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strong light-matter interactions,[10–13] 
deep-subwavelength metamaterials,[14–16] 
and active nanophotonic devices such 
as surface enhanced infrared absorp-
tion (SEIRA) applications,[17–21] tunable 
notch filters,[22,23] modulators,[24,25] and 
waveguides.[26–29]

There is widespread theoretical interest 
in flexible graphene plasmonic devices 
such as bendable waveguides[30–33] and 
wave splitters[31] due to the robust and ultra-
flexible mechanical property[34] of single-
atomic-thick graphene in contrast to its 
traditional 3D metallic plasmonic structure 
counterpart. However, experimental realiza-
tion of flexible graphene plasmonic devices 
has remained elusive for two main reasons. 
First, proper flexible substrate is absent. The 

conventional flexible substrates typically have strong absorption 
(nearly saturated absorption) in the mid-infrared range, which 
would significantly impede their applications (such as SEIRA and 
photodetector); second, it is difficult to precisely fabricate peri-
odical graphene nanostructures (about 100  nm) on flexible and 
mechanically compliant substrates via nanofabrication techniques 
such as electron beam lithography (EBL) or focused ion beam 
etching.[35] The lack of dielectric properties of the traditional flex-
ible substrates (such as organic films) also restricts their usage in 
the electrical tunable graphene plasmons.

Here, we experimentally demonstrate flexible and electrically 
tunable plasmonic devices with graphene–mica heterostruc-
tures. The mica thin sheet acts as a highly flexible and trans-
parent substrate with atomically flat surface for graphene.[36,37] 
The plasmon responses (such as resonance frequency, extinc-
tion intensity, quality factor, and electrical tunability) of our mica 
heterostructures remain nearly unchanged even with a bending 
radius of 1 mm or with relative fatigue strength (>1000 bending 
cycles). Electromagnetic simulation results reveal that graphene 
plasmon can bear strong curvature even down to 150 nm due to 
its ultrastrong field confinement. Based on these robust proper-
ties, our flexible graphene plasmonic devices enable applications 
in SEIRA, which are independent of bending.

2. Results and Discussion

The working principle of our flexible graphene plasmonic 
device is illustrated in Figure 1a. The graphene nano
ribbon (GNR) plasmonic devices were fabricated using Si 
substrate-back support method to overcome the problems of 

Flexible plasmonic devices with electrical tunability are of great interest for 
diverse applications, such as flexible metamaterials, waveguide transforma-
tion optics, and wearable sensors. However, the traditional flexible metal–
polymer plasmonic structures suffer from a lack of electrical tunability. Here 
the first flexible, electrically tunable, and strain-independent plasmons based 
on graphene–mica heterostructures are experimentally demonstrated. The 
resonance frequency, strength, quality factor, electrical tunability, and lifetime 
of graphene plasmons exhibit no visible change at bending radius down 
to 1 mm and after 1000 bending cycles at a radius of 3 mm. The plasmon-
enhanced infrared spectroscopy detection of chemicals is also demonstrated 
to be unaffected in the flexible graphene–mica heterostructures. The results 
provide the basis for the design of flexible active nanophotonic devices such 
as plasmonic waveguides, resonators, sensors, and modulators.

Plasmons

1. Introduction

Graphene plasmon can manipulate electromagnetic signals 
at deep-subwavelength scale with ultrahigh field confine-
ment, driven by its quasiparticle Dirac fermions that obey a 
linear dispersion.[1–4] Due to its variable Fermi level, graphene 
plasmon resonance can be electriallly tuned in the range from 
the terahertz to the infrared.[5–9] These extraordinary prop-
erties make graphene plasmon a promising platform for 
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the weak support and mechanically compliant of flexible mica 
sheet (Figure  S1, Supporting Information). Figure  1b shows 
an optical photograph of graphene plasmonic devices with six 
pairs of electrodes. Figure 1c,d shows scanning electron micro-
scope (SEM) and atomic force microscope (AFM) images of 
the GNRs. Surface morphology of the GNRs clearly indicates 
that our method enables accurately, uniformly, and damage-
freely fabrication of GNRs in the heterostructures with ribbon 
width below 100 nm. Another significant advantage of the mica 
substrate is its optical transparency. The optical transmittance 
of our flexible devices is higher than 75% in the whole visible 
range (Figure  1e). Figure  1f shows that ion–gel top gate can 
shift Fermi level of graphene in a wide range (>0.8  eV) with 
a small gate voltage change (<8  V) due to the high capaci-
tance of Debye layer formed at the ion–gel/graphene interface 
(Figure S2, Supporting Information).[38] The effective control of 
carrier density of graphene can lead to the broad tunability of 
graphene plasmon.[7]

