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The nanopatterning of graphene with complex geometries and configurations has been widely investigated
to excite plasmonic resonances in the graphene layer with high spatial confinement and gate tunability for

nanophotonic applications.

However, the existing approaches suffer from time-consuming and

complicated fabrication processes, edge effects, and a narrow spectral tunability range of plasmonic

resonances in graphene, limiting their utility in optoelectronic applications. Here, we study the effect of

substrate corrugation and curvature on the plasmonic resonances of graphene through theoretical

studies of a model system — graphene on closely packed SiO, nanospheres with different diameters.

Highly confined plasmonic waves in graphene are efficiently excited due to nanoscale deformations in
graphene using a nanocorrugated substrate on silicon. The SiO, nanospheres, with their close-packed

curvature pattern, couple the incident optical wave to the graphene plasmonic resonances, thereby

creating a sharp notch (resonance peak) on the normal-incidence transmission spectra (absorption

spectra) with a high-quality factor of ~109 and a near-field intensity enhancement of ~502. The
resonant wavelength of the plasmonic modes can be tuned over a wide wavelength range in the mid-
infrared by adjusting the size of the nanospheres. Finally, we demonstrate that the biaxially deformed
graphene structure can detect slight variations in the refractive index of the surrounding analyte. The
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deformed graphene on closely packed SiO, nanospheres.
nanocorrugated graphene on closely packed SiO, nanospheres, with its facile fabrication process, strong
plasmonic resonances, and superior sensing performance, provides a platform for ultrasensitive biosensing.
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. Introduction

Surface plasmons (SPs), coupled electromagnetic excitation of
photons and mobile charge carriers at the interface between
a metal and a dielectric material, open exciting avenues to
manipulate and control light confined in nanoscale devices.
However, plasmons in metals are not tunable and exhibit strong
ohmic losses, which attenuate and limit the propagation
lengths of SP waves.”> The superior electronic properties of gra-
phene, such as ultra-high mobility of charge carriers, low
optical loss, high flexibility, and transparency, make it a prom-
ising plasmonic material to build integrated photonic devices
for a broad spectral range from near-infrared to THz.>* Due to
its two-dimensional (2D) nature and high electrical conduc-
tivity, graphene supports plasmons with high spatial confine-
ment and strong electric field enhancement.>® Furthermore,
the carrier density and chemical potential in graphene can be
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results demonstrate a high sensitivity of 3250 nm RIU™ and a large figure-of-merit of 63.2 RIU™* for

Our findings indicate that biaxially

tuned by electrical gating or chemical doping, offering the
interesting opportunity to develop tunable plasmonic devices.*®
However, the future realization of graphene plasmonic plat-
forms relies on converting incident light into propagating gra-
phene plasmons (GPs). Due to a large mismatch between the
GPs and incident light wave vectors, the coupling between SPs
and free-space electromagnetic waves cannot be attained.
Therefore, using a far-field method, the momentum of SPs and
light can be matched, and a large wavelength of light turns into
ultra-short GP wavelengths.'®'* The plasmonic resonances in
graphene can be excited in lithographically patterned structures
using optical coupling configurations such as prism couplers,
waveguide structures, and grating couplers.””* However, the
fabrication process of these optical couplers is time-consuming
and not cost-effective; thus, realizing the broadband tunability
of GPs over the infrared wavelength range is still challenging.
Also, owing to their bulky (massive) configurations, they cannot
be readily integrated with other electronic components and
circuits. Rapid, cost-effective, and facile fabrication of photonic
devices to excite plasmonic waves in graphene remains a chal-
lenge in developing graphene plasmonic circuits. Crumpled
graphene structures have recently drawn significant attention

Nanoscale Adv., 2025, 7, 7899-7912 | 7899
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as a new pathway to manipulate plasmonic resonances in gra-
phene over a broad spectral wavelength range through
mechanical reconfiguration of wrinkled structures.*

In our previous study, we also showed that biaxially crum-
pled graphene structures present a higher number of plasmonic
modes with higher photo-absorption intensities and lower full-
width at half-maximum (FWHM) values, indicating stronger
plasmonic resonances as compared to the uniaxially crumpled
graphene.* Although broadband tunability of plasmonic reso-
nances can be achieved using crumpled graphene structures,
GPs are largely affected by the high optical absorption of poly-
mer-based substrates such as polydimethylsiloxane (PDMS) or
a very high bond (VHB) layer in the mid-infrared region of light.
In this frequency range, spectral overlap between the resonance
wavelength of GPs and absorbance peaks of the substrate
results in damping, attenuation, and broadening of the plas-
monic resonances in the graphene layer.”® Therefore, in such an
interacting system, the plasmonic resonances of graphene are
overwhelmed by the large optical response of the polymeric
substrate, and distinct plasmon resonances in the graphene
cannot be distinguished from the whole optical absorption of
the system. Thus, these configurations present challenges in
efficiently converting light into GPs, enhancing light-matter
interactions, and realizing integrated graphene plasmonic
devices with broadband tunability across the IR wavelengths.
Recently, it has been shown that 3-dimensional wrinkled gra-
phene can be created by deformations at the micro- and nano-
scale on an undulating substrate made of closely packed SiO,
nanospheres by inducing the strain and buckle delamination of
the graphene layer.> The curving and bending of 2D materials
and thin films can be engineered using this approach. The 3D
deformation and adhesion of graphene on the SiO, nano-
spheres can be revealed by depositing graphene on the
substrate. Therefore, regular biaxially wrinkled patterns are
created in the graphene layer using graphene on the closely
packed SiO, nanosphere structures. Thus, controllable
deformed/wrinkled patterns in graphene can be engineered by
transferring and depositing graphene on the substrate. The
closely packed SiO, nanospheres on silicon (Si) perform as
a biaxially corrugated substrate, such as a patterned optical
configuration, to excite and launch the propagating GPs. Such
deformed graphene as regularly curved or bent 2D layers has
not yet been studied for designing plasmonic devices. Hence,
we hypothesize that nanoscale deformation and bending of 2D
graphene in 3-dimensions could result in distinct plasmonic
resonances in graphene and modulation of their resonance
wavelengths over a broad spectral range by controlling the size
of SiO, nanospheres.

