectively. This reduction in wavelength shift of plasmon mode is attributed to
the absorbance resonances and therefore damping effects of PDMS substrate in the mid-infrared
region. The sensitivity of the sensor is defined as Sg = A1/An in nanometer per refractive index
unit (nm/RIU), which identifies the rate of spectral shift in the resonance wavelength with respect
to refractive index variations of the cover medium. The FOM as an effective parameter to evaluate
the overall performance of the proposed sensor, is defined as FOM = Sg(nm.RIU~")/AA(nm),
where Ss is the sensor sensitivity of the crumpled structure and AA is the resonance line width.
In subsequent investigations of sensor sensitivity, we focus on the strongest plasmonic resonance
mode. For the sensors designed by parameters given in Fig. 2, the overall sensor sensitivity is
calculated as S5 = 9850 nm/RIU for freestanding crumpled graphene without a substrate. The
sensitivity for crumpled graphene on the flat PDMS and corrugated PDMS substrates is 9,710
and 6,260 nm/RIU, respectively. The amount of shift in the resonance wavelength, and thus the
sensitivity of the sensor, can be further tuned by the mechanical reconfiguration of crumpled
graphene structures.

We investigated plasmonic resonance wavelength shifts of crumpled graphene structures in the
solutions with different refractive indices from 1.3 to 1.5 for various crumple heights and periods.
We investigated the wavelength tunability of the plasmonic sensor by mechanical reconfiguration
of crumpled graphene structures. We observed the optical absorption of crumpled graphene on
PDMS substrate in Fig. 3 for different geometries, with varying crumple periods and heights,
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Fig. 2. Plasmonic resonance shifts of crumpled graphene structures for different refractive
indices of sample medium. (a) Normal-incidence optical absorption spectra of free-standing
crumpled graphene, (b) crumpled graphene supported on flat PDMS substrate, and (c)
crumpled graphene placed on corrugated PDMS substrate when the refractive index of the
sample n; changes from 1.3 to 1.5 with geometrical parameters of 7 = 150 nm and H = 350
nm, and electronic properties of £¢ = 0.64 eV and p = 10000 cm?/(V. s). The insets show
schematic illustrations of the crumpled graphene without and with a substrate placed in a
solution with refractive index nl.

when the refractive indices of medium atop the graphene layer ranges from 1.3 to 1.5. The sensor
sensitivity varies between 1287 nm/RIU to 2376 nm/RIU for the structures shown in Fig. 3. No
significant plasmonic resonance and its subsequent wavelength shift can be observed for the
structures with high aspect ratios of crumple period to height (7/H) and small crumple features.

To potentially obtain a signal with more distinct resonant peaks and avoid the damping effects
of the PDMS layer, we can transfer the crumpled graphene onto a commonly-used transparent
substrate in the mid-infrared region such as silicon. This may be feasible by removing the PDMS
layer within the etchant solution and transferring it onto the silicon substrate. In this regard,
the crumpling parameters including crumple height and period can be adjusted by mechanical
reconfiguration of the crumpled structure on the PDMS. Through the etching and removing the
PDMS layer inside the etchant solution, the crumpled graphene can be suspended on the solution
surface consequently can be transferred on the transparent mid-infrared silicon substrate. By
transferring the periodic crumpled graphene structure on the silicon substrate, an air region can
be created between the apex area of the crumpled graphene and flat silicon substrate. More
plasmon resonances can be observed in the photo-absorption spectrum of crumpled graphene
placed on the silicon substrate (Fig. 4(b)). Due to the strong damping effect of the PDMS layer,
these plasmonic modes are greatly attenuated, therefore not appear in the absorption spectrum of
crumpled graphene on the PDMS substrate. Figure 4, compares the sensitivity of the crumpled
graphene structures with geometrical parameters of 7=250 nm and H =300 nm on the PDMS
and silicon substrates. For crumpled graphene on the silicon substrate, we investigated refractive
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Fig. 3. Geometry dependence of the plasmonic resonance shifts in crumpled graphene
structures. Normal-incidence optical absorption spectra of crumpled graphene supported on
the PDMS substrate with varying H (=50-300 nm) at 7 =550 nm ((a), (b), and (c)), with
varying T (=50-150nm) at 7/H =1 ((d), (e), and (f)), and with varying H ( =50-150 nm) at
T =250nm ((g), (h), and (i)). The refractive index of sample n| varies from 1.3 to 1.5. The
electronic properties of graphene are set as Ep = 0.64¢V and u = 10000c m?2/(V.s).