We propose using closely packed SiO, nanospheres on
silicon as a symmetrical biaxially corrugated substrate to excite
a guided-wave resonance in deformed and bent (wrinkled)
graphene films. The guided mode resonance, which couples
optical waves to the plasmonic waves, can be directly observed
from the absorption spectra by creating a drastic variation in
the optical/photo absorption intensity at the resonance wave-
length. We show that strong plasmonic resonances with
broadband tunability can be realized using controllable
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deformed graphene structures on SiO, nanospheres with close-
packed curvature patterns. The closely packed SiO, nano-
spheres, which perform as a tunable optical filter, can be readily
tuned with a slight change in the energy Fermi level of the
graphene layer. To investigate the modulation of plasmonic
resonances in graphene, we systematically vary substrate
corrugation features by changing the size/diameter of SiO,
nanoparticles. Our proposed structure, consisting of graphene
on spherical SiO, nanoparticles with minimum spacing and
close-packing properties, is thus an ideal model system to study
plasmonic resonances in graphene by converting optical waves
into the propagating GPs, controlling their resonance
frequency, and enhancing light-matter interactions. Owing to
its facile fabrication process and reproducibility, the presented
approach possesses several benefits over the conventional
patterned graphene structures, such as nanoribbons. The
method does not require electron beam lithography to pattern
the nanoconfined graphene devices, and the realization of
curved and wrinkled graphene is obtained by direct manipula-
tion of the graphene layer. This results in nanoscale wrinkling
features and deformation patterns in graphene, which create
strong plasmonic resonances. Our results demonstrate that
wrinkled/deformed graphene on SiO, nanospheres with close-
packed curvature patterns is a new pathway for manipulating
strong plasmonic resonances across a broad spectral range. The
proposed structure can be utilized to build plasmonic-photonic
circuits based on deformed 2D materials, such as ultrafast
optical modulators, filters, and metamaterials. Finally, the
potential application of this structure for biosensing is inves-
tigated by determining the shift in plasmonic resonance wave-
length of the deformed graphene sensor in response to small
variations in the refractive index of an analyte atop the graphene
layer using theoretical calculations based on the semiclassical
Drude model combined with the finite element method. We
demonstrate that for a given change in the refractive index, the
wavelength shift of the plasmonic resonance mode and the
corresponding FOM are larger for deformed graphene
compared to conventional graphene-based plasmonic devices.
The proposed structure reveals its superiority regarding sensi-
tivity, FOM, and quality factor (Q). Our findings indicate that the
deformed graphene structure on SiO, nanospheres with a close-
packed curvature pattern emerges as a promising platform for
the development of ultrasensitive plasmonic biosensors with
broadband tunability across the infrared light range.

Il.  Physics

Doped graphene has garnered significant attention recently due
to its exceptional electronic properties.”® Theoretical studies
have explored the propagation of highly confined plasmonic
waves in graphene layers. This study employs full-wave 3D
simulations using the finite element method within the COM-
SOL Multiphysics wave optics module to analyze plasmonic
resonances in wrinkled graphene structures. The graphene
layer is a thin film with two-dimensional surface conductivity
aligned with the wrinkled configuration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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According to previous studies, the carrier mobility of flat
graphene varies from 1000 cm® (V™' s7') for chemical vapor
deposition (CVD)-grown films to 230 000 cm” (V' s ") in sus-
pended graphene obtained through exfoliation.?® Based on this,
we selected an intermediate mobility of 10 000 cm® (V" s™*) for
deformed graphene resting on closely packed SiO, nano-
spheres. The chemical potential of graphene was taken to be
spatially uniform. This assumption is justified by a prior
experimental study showing that back-gate tuning of curved
graphene over nanospheres yields quasi-uniform Fermi level
modulation.** Although local variations in the electric field may
induce slight inhomogeneities in chemical potential, these are
not expected to significantly impact the global plasmonic
response in the regime considered.

Optical simulations were conducted with periodic boundary
conditions imposed along the wrinkling direction to evaluate
the far-field response of biaxially deformed graphene struc-
tures. SiO, nanospheres on a silicon substrate were chosen as
the reference material to induce nanoscale deformations in the
graphene layer, thereby enabling the excitation of surface
plasmon resonances in the modified graphene channel.

In our simulations, graphene is defined using a transition
boundary condition and modeled with an anisotropic dielectric
function described by a diagonal permittivity tensor. The in-
plane permittivity components are represented as

&1 = & = 2.5+ i;i;l (1)
while the normal component to the surface is defined as ¢33 =
2.5, &o is the vacuum permittivity and ¢ represents the graphene
thickness, which is considered to be 0.34 nm. As outlined in eqn
(2), graphene's two-dimensional conductivity (og;) is a complex
quantity influenced by both intraband and interband processes,
which vary depending on the incident photon energy. The
intraband component eqn (3) reduces to the Drude model when
the temperature approaches absolute zero (T = 0 K), while the
interband term eqn (4) corresponds to electron-hole pair
generation and recombination.?””** In the mid-infrared region,
the interband charge carrier transitions in graphene are ignored
as the photon energy is less than 2E; Thus, the intraband
transitions can contribute to the surface conductivity of
graphene.

/ .o
0Gr = 0G, 710G, = Ointra t Tinter (2)

ié’sz T Ef _Ef
P {kg—r“ln (e"p (ﬁ) * 1)} )

ie? | 2|E| = (w+it)h
4mh n(Z}Ef’ + (w+ ir“)h)

Tintra =

Ointer — (4)
where kg is the Boltzmann constant, T is the temperature, /4 is
the reduced Planck constant, , is the carrier relaxation time,
which is related to the carrier mobility u, in graphene as 1, =
,ugEf/eva, and E; = hvg,/Tng is the Fermi energy level in gra-
phene, v; = 10° m s~ ' is the Fermi velocity, nyis the carrier
density in graphene. For graphene with high doping levels or
subjected to an external electric field, the condition E¢ > kgT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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holds, and the term In (exp <k_B—E;) + 1) =~ 0. In the simula-
tions, graphene is modeled using the standard complex surface
conductivity without explicit inclusion of strain-dependent
permittivity. This assumption is valid within the low strain
regime (<2%), as reported experimentally,> where the defor-
mation primarily affects curvature-induced field localization
rather than significantly altering the electronic band structure
or optical response, demonstrating that such strain corrections
yield nearly identical plasmonic spectra. Therefore, the effect of
strain on the absorption spectrum is negligible, and the domi-
nant factor controlling the plasmon resonance is the geomet-
rical modulation of graphene curvature, which perturbs the
effective local dielectric environment and enables phase-
matching to incident radiation.