index changes on top of the graphene layer (Fig. 4(b)). As shown in Fig. 4, the sensitivity of the
crumpled graphene structure to the refractive index versions atop the graphene layer supported on
PDMS and silicon substrates is 2094nm/RIU and 7499 nm/RIU, respectively. Table 2 compares
the sensing performance of the proposed crumpled graphene sensor with some graphene-based
refractive index sensors studies, which have recently been published. The parameters in the
last row are listed for the crumpled graphene sensor investigated in this paper. Our proposed
sensor shows superior metrics regarding sensitivity, FOM compared with recently reported
graphene-based sensors in the infrared region of light. Along with superior metrics, the broad
spectral tunability of this flexible sensor is achieved by facile mechanical reconfiguration of
crumpled structure.

In experiments, due to the point defects and impurities introduced during the graphene transfer
process on the substrate the electron mobility in graphene is below 10000 cm?/(V.s), while the
mobility in a suspended exfoliated graphene can surpass 230000 cm?/(V.s). More defects and
residual impurity can be observed in graphene on the different substrates, which can decrease the
electron mobility of the graphene layer. The lower mobility corresponds to higher propagation
loss and lower quality factor (Q) of plasmonic resonances. The Q-factor is defined as Ag
/AL, where Ay and A are resonance wavelength and FWHM of the plasmon resonance mode,
respectively. Therefore, due to optical loss in graphene the resonance peaks in the absorption
spectra become broader with lower intensity. This can affect the performance of the plasmonic
biosensors in terms of sensitivity, FOM, and Q-factor. We study the effect of the optical loss
on the performance of the plasmonic sensor by calculating absorption spectra of the crumpled
graphene on silicon substrate when the electron mobility in the graphene layer varies from 10000
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Fig. 4. Effect of substrate selection on refractive index change driven plasmonic resonance
shifts in crumpled graphene structures. (a) Normal-incidence optical absorption spectra of
crumpled graphene on corrugated PDMS substrate, (b) crumpled graphene supported on flat
silicon substrate when the refractive index of solution atop the graphene surface n; changes
from 1.3 to 1.5, with structural parameters of 7' =250 nm and H =300 nm, and electronic
properties of Er = 0.64 ¢V and u = 10000 ¢ m?/(V.s). The optical absorption spectra of
crumpled graphene on silicon substrate for various (c) x from 1000 to 10000 cm? /(V.s) at
ny=13and Ep = 0.64¢V, (d) ny from 1.3 to 1.5 at Ef = 0.64¢eV and u = 4000c m2/(V.s),
and (e) Ep from 0.6 to 0.8¢V at n; =1.3 and ¢ = 10000c m?/(V.s). The insets show
schematic illustrations of the crumpled graphene placed on the corrugated PDMS film and
silicon substrate.
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Table 2. Comparison of the sensing performance of the proposed crumpled graphene structure
with recently published refractive index sensors in the mid-infrared region.