Corrugated structures are employed to address the mismatch
between the wave vector of free-space electromagnetic waves and
plasmons. These structures are achieved by transferring graphene
onto an array of nanospheres with the close-packed curvature
patterns, which induce strain in graphene. Upon releasing the
strain, deformations and wrinkles naturally form in the graphene
film. Under normal incidence, plasmonic energy dissipation in
2D materials causes a distinct resonance peak in the absorption
spectrum near the resonant frequency. The target sensing
medium is positioned on top of the wrinkled structure for bi-
osensing applications. In undulated configurations, the wrinkles
are filled with the substrate material. The refractive index of the
sensing medium is selected to correspond with commonly
studied biomolecules such as human serum albumin, single-
stranded DNA, and double-stranded DNA.

A periodic port is implemented in the z-direction to illumi-
nate the structure, with periodic boundary conditions applied
along the wrinkling directions (x and y axes) to simulate an
infinitely periodic array of unit cells. A transverse electric field
propagates along the wrinkles, radiating perpendicularly to the
structure. To optimize computational efficiency, a non-uniform
mesh is employed. The graphene boundaries along the x and y
axes are refined to a resolution of 0.1 nm, while mesh sizes
gradually increase outside the graphene region with a growth
factor of 1.5. The maximum mesh element size was 100 nm, and
a mid-infrared light irradiates the structure from the top port.
The simulation runs until the system achieves convergence.

The scattering (S) parameters of the device were determined
using the finite element method. These parameters are utilized
to extract the effective refractive index of plasmonic sensors and
to characterize the optical properties, including transmission,
reflection, and absorption spectra. The transmission and
reflection coefficients are computed as

Ty =|Sul’ R =[S’
and the corresponding absorption is determined by
Ar=1-Tr— R

The overall absorption spectrum is derived by solving
Maxwell's equations while enforcing boundary conditions for

Nanoscale Adv., 2025, 7, 7899-7912 | 7901
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graphene conductance and permittivity, and the refractive
indices of silicon and SiO, substrates in mid-infrared were
taken from Kischkat.*® Graphene on the closely packed SiO,
nanospheres can be fabricated using widely reported tech-
niques that are both cost-effective and scalable. Close-packed
SiO, nanosphere monolayers can be prepared on silicon
substrates using the spin-coating technique. The method allows
the formation of periodic curvature patterns with nanometer
control over sphere diameter. Monolayer graphene, typically
grown by chemical vapor deposition (CVD), can be transferred
onto the nanosphere layer using a polymer-supported wet
transfer method (e.g., PMMA-assisted transfer). Upon contact,
the graphene drapes over the nanospheres due to van der Waals
attraction and capillary forces during the drying process. To
improve adhesion and eliminate polymer residues, an anneal-
ing step in forming gas or vacuum can be used to enhance
graphene conformality over the nanoscale curvature.

[1l. Results and discussion

We investigated the plasmonic resonances of wrinkled gra-
phene structures on closely packed SiO, nanospheres on
a silicon substrate. To excite surface plasmons in graphene, the
wavevector of the corrugated structure in the form of closely
packed nanospheres can compensate for the wavevector
mismatches. Our plasmonic device comprises a wrinkled gra-
phene layer placed on periodic spherical SiO, nanoparticles
with close-packed curvature patterns on the mid-infrared
transparent silicon substrate (Fig. 1). Wrinkled graphene is
assumed to adopt a biaxial sinusoidal shape with geometrical
parameters, including wrinkle period (Ty) and wrinkle height
(Hy) equal to the radius of the nanospheres (R,). The distance
between the centers of two adjacent spheres is defined as the
period of the structure, i.e. Ty = 2 X Ry = D,, where D; is the
diameter of the nanospheres.

The electronic properties of graphene are defined in Table 1.
Transverse magnetic (TM) polarized light along the wrinkling

Polarized light

Ko’

Graphene Plasmons

Si substrate

Y—Z,.x

Fig.1 Schematic demonstration of a deformed graphene structure on
closely packed SiO, nanospheres with wrinkle period Dg on a silicon
substrate. Polarized light with the electric field along the wrinkling
directions x and y irradiates in the normal direction Kj to the structure
to excite graphene plasmons.

7902 | Nanoscale Adv,, 2025, 7, 7899-7912
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directions x and y illuminates the system in the normal direc-
tion to the structure (K,). First, we performed full-wave optical
simulations to investigate the far-field spectral response of
biaxially wrinkled graphene. To observe the plasmonic reso-
nances in the proposed wrinkled graphene structures, we have
studied the absorption and transmission spectra of the device at
normal incidence with the E-field polarization along the wrin-
kling directions, x-axis and y-axis, as shown in Fig. 1.

The simulated normal-incidence absorption spectra of
a free-standing biaxially wrinkled graphene structure for the
incident electric field (E;,.) parallel (E,.||Ay) and perpendicular
(Einc L Ay) to the wrinkling direction (4,,) are shown in Fig. 2(a).
Multiple resonance peaks, including the first- and second-order
plasmonic modes, are observed in the optical absorption
spectrum for Ej,¢||Aw, Whereas no plasmonic resonance peak is
observed for Ej,. L A. First, one can see two absorbance peaks
at the resonance wavelengths of ~7 and ~4.8 pm, correspond-
ing to the first and second plasmonic modes of the free-
standing biaxially wrinkled graphene flake with a structural
period of 150 nm in Fig. 2(a), respectively. The resonance peaks
in the absorption spectrum are attributed to resonant plas-
monic modes confined in the deformed graphene structures.