Recently published refractive index sensors Plasmon resonance Max sensitivity Max FOM
Wavelength (um) (um/RIU) (RIUY)

few-layer graphene/hBN nanoribbons (2019) 6.8 4.207 57.47

[46]

Graphene Ribbon Arrays (2019) [47] 7.5 2.9 10

hybrid structure of graphene stripe combined 2.3 1.15 383

with gold gap-ring (2017) [48]

graphene-decorated grating on high dielectric 5.5 2.78 17

substate (2019) [49]

Graphene-based diffractive grating structure 9.5 2 14.2

(2017) [30]

Dual-band graphene metamaterials (2019) 7.8510.1 2.884.16 12927

[50] graphene-based plasmon induced
transparency waveguide (2018) [51]

Crumpled graphene sensor supported on 154 7.49 62.5
silicon substrate with 7=250 nm and
H =300nm in this study

to 1000 cm?/(V.s). As can be observed in Fig. 4(c), when the mobility decreases from 10000 to
1000 cm?/(V.s) the Q-factor reduces from 67 to 7.5 for the plasmonic mode at the wavelength
of 15.4um. Also, as shown in Fig. 4(d), when the mobility decreases to u =4000 cm?/(V.s),
the FOM of the proposed sensor drops to 14 RIU™! for the crumpled graphene on the silicon
substrate, while the sensitivity remains constant.

It has been shown that the plasmonic Bragg reflector structure formed in graphene waveguide
presents high electrical tunability over a wide wavelength range [52]. By introducing a defect
into the plasmonic Bragg reflector, a microcavity with a maximum Q-factor of 50 can be obtained
for the defect mode. To compare the wavelength tunability of the plasmonic resonances in the
proposed crumpled graphene plasmonic sensor to that achieved in the Bragg reflector based
structure, we study the electrical tunability of the plasmonic resonances in crumpled graphene by
varying the Fermi energy level of graphene. As shown in Fig. 4(e), with increasing Ey from 0.6
to 0.8 eV the resonance wavelength blue-shifted from ~16 to ~14 um, which is larger than that
achieved in Bragg reflector structure [52].

The Q-factor for the main plasmonic mode of the crumpled graphene structure on the PDMS
and silicon substrates in Fig. 4(a) and Fig. 4(b), when n;=1.3, are about 71 and 67, respectively,
which are higher than that of plasmonic Bragg reflector structure [52]. Also, the sensitivity and
FOM of our proposed crumpled 2D materials based plasmonic biosensor are at least three times
higher than that achieved by the Bragg reflector structure [30].

In the following, we will investigate a plasmonic device from crumpled graphene-MoS, van
der Waals heterostructure. The device is identical in structure to the previously discussed pure
graphene device (Fig.1a) with the modification that a MoS, layer is added atop the graphene layer
supported on a PDMS substrate. In this case, we define the period and the height of the crumpled
heterostructure as 7; =T and H; = Hy + typos, + tgap, Where Hg, ty,s,, and fg,, are crumpled
graphene height, thickness of the MoS; layer, and the gap distance between the graphene and
MoS, layers, respectively.

The optical absorption of crumpled graphene-MoS, heterostructure is shown in Fig. 5
for crumpled structure parameters, including 7; = 150nm, H, =350nm, f,s, =0.7 nm, and
teap = 0 nm, as well as electronic properties of 2D materials, such as Er = 0.64 eV, Ta05, = 0.17 ps,
and different electron concentration in MoS, layer (n,p). For comparison, the absorption spectra
of crumpled graphene and crumpled MoS; structures are plotted in the figure. We demonstrated
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the influence of the 2D electron concentration in the MoS; layer on the plasmonic resonances of
the crumpled graphene- MoS; heterostructure in Fig. 5. As shown in Fig. 5(b), the wavelength of
the main resonance peak (~12.84 um) in the absorption spectra of the free-standing crumpled
graphene-MoS, heterostructure at the MoS; electron concentration nyp = 0.1 X 1013 ¢ m™2
closely matches with the wavelength of plasmon peak of the free-standing crumpled graphene
structure. There is no absorption peak in the crumpled MoS, structure for this electron
concentration. Therefore, the effect of this MoS; electron concentration is negligible and the
major absorption peaks in Fig. 5(b) arise from the plasmonic resonances in the crumpled graphene
structure. By increasing the electron concentration to n5p = 10 x 10'3¢c m~2, plasmon resonance
peaks appear in the crumpled MoS; and the resonance wavelengths of the plasmon modes in
crumpled graphene-MoS; heterostructure shift toward shorter wavelengths. As seen in Fig. 5(c),
a new hybrid graphene-MoS, plasmon mode, which is blue-shifted compared to main crumpled
graphene and MoS; plasmon modes, arises due to interaction between optical properties of
MoS; and graphene layers. By Further increasing nyp to 25 X 1083¢ m~2 (see Figs. 5(d)), the
resonance peaks of the MoS, plasmon modes, and therefore hybrid graphene-MoS, plasmon
modes, shift toward shorter wavelengths, become sharper, and the intensity of the absorption
peaks increases. The main plasmon mode of the combined graphene-MoS; structure creates a
slightly sharper resonance peak with an FWHM of 175 nm and with a higher intensity of 0.36
on the normal-incidence absorption spectra compared to that of the crumpled graphene (with
FWHM of 195 nm and intensity of 0.3) and crumpled MoS, (with FWHM of 224 and intensity
0.26) structures.