To model the performance of a physically realizable plas-
monic device, we simulated the deformed graphene structures
on SiO, nanospheres (Gr-SiO,NS;) with close-packed curvature
patterns. The wrinkled structure on closely packed nanospheres
couples free space optical waves to graphene plasmons propa-
gating in-plane, thereby creating a strong change in the optical
absorption spectrum at the resonant wavelength. One can see
sharp resonance peaks from biaxially deformed graphene on
closely packed SiO, nanospheres for Ej,.||Aw. TWo sharp reso-
nances in the absorption spectrum around 7.25 and 4.9 um
corresponding to the first and second plasmonic modes in
graphene can be observed in Fig. 2(b) for the wrinkled graphene
on a periodic spherical curvature pattern of SiO, nanospheres.
The spectral window with a central wavelength of around 9 pm
and a spectral width of 2 pm in Fig. 2(b) is attributed to the
phonon mode of SiO, nanospheres. Also, the normal-incidence
transmission spectrum of the deformed Gr-SiO,NS; structure is
shown in Fig. 2(c). The peak of the maximum optical absorption
(the main resonance notch in the transmission spectrum)
shows the most efficient coupling of the incident light to the
graphene plasmon. The Q-factor was determined from the
simulated transmission spectra using the standard definition:

Ares

2= FwHM

Table 1 The electronic parameters of graphene

Definition Label Value Unit

Carrier density ng 3.01 x 10" em™?

Fermi velocity e 10° ms’

Fermi energy level E¢ 0.64 eV

Carrier mobility Mg 10 000 em® (V's™)
Carrier relaxation time Tg 0.64 Ps
Temperature T 300 K

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rmed graphene structure with A,, = 150 nm, where A, is the corrugated
a schematic illustration of the biaxially deformed graphene structure.

Absorption (b) and transmission (c) spectra of a biaxially deformed graphene structure on close-packed SiO, nanosphere arrays with Dg = 150
nm. The insets show the schematic illustration for the biaxially deformed graphene structure on closely packed SiO, nanospheres. (d) Near-field
intensity distributions of the first and second graphene plasmon modes at resonance wavelengths of 7.25 and 4.9 um, respectively.

where A is the central resonance wavelength of the plasmon
mode and FWHM is the full width at half maximum of the same
dip. The sharp notches in the transmission spectrum of closely
packed Gr-SiO,NS; possess an extinction ratio of ~4 dB and
a quality factor (Q) of ~109, which is larger than that of gra-
phene and metal mid-infrared plasmonic structures.***” This
relatively low-loss optical configuration allows us to build an
ultracompact resonator or filter with high-Q. A minor spectral
feature appears near 5.4 um between the two dominant plas-
monic resonances. This peak is attributed to either a weak
hybridized mode formed by coupling between adjacent curva-
ture-induced plasmonic states, or to partial destructive inter-
ference effects resulting in an asymmetric Fano-type profile.
This mode is not a primary plasmonic resonance but arises
from the complex electromagnetic environment shaped by
nanoscale curvature. The near-field intensity distribution
profiles of the fundamental and second-order modes at wave-
lengths of 7.25 and 4.9 um in one period are shown in Fig. 2(d).

To assess the role of graphene curvature on plasmonic
performance and near-field enhancement, we carried out
control simulations for three representative configurations: (I)
flat graphene on SiO, disks, (II) flat graphene on SiO, nano-
spheres, and (III) corrugated graphene conformally draped over
SiO, nanospheres. All structures were modeled with identical

© 2025 The Author(s). Published by the Royal Society of Chemistry

sphere or disk diameters, lattice periodicity, and simulation
parameters to ensure a direct comparison.

The results clearly indicate that flat graphene, whether
supported on disks or spheres, exhibits only very weak reso-
nances around 4.5 pm for Dy = 120 nm with broadband
absorption features predominantly governed by the intrinsic
phonon resonances of SiO, in the 8-10 pm range, and negligible
spectral tunability upon changing the nanostructure size, as
shown in Fig. 3. In stark contrast, the corrugated graphene
configuration produces a sharp, high-intensity plasmonic peak
whose resonance wavelength redshifts systematically with
increasing sphere diameter. The corresponding near-field
profiles reveal highly localized plasmonic “hot spots” along the
curved graphene surface at the ridge region (Fig. 3(d)). However,
for planar graphene cases, fields are weakly localized and
distributed diffusely over the surface, with no pronounced
hotspot formation (Fig. 3(b) and (c)).

Quantitatively, both the peak absorption intensity and the
localized electric field enhancement for corrugated graphene
are nearly an order of magnitude larger than those for flat
graphene under otherwise identical conditions. This demon-
strates that biaxial deformation and curvature not only facilitate
efficient excitation of graphene plasmon modes but also
significantly boost vertical field confinement and light-plasmon

Nanoscale Adv., 2025, 7, 7899-7912 | 7903
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(a) Comparative optical response and near-field distributions for three substrate configurations: flat graphene on SiO, disks (red curves),

flat graphene on SiO, nanospheres (blue curves), and corrugated graphene on SiO, nanospheres (black curves) for sphere diameters Ds = 60, 90,
and 120 nm. The left panels present the simulated absorption spectra, highlighting the emergence of distinct plasmonic modes (I-Ill) for each
configuration and the SiO, phonon band. The right panels show the corresponding normalized electric-field intensity distributions |E|/|Eo| for
each mode at Dy = 120 nm for (b) flat graphene on SiO, disks, (c) flat graphene on SiO, nanospheres, and (d) corrugated graphene on SiO,
nanospheres. The corrugated graphene reveals substantially stronger and spectrally sharper plasmonic resonances compared to flat-graphene
configurations, with near-field enhancement and photoabsorption intensity approaching an order of magnitude higher.

coupling strength. The resulting strong resonances in the
absorption spectra, combined with the enhanced near-field
localization, are central to the large spectral tunability and
subsequently the sensing capabilities observed in the corru-
gated system—performance metrics that cannot be achieved in
planar graphene geometries.

The curvature radii of the nanospheres used in this study
(10-200 nm), combined with the measured adhesion mechanics
of graphene, ensure that the induced tensile strain remains
modest, typically <1-2%, even at the sphere apexes. In this
regime, the relative change in Fermi velocity is below 2%, which
would produce a plasmon frequency shift of only a few percent,
well within the numerical uncertainty of our full-wave simula-
tions and smaller than the intrinsic linewidth of the resonances
investigated. Previous experimental and theoretical studies
have shown that such moderate, non-uniform strains do not
substantially alter the optical conductivity or Drude weight of
monolayer graphene.* Similarly, it has also been demonstrated
that including strain-corrected conductivity in crumpled gra-
phene models produces negligible differences compared to
strain-free calculations. For this reason, and to isolate the
influence of curvature-induced phase matching, we have

7904 | Nanoscale Adv., 2025, 7, 7899-7912

neglected explicit strain-dependent conductivity in our
modeling. The absorption spectra and plasmonic resonances in
our system are therefore governed primarily by geometric
modulation of the graphene surface, which alters the effective
dielectric environment and enables momentum matching to
incident radiation.