0.3 — Graphene
— MoS,
— Graphene/MoS,

Absorption
o
N

Wavelength [um]

C) 0.4 d) Hybrid Graphene/MoS2
§ 04 plasmon mode1 Graphaie
plasmon mode1
- — Graphene Mos: p—
g 03 P g 03 Giagtions
.";'_ — MoS; = — MoS;
o
‘5 0.24 — Graphene/MoS, 5 02 — Graphene/MoS,
3 3
< 0.4 1 < o4
A T I
5 10 15 5 10 15
Wavelength [um] Wavelength [um]

Fig. 5. Hybrid plasmonic resonance of crumpled graphene-MoS, heterostructure. (a)
The schematic illustrations of the free-standing crumpled graphene-MoS, heterostructure.
optical absorption spectra of free-standing crumpled graphene (blue line), crumpled MoS,
(black line), and graphene-MoS, heterostructure (red line) with structural parameters of
T; =150 nm and H; =350 nm, and carrier concentration of (b) nyp = 0.1 X 1013¢ m2, (©)
mp = 10 x 1013%¢ m=2, and (d) nyp = 25 x 1013¢ m~2 in MoS, flake. The electronic
parameters of graphene flake are set as Ep = 0.64 eV and u = 10000c m?/(V.s).

As mentioned above (Fig. 2), the graphene plasmon resonances, and therefore the sensitivity
of the device is influenced by damping effect due to the high absorbance of PDMS substrate in
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the wavelength range from 8to 15 um. Using the crumpled graphene-MoS, heterostructure, the
plasmon modes blueshift toward the shorter wavelength resulting in a large detuning between
the absorbance peaks of PDMS and plasmon resonance wavelengths. This leads to a resonant
peak with higher intensity and lower FWHM, which is essential for biosensing applications
and increasing sensitivity. The absorption spectra of the crumpled MoS,/SiO,/graphene
heterostructure on the PDMS substrate in the solutions with different refractive indices are shown
in Fig. 6(a). It is assumed that the gap area between the MoS, and graphene layers is occupied by
a thin film of SiO, with a thickness of 3 nm. Compared to the main plasmon resonance of the
crumpled graphene on PDMS substrate (at the wavelength of ~10.7 pm in Fig. 4(a)), an obvious
blueshift can be observed for the hybrid plasmon resonance of the crumpled heterostructure
by 4.4 um in the solution with n; = 1.3. By changing the refractive index atop the crumpled
heterostructure from 1.3 to 1.5 the hybrid mode wavelength redshifts from 6.4 to 6.83 um
exhibiting a sensitivity of 2180 nm/RIU and FOM of 18.2 (FWHM = 120 nm). Compared to the
crumpled graphene sensor on the PDMS with a sensitivity of 2090nm/RIU and FOM of 12.2
(FWHM = 170 nm), the crumpled MoS,/SiO,/graphene heterostructure shows better sensing
performance.

a)  Graphene - b) MoS2
S0 AAAAAANA =y
PDMS s Graphene AAVAAAVWA
0.5 m= 05 MoS2 — n1=13
— n1=1.35 - ~
: n1=135
s — =14 g imt4
g 03 — =145 § CAAAE
4 — =S8 n1=15
- <
0.14

5""10”"15'
Wavelength [um]

5 10 15
Wavelength [um]

Fig. 6. Comparison of plasmonic resonance shifts of crumpled graphene crumpled
MoS,/SiO,/graphene and crumpled MoS,/SiO,/graphene/SiO,/MoS; heterostructures. (a)
Normal-incidence optical absorption spectra of a crumpled MoS,/SiO,/graphene, and (b)
crumpled MoS;/SiO;/graphene/SiO2/MoS; structures supported on corrugated PDMS
substrate when the refractive index of solution atop the crumpled surface n; changes
from 1.3 to 1.5 with a gap size of 3nm filled by SiO; layer between the MoS, and
graphene flakes at Ef = 0.64 eV, u = 10000c m?/(V.s), and npp = 22 x 1013¢ m~2. The
structural parameters are set as 7; =250 nm and H; =306 nm. The insets show schematic
illustrations of the crumpled graphene structure, crumpled MoS,/SiO,/graphene, and
crumpled MoS,/SiO,/graphene/SiO,/MoS, heterostructures placed on the corrugated
PDMS substrates.

Further wavelength detuning between the plasmon and PDMS absorbance resonances can
be obtained using MoS,/SiO,/graphene/SiO>/MoS, heterostructures. As seen in Fig. 6(b),
the hybrid plasmon modes of crumpled MoS,/SiO,/graphene/SiO2/MoS; blueshift to shorter
wavelengths ranging from 5.17 to 5.51 um for all solution samples with different refractive indices
between 1.3 to 1.5, compared to that of the crumpled MoS,/SiO,/graphene heterostructure.

Finally, by depositing a thin metallic layer on the silicon substrate, plasmon resonance peaks
with higher intensity and lower FWHM can be achieved. This further enhances the detection
signal, and slightly improves the sensor sensitivity. As shown in Fig. 7(a), adding a thin Au
layer with a thickness of 30 nm on the silicon substrate enhances the intensity of the plasmon
resonance of the crumpled MoS,/SiO,/graphene/SiO,/MoS; structure at the wavelength of 4.62
um by a factor of 1.69 and decreases the FWHM down to 50.7 nm. Compared to the silicon
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substrate (Fig. 7(b)), the sensor sensitivity is also enhanced by 363.7 nm/RIU for this plasmon
mode (Fig. 7(c)).
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Fig. 7. The effect of metallic substrate on plasmonic resonance shifts of crumpled
MoS,/Si0,/graphene/SiO>/MoS; heterostructures. (a) optical absorption spectra of crum-
pled MoS,/SiO;/graphene/SiO,/MoS;on silicon (blue line) and silicon-Au (black line)
substrates in the solution with refractive index n1 = 1.3. A thin film of Au film with a thickness
of 30 nm is assumed to deposit on the silicon substrate. The insets show schematic illustrations
of the crumpled MoS,/SiO,/graphene/SiO,/MoS; supported on the silicon and silicon-Au
substrates. (b) optical absorption spectra of crumpled MoS;/SiO;/graphene/SiO,/MoS;0n
silicon substrate when the refractive index of solution atop the MoS, surface nchanges
from 1.3 to 1.5, with structural parameters of 7; =250 nm and H; =306 nm, and electronic
properties of Ep = 0.64¢V, u = 10000c m2/(V.s), and nyp = 22 x 1013¢ m~2. (c) optical
absorption spectra of crumpled MoS,/SiO;/graphene/SiO,/MoS,supported on Au-silicon
substrate with varying the refractive index of solution atop the MoS, from 1.3 to 1.5.