Unlike uniaxial (1D) corrugations, which provide in-plane
momentum only along a single direction and thus restrict
coupling to one set of diffraction orders, biaxial periodicity
supplies reciprocal lattice vectors along both principal axes and
their diagonals. This expanded momentum space enables
coupling to a higher set of plasmon modes, including diagonal
and hybrid orders that are symmetry-forbidden in uniaxial
geometries. The result is a denser and higher modal spectrum,
as well as additional features, such as the intermediate reso-
nance, which can be observed near 5.4 pm (Fig. 2(c)).

Biaxial curvature also promotes mode coupling between
orthogonal plasmonic flow channels, producing hybridized
resonances, mode splitting near avoided crossings, particularly
in the vicinity of the SiO, phonon band, and enhanced far-field
coupling due to the larger number of Fourier components
matching the incident field. Near-field distributions in biaxial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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geometries further differ from their uniaxial counterparts;
instead of concentrating fields solely along ridges or valleys, the
biaxial surface forms saddle points and two-dimensional cavity-
like regions that confine energy in both directions. This
increases the active graphene area participating under resonant
conditions, enhances optical absorption at major resonances,
improves the near-field enhancement, and, in certain
symmetry-protected configurations, narrows linewidths via
quasi-bound-state-in-continuum effects. These enhancements
arise entirely from the geometry-driven momentum matching
and mode hybridization enabled by the biaxial symmetry, not
from intrinsic material changes, reaffirming the validity of our
modeling assumptions.*

With this confirmation, we focus on the strongest plasmonic
resonance in subsequent investigations. We explore how the
plasmonic resonances are influenced by the size of SiO, nano-
spheres and their close-packed curvature patterns. Here, the
period of the structure is equal to the diameter of SiO, nano-
spheres (T, = Dg). We observe the optical absorption for
different diameters (Ds) of SiO, nanospheres. As seen in
Fig. 4(a), the resonance wavelength of plasmonic modes
redshifted from ~2 to ~7.25 um with increasing Ds from 10 to
150 nm. The scaling of the resonant wavelength with respect to
the nanospheres period, T, = Ds, is shown in Fig. 4(b). The
optical absorption intensity also increased with larger Ds from
10 to 150 nm.

Moreover, near-field distributions of the fundamental mode
for graphene plasmons varied with the size of SiO, nanospheres
(Fig. 4(c)). An enhanced near-field intensity near the valley
regions between nanospheres was exhibited with decreasing Dy.
Owing to higher confinement of graphene plasmons in the
immediate vicinity of smaller spheres, the near-field is locally
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enhanced at the nanoscale compared to larger spheres; such
plasmons are strongly confined and sensitive to the size. A
maximum near-field intensity enhancement of ~100> in the
valley regions of deformed graphene structures with Dy = 10
nm. Our results demonstrated the tunability of plasmonic
resonances observed in far-field absorption spectra and corre-
sponding near-field field enhancement profiles by nanoscale
deformation modulation of graphene controlled by nanosphere
curvatures.

Another parameter that affects the plasmonic resonances is
the distance between the graphene-covered SiO, nanospheres
in the form of a graphene gap (G,) or an air gap (G,). To
demonstrate this, we first assume a small graphene gap
(continuous graphene) between SiO, nanospheres, while the
size of the spheres is fixed, which creates an array of nano-
spheres covered by a graphene film with a structural period of
Ty = Dg + Gg, as shown in Fig. 5(a).

Introducing such a gap reduces the overlap between the
graphene plasmonic wave and the SiO, nanospheres, and
therefore, the effective strength of the nanospheres. Fig. 5(b)
shows the absorption intensity drops when the gap between the
nanospheres is increased (Dg = 150 nm), but the optical
intensity remains high when G, is less than 7.5 nm. The reso-
nance wavelength blue shifts from ~7.25 to ~6.61 pm as G,
increases to 25 nm, because the effective refractive index of
plasmon modes (the structure) becomes smaller. Since the
distance between the nanospheres is typically just a few nano-
metres, the spectral shape and the absorption intensity of the
plasmonic resonances are very close to those with close-packed
curvature patterns (without the gap). In comparison, the peri-
odic dielectric SiO, nanospheres with the close-packed curva-
ture structure excite plasmonic waves in a continuous graphene

50 100
Ds (nm)

6.6 um 7 pm

50
7.2 ym
1EL
[Eol
10

120 nm 140 nm

150 nm

(a) Optical absorption spectra for the biaxially corrugated graphene structure on closely packed SiO, nanospheres with varying D from 10

to 150 nm. (b) Scaling of the fundamental-mode resonant wavelength with respect to Ds. (c) Near-field distributions normalized by the incident
field (Ep) in the biaxially corrugated graphene structures at the resonance wavelength of the fundamental plasmonic mode A, for different Dg

ranging from 10 to 150 nm.
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Fig. 5 (a) Schematic demonstration of a biaxially deformed graphene
structure on the SiO, nanospheres with a graphene gap Gg and wrinkle
period Ty = Ds + Gg. (b) Optical absorption spectra for the wrinkled
graphene structure with varying Gg from 0 to 25 nm at Ds = 150 nm. (c)
Scaling of the fundamental-mode resonant wavelength with respect
to wrinkle period Tg.

film, and the resonant wavelength is determined by the size of
the spheres. When there is no gap between the spheres, the
resonant wavelength red shifts as the period increases.
However, when the size of the nanospheres is fixed, the reso-
nant wavelength blueshifts as the gap between the spheres and
thus the period increases. The scaling of the resonant wave-
length with respect to the structural period for closely packed
Gr-SiO,NS; (Fig. 4(b)) is opposite to the scaling rule of Gr-
SiO,NS; with a graphene gap (Gr-SiO,NS¢G,), as shown in
Fig. 5(c). The difference between the curves in Fig. 4(b) and 5(c)
arises from the effective strength of plasmon excitation by
nanospheres and also changes in the effective index of the
plasmonic mode, which increases with the occupation ratio of
the high-index material SiO,.