It should be noted that the proposed MoS,/graphene-based biosensor has the advantages of the
facile fabrication process and broadband spectral tunability of strong plasmonic resonances from
the mid-to near-infrared by mechanical reconfiguration of crumpled graphene/MoS; structures.
We have revealed that crumpled graphene/MoS, structures are able to be utilized as a refractive
index sensor with better performance than conventional graphene-based refractive index sensors.
We declare that the main strength of our proposed plasmonic sensor is 3- dimensional (3D)
configuration of the crumpled graphene/MoS, structure providing more cross-sectional surface
area of 2D materials in contact with biomaterials in all directions, especially near the apex and
valley regions of the crumpled structure whereas strong local field confinement and enhancements
occur. This is the reason for the enhanced sensitivity of crumpled graphene/MoS; structures.

In practical biosensing applications, the effect of the stretchable polymer-based substrate may
not be easily excluded. As shown above, the PDMS layer possesses high optical absorption in the
mid-infrared region which can drastically overlap with surface plasmon resonances. Therefore,
in such a strongly interacting system the biomolecular response cannot be isolated because the
sensor signal can be overwhelmed by the large optical response of the PDMS layer. This problem
can be addressed using crumpled 2D materials heterostructure by shifting the plasmon resonances
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outside the destructive absorbance region of PDMS. With a large detuning between the plasmon
resonances and PDMS absorbance peaks, distinct spectral peaks and shifts of the plasmon
resonances in the presence of biomolecules can be revealed in the crumpled heterostructures with
higher sensitivity and larger FOM (narrower spectral width), compared to crumpled graphene
structure. In contrast to the strong-coupling regime between the PDMS absorbance and plasmon
resonances, one can isolate the distinct plasmon resonances with higher absorbance intensity and
lower FWHM by detuning the PDMS absorbance peaks from the plasmon resonances. Another
way to avoid the damping effect of PDMS substrate is by transferring crumpled graphene structure
onto the transparent substrate in mid-infrared.

It is worth noting that mechanical reconfiguration of crumpled graphene may not be essential
for graphene plasmonic biosensors supported on the transparent mid-infrared substrate, as the
plasmon resonances of the graphene can be detected over a broad spectral range in mid-infrared
using these transparent substrates. Instead, it is highly crucial for graphene sensors placed on
the stretchable and flexible polymer-based substrate, such as PDMS, to induce a large detuning
between the plasmon resonances and substrate absorbance peaks and avoid damping of plasmonic
resonances due to the substrate.

4. Conclusion

In summary, we proposed a high-sensitivity plasmonic biosensor based on the crumpled
graphene/MoS, structure in which plasmon resonances in crumpled graphene and MoS,
structures are used to detect small changes in the refractive index of the solution. The novel
crumpled configuration enables strong interaction between the sensing medium and plasmonic
wave, which enhances the sensitivity of the device by inducing a large shift in resonance
wavelength. To avoid damping effect of the PDMS substrate, the crumpled graphene structure
can be transferred on the mid-infrared transparent substrate such as silicon by removing the
PDMS layer. High sensitivity amounts of up to 7499 nm/RIU has been obtained for the main
resonance peaks in crumpled graphene structures supported on silicon substrate corresponding
to a FOM of 62.5 RTU™!. The sensing properties can be tuned by mechanical reconfiguration
of structural parameters over a broad spectral range in the infrared region. Also, using the
crumpled MoS,-graphene heterostructure the plasmon resonances can be detuned from the
PDMS absorbance peaks exhibiting distinct plasmonic resonances with better sensitivity and
FOM compared to the crumpled graphene on the PDMS substrate. The enhanced sensitivity
along with facile structural turnability are the major advances of our refractive index sensor.
Therefore, the proposed crumpled 2D material structure is a promising method for potential
applications in designing and developing simple and high-performance biosensing devices based
on plasmonic waves.
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