Next, we add a small air gap (G,), in the form of a disconti-
nuity in graphene, between SiO, nanospheres while graphene
remains on top of the nanospheres (Gr-SiO,NSs-G,), and no
graphene exists between them (hemisphere graphene shell).
This will create a periodic structure of isolated nanoconfined
Gr-SiO,NS, with a period of T, = Ds + G, to realize its bound
electron oscillations (Fig. 6(a)). Here, the radius of the nano-
spheres is fixed, while the gap between the nanospheres, and
thus the period of the array, is changed. One can see two
distinct plasmonic resonances in Fig. 6(b), which are created as
a result of the mode splitting phenomenon by the optical
phonon mode of SiO, spheres at ~9 um.

Two singular peaks at the edges of Gr-SiO,NS, with a Dg of 80
nm, around the wavelengths of 7.9 and 10.85 um, can be
observed in Fig. 6(b) for a G, of 5 nm. The observed photo-
absorption spectra are due to the excitation of the bound elec-
tron oscillations in the isolated graphene hemisphere
nanoshells, which is governed by the density of free electrons in
the graphene and have similar features to those of the closely
packed Gr-SiO,NS; structure demonstrated in Fig. 2. Due to the
finite dimensions of graphene when patterned to nanoscale
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structures such as nanoribbons or nanoparticles, the movement
of the free charge carriers is restricted in the graphene plane.
This results in the formation of bound electrons, which support
resonant oscillation modes (edge plasmon modes) and can be
excited by normal-incidence photons. These bound electron
oscillations, which occur at the edge of a patterned graphene
nanostructure, create edge plasmon resonances. A sharp reso-
nance mode with ER ~ 4.2 dB and Q ~ 53 can be observed in the
transmission spectrum in Fig. 6(c). The near-field intensity
distributions of the edge plasmon modes at wavelengths of 7.9
and 10.85 pm are shown in Fig. 6(d).

Due to scattering electron-phonon interactions in the Gr-
SiO,NS; structure, the bound electron resonant mode is split,
with the SiO, phonon mode between them (~9 pm). When the
nanospheres are placed close to each other, the radiation from
neighbouring spheres can destructively interfere for the odd
mode at the far field in the normal direction. Thus, only even
modes can be excited by the vertically incident radiation.
Therefore, due to the interference effects, only the even mode
contributes to the resonant notch (peak) observed in the
transmission (absorption) spectra. Fig. 6(e) shows how the
coupling between the nanospheres affects the resonance of the
sphere array, where the radius of the spheres remains constant
while the gap between them (period of the array) is varied.
Fig. 6(e) illustrates that the resonant wavelength exponentially
blue-shifts as the gap between nanospheres increases. This shift
occurs due to the decreasing coupling strength between the
nanospheres as the gap increases. Therefore, the optical
coupling between the plasmonic resonance modes at the gra-
phene edges exponentially enhances as the gap shrinks. As seen
in Fig. 6(e), for the edge plasmon mode at 10.85 um, the
absorption intensity increases to ~0.2 and its resonant wave-
length red-shifts from 10.33 to 10.86 pm by shrinking G, from
150 to 5 nm. For the first plasmon mode at 7.9 um, a spectral
change behaviour similar to Gr-SiO,NS, with a graphene gap
(previous structure) was observed. Fig. 6(f) shows that the
scaling rule of the resonant wavelength of the edge plasmon
mode as the period increases, which follows an exponential
dependency. For a large gap, the resonant wavelength approxi-
mates that of a single Gr-SiO,NS (plasmon mode at the edge of
the graphene nanostructure), which is marked as the dashed
red line in Fig. 6(f). Our results show that deformation induced
by SiO, nanospheres with close-packed curvature patterns of
different sizes enables broad spectral tunability for plasmonic
resonances from mid- to near-infrared.

As can be seen in Fig. 4(b) and 6(f), the scaling rule for closely
packed graphene-covered nanospheres is opposite to that of
isolated nanoconfined graphene-covered nanospheres with an
air gap separation, revealing the fundamental difference
between these two structures. In the former structure, the
periodic nanospheres with the close-packed curvature patterns
act as a wavevector matching component to excite the plas-
monic waves in the graphene layer, in which the size of the
nanospheres is the determining factor for the resonant
frequency. The resonances of the isolated nanoconfined gra-
phene-covered nanospheres with air-gap separation are due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) Schematic demonstration of biaxially deformed graphene structures on the SiO, nanospheres with an air gap G, and wrinkle period Ty
= Ds + G,. Optical absorption (b) and transmission (c) spectra for the corrugated graphene structures with Ds = 80 nm and G, = 5 nm. (d) Near-
field intensity distributions of the edge graphene plasmon modes at resonance wavelengths of 7.9 and 10.85 pm, respectively. (e) Optical
absorption spectra for the corrugated graphene structures with varying G, from 5 to 150 nm and Ds = 80 nm. The upper plots show a zoomed-in
view of the resonance wavelength shifts of the edge plasmon modes by varying G.,. (f) Scaling of the resonance wavelength of the edge plasmon

mode at 10.85 um with respect to wrinkle period Tg.

the bound electron oscillation, which is tuned mainly by the
width of the gap.

By adjusting the Fermi level in graphene, the electrical
tuning of plasmonic resonances of the deformed graphene
structure on the closely packed SiO, nanospheres can be ach-
ieved. Through a small change in the Fermi level, the wide
tuning range for the plasmon resonances is obtained, as shown
in Fig. 7. When the Fermi level of graphene changes from 0.54
eV to 0.74 eV, it induces the resonance wavelength to shift by
863 nm, from ~7 um to ~6.137 pm for a Dg of 120 nm, which is
comparable to that achieved for graphene on the silicon di-
ffractive grating and higher than that in crumpled graphene
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Fig. 7 (a) Normal-incidence transmission spectra of biaxially corru-
gated graphene structures on the close-packed SiO, nanospheres
with different Fermi energy levels E;¢ in graphene when Ds =120 nm. (b)
Scaling of the fundamental-mode resonant wavelength with respect
to E:.

© 2025 The Author(s). Published by the Royal Society of Chemistry

structures on the polymeric substrates, enabling it to build
highly tunable optical filters and modulators.*®

Next, we explore the potential application of a deformed
graphene structure on the SiO, nanospheres with a close-
packed curvature pattern as a plasmonic biosensor. We proceed
to investigate how the plasmonic resonances are influenced by
analyte solutions introduced into the deformed graphene
structure by calculating the wavelength shifts in the plasmonic
resonance modes upon changes in the refractive index of the
solution. For a given nanosphere size, the plasmon resonances
of deformed graphene can strongly overlap with the wide
spectral peak corresponding to phonon modes of SiO, nano-
spheres in the mid-infrared range, which results in damping,
broadening, and attenuation of the plasmon modes. This
negatively affects the performance of the plasmonic device,
especially for biosensing applications where the high-quality
plasmon resonance modes with high optical absorption inten-
sities and narrower frequency widths (lower FWHM values) are
required, as these modes facilitate monitoring of spectral shifts
of plasmonic resonances induced by slight variations in the
refractive index of the surrounding medium. The high-Q factor
and strong plasmonic resonances of our proposed structure
make it a promising platform to develop highly sensitive plas-
monic biosensors for a wide wavelength range in mid-infrared,
where it is particularly desired for biosensing, as the vibrational
fingerprints of biomolecule building blocks, such as proteins
and DNA, lie in this frequency range. Upon the variation in

Nanoscale Adv., 2025, 7, 7899-7912 | 7907
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biomolecule concentration, a local change is induced in the
effective refractive index at the analyte-graphene interface,
thereby affecting the propagation constant of plasmonic waves
and eventually resulting in spectral shifts in the resonance
wavelength of surface plasmons. The sensing parameters,
including figure of merit (FOM) and sensitivity (St), are calcu-
lated to evaluate the performance of the proposed structures.
The sensitivity is defined as the resonance wavelength shift over
the change in refractive index, St = 0A.s/0n, and figure of merit,
FOM = Sy (nm RIU")/FWHM (nm),* as the ratio of the sensor
sensitivity to the full width at half maximum (FWHM) of the
resonant spectral peak, which quantifies the broadening of the
resonant mode and therefore the resolution of the sensor for
detection of refractive index variations.

The transmission spectra of the proposed structures under
normal incidence have been investigated to obtain plasmonic
resonances in biaxially deformed graphene in the presence of
an analyte solution, as the refractive index of the solution (n,,)
above the graphene is changed. Fig. 8 compares the trans-
mission spectra of deformed graphene structures on the SiO,
nanospheres with the close-packed pattern, 5 nm-graphene gap,
and 5 nm-air gap as the RI of the medium atop the surface of the
graphene varies (n,,) from 1.3 to 1.5. The shift in resonance
wavelength of the main plasmon resonance for deformed gra-
phene on SiO, nanospheres with a close-packed pattern (Ds =
50 nm), a graphene gap of 5 nm, and an air gap of 5 nm was 650,
550, and 470 nm, respectively, which corresponds to the sensor
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sensitivity of 3250 (FOM of 63.2), 2750 (69), and 2350 nm RIU "
(15.3 RIU™Y), respectively. The higher sensitivity of Gr-SiO,NS
with a close-packed curvature pattern is attributed to the
substantial overlap between the plasmonic wave and the adja-
cent Gr-SiO,NS;, thereby creating highly confined plasmonic
resonance modes between nanospheres with strong local field
enhancement, narrow spectral peaks, and high absorption
intensity.

Compared to the close-packed Gr-SiO,NSg sensor, the
sensitivity of Gr-SiO,NSg with an air gap (Gr-SiO,NSs-G,) is
lower as edge plasmon modes (bound electron oscillations) are
locally confined at the edge of isolated Gr-SiO,NSs, and there-
fore, less sensitive to the surrounding medium. Fig. 8 compares
near-field enhancement of Gr-SiO,NS; structures with three
different patterns. One can indeed see a higher local field
enhancement of ~53” for the closely packed Gr-SiO,NS; struc-
ture, as compared to the other two structures with a gap
between nanospheres. The higher field enhancement of Gr-
SiO,NS¢ with a close-packed curvature pattern confirms the
results of superior sensing performance of this structure.

The close-packed nanosphere configuration represents the
most straightforward and cost-effective platform among the
three geometries studied. Monolayers of monodisperse silica
nanospheres can be assembled on Si/SiO, substrates via
established methods such as Langmuir-Blodgett (LB) deposi-
tion or spin coating, followed by direct transfer of CVD-grown
monolayer graphene. These methods have been extensively
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Fig. 8 Normal-incidence optical transmission spectra of biaxially corrugated graphene structures on SiO, nanosphere arrays with Ds = 60 nm

and (a) a close-packed curvature pattern, (b) a graphene gap Gg, and (c

) an air gap G, of 5 nm when the refractive index of the sample medium

atop the graphene surface n,, changes from 1.3 to 1.5. The panels on the right compare the near-field intensity distributions at the plasmonic
resonance wavelengths of the fundamental plasmon mode for the biaxially corrugated graphene structures denoted in (a)-(c) when n,, = 1.3. (d)
Scaling of the fundamental-mode resonant wavelength with respect to n,, for structures denoted in (a)—(c).
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Table 2 Comparison of the sensing performance of the proposed wrinkled graphene structure with recently published refractive index sensors

in the mid-infrared region

Resonant wavelength Max sensitivity

Recently published refractive index sensors (nm) (nm RIU™Y) Max FOM (RIU™ )
Multimode interference in tellurite no-core optical fibers (2023)* 4-5 3069.1 22
Implanted cavities in metal-insulator-metal (MIM) waveguide (2019)" 2.75 2602.5 13
Resonant toroidal plasmonic metasensor (2019)" 5.5 2500 4
Metal-insulator-metal waveguide-based square-ring resonator 3.6 2700 8.1
plasmonic refractive index sensor (2024)*

Fano-resonance plasmonic nanosensor based on a tapered 2.52 2544.3 40.54
waveguide cavity resonator (2024)"*

Silicon-on-insulator ring resonator plasmonic sensor based 1.645 730 56.15
on graphene and gold nano-discs (2024)**

Hybrid plasmonic sensor based on graphene and an array of 7.2 2300 28.75
asymmetric gold nano-antennas (2019)"°

Graphene-decorated grating on a high dielectric substrate (2019)*” 5.5 2780 17
Graphene-based diffractive grating structure (2017)"® 9.5 2000 14.2
Dual-band graphene metamaterials (2019)*° 7.85 2880 12.9
Wrinkled graphene structures on SiO,nanospheres 5.5 3250 63.2

with a close-packed curvature pattern (this study)

demonstrated in previous studies and are compatible with
wafer-scale integration using roll-to-roll or assisted assembly
techniques.” The process requires no lithography, involves low-
cost consumables, and is well within the capabilities of stan-
dard nano/microfabrication facilities, enabling high yield,
scalability, and reproducibility.

The graphene-gap configuration, consisting of a non-close-
packed nanosphere array with controlled interparticle spacing,
can be fabricated using well-established approaches that
preserve long-range hexagonal order while introducing uniform
gaps between spheres. A common route involves first assem-
bling a close-packed nanosphere monolayer via LB or optimized
spin coating, followed by isotropic sphere shrinkage through
controlled wet etching (e.g., BOE/HF for silica spheres) to open
the gaps without disturbing the lattice pitch. Alternatively,
template-guided assembly can be employed, wherein litho-
graphically defined pits or adhesion sites with slightly larger
pitch than the sphere diameter enable deterministic placement
of each nanosphere at a fixed separation. In all cases, the
resulting lattice can be mechanically stabilized by a thin
conformal dielectric coating (e.g., 5-10 nm Al,O3 by ALD) prior
to graphene transfer. CVD graphene is then transferred using
the standard PMMA-assisted method, conformally draping over
the nanospheres and spanning the engineered gaps.

The air-gap configuration is experimentally feasible but
presents the highest fabrication complexity. One route involves
template-guided nanosphere assembly with e-beam litho-
graphically defined pitch, followed by CVD graphene transfer
and reactive ion etching (RIE), using oxygen plasma and the
nanospheres as an etch mask to remove interstitial graphene.
The graphene remaining atop the nanospheres is thereby
removed over the etched regions, creating well-defined air gaps.

The graphene-gap geometry provides precise control over
vertical separation between graphene and nanospheres,
enabling systematic modulation of plasmon-substrate coupling
strength, investigation of strong-to-weak coupling transitions,

© 2025 The Author(s). Published by the Royal Society of Chemistry

and benchmarking of near-field confinement effects under
controlled dielectric environments. The decoupling effect in
this structure, while slightly lowering near-field intensity at the
analyte interface, reduces substrate phonon-plasmon interac-
tions, narrows resonance linewidths, and enhances spectral
selectivity—beneficial for distinguishing biomolecules with
closely spaced vibrational signatures.

The air-gap configuration, in which graphene conformally
follows nanosphere curvature and leaves voids between
spheres, modifies the effective dielectric environment and
generates localized hotspots at graphene edges and in inter-
sphere gaps. These regions enable a new functional sensing
modality and yield edge-selective enhancement advantageous
for detecting analytes that bind preferentially at defects, edges,
or confined spaces. Furthermore, the reduced graphene-
substrate contact in this geometry mitigates adsorption-
induced doping and charge trapping, thereby improving
chemical stability, minimizing contamination, and enhancing
operational repeatability in fluidic sensing environments.
Consequently, these alternative configurations expand the
functional design space for mid-IR graphene plasmonics,
enabling targeted trade-offs between sensitivity, selectivity,
spectral resolution, and long-term stability. In summary, the
latter two substantially expand the accessible parameter space
for graphene plasmonics, introduce tunable vertical coupling,
enable coupled plasmon-phonon mode control, and provide
unique environmental sensing capabilities. Nevertheless, an
important outcome of this study is the demonstration that the
close-packed nanosphere configuration, despite its facile
fabrication process, delivers superior biosensing performance,
underscoring its practical relevance for scalable, high-perfor-
mance graphene-based plasmonic devices.

Compared with graphene-based biosensors in the infrared
light reported in the literature, our proposed structure presents
superior sensing performance, in terms of sensor sensitivity
and FOM. Table 2 compares the sensing performance of the
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proposed deformed graphene biosensor with recently pub-
lished graphene-based refractive index sensors.

The 3-dimensional (3D) configuration of the biaxially
deformed graphene in our structure provides (allows) more
cross-sectional surface area of graphene in contact with analytes
(biomolecules) in all directions, especially near grooves and
ridges of the deformed nanostructure. In contrast, strong
potential confinement and local near-field enhancements
occur. This results in enhanced sensing performance of plas-
monic devices based on deformed graphene structures. With its
superior metrics, facile fabrication, and broadband spectral
tunability, we expect our proposed structure to help design new
plasmonic biosensors based on deformed graphene channels.

IV. Conclusions

We proposed a plasmonic device based on a biaxially corrugated
graphene structure on the closely packed SiO, nanospheres.
The nanoscale deformation of graphene created (formed) by
nanospheres with a close-packed curvature pattern is respon-
sible for creating (generating) strong plasmonic resonances.
The biaxially deformed graphene structures, with varying
wrinkle periods and heights by the size of nanospheres, enabled
the manipulation of plasmonic resonances over a broadband
tunable wavelength range. The substrate corrugation and
spherical curvature of periodic nanospheres coupled far-field
incident light to the graphene plasmonic waves, efficiently
exciting resonance modes with strong confinement in deformed
graphene structures. The strong plasmonic resonances enabled
sharp notches in optical transmission with a quality factor of
~109 and optical absorption enhancements of up to ~0.3, as
well as high near-field enhancements of ~50 for biaxially
deformed graphene flakes. Furthermore, we showed strong
light-matter interactions for the deformed graphene flakes on
the nanocorrugated SiO, substrate, which enabled high sensi-
tivity of the plasmonic device to ambient refractive index by
inducing a large shift in the resonant wavelength. High sensi-
tivity on the order of 3250 nm RIU " has been obtained for the
main resonance peaks of deformed graphene structures on
corrugated SiO, nanospheres with a close-packed curvature
pattern corresponding to a FOM of 63.2 RIU ', With its strong
plasmonic resonances and high sensitivity, our wrinkled gra-
phene structures can be considered a promising platform for
developing simple, high-performance, and ultrasensitive
chemical and biological sensors based on plasmonic waves.
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