The plasmonic properties of graphene were characterized 
by Fourier transform infrared microscopy (FTIR). In GNRs, 
localized plasmon can be directly excited due to the wave-vector 
match between external free photons and surface plasmon 
polaritons via ribbon edge reflection.[39] Based on the electrical 

tunability, an in situ observation method 
was used to obtain the extinction spectra of 
plasmon, T = 1 − TEF/TCNP, where TCNP and 
TEF are the transmission spectra detected at 
the charge neutral point (CNP) and EF of gra-
phene, respectively.

We performed a series of flexibility tests 
of our devices. Figure 2a displays the gra-
phene–mica (≈120  µm in thickness) device 
could be curved with different bending radii 
from 3.5 to 1 mm by a home-made bending 
system. Plasmonic spectra responses of 
the flexible device at various bending radii 
were measured, as presented in Figure  2b. 
The dominant features of these extinction 
responses at different bending radii are 
almost identical. There is a prominent peak 
in each extinction spectrum, which origins 
from the graphene plasmon resonance. The 
resonance frequency is indicated by a vertical 
line. Notably, even when the bending radius 
was down to 1 mm, we did not observe any 
damage of the device and plasmon could be 
effectively excited and does not show a sig-
nificant change in the spectrum. The results 
fully confirm that our plasmonic device is 
flexible and can withstand strong bending 
while keeping its plasmonic properties. This 
further demonstrates the uniaxial strain of 
graphene is fairly minor in our bending 
experiments (<0.1%),[40] thus the strain-
induced bandgap engineering effects of gra-
phene can be ignored.[41]

Resonance frequency (ν), extinction inten-
sity (Ext.), and quality factor (Q) are the three 
most important indicators in practical appli-

cations because they are strongly associated with the enhance-
ment and confinement of local electric field which are at the 
heart of sensors and other nano-optical devices.[42–44] These 
characters of our flexible devices at various bending radii were 
extracted from the experimental results and compared with 
simulation results (Figure  S3, Supporting Information). The 
variation of resonance frequency for different bending radii 
is ±25 cm−1. These values are very small compared to the 
resonance frequency (≈1600 cm−1) and the full width at half 
maximum (FWHM, ≈330 cm−1) of the plasmon resonance 
peak (Figure 2c). We also observe that the change of extinction 
intensity (±0.05, Figure 2d) and quality factor (±0.5, Figure 2e) 
as a function of bending radius is also negligible. These results 
further confirm that our device is flexible and its plasmonic 
performance at different bending radii is almost identical (i.e., 
bending independent).

In order to directly observe the localized plasmons on the 
GNRs with various bending radii, we performed scattering 
near-field scanning optical microscopy (s-SNOM) imaging of 
the device.[26,27] The excitation frequency is 895 cm−1, which 
could stimulate plasmon on graphene effectively. Figure  2f 
shows representative near-field images from 2D scan of the 
top position of the graphene device with varied bending radii 
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Figure 1.  Flexible graphene–mica heterostructure plasmonic device. a) Schematic illumination 
of plasmon excitation and detection of our flexible graphene–mica plasmonic device. b) Photo
graph of the graphene–mica heterostructure plasmonic devices. The scale bar is 2.5  mm. 
c) SEM image of the GNRs. The scale bar is 2 µm. Inset: zoom-in view of nanoribbons. d) AFM 
image of GNRs. Inset: line-scan profile of the image. The GNRs have a uniform thickness of 
about 0.5 nm on the mica substrate. The scale bar is 0.2 µm. e) The transmittance of our flex-
ible graphene–mica heterostructure plasmonic devices in the visible range. f) Typical transfer 
characteristics and Fermi level of graphene controlled by the ion–gel top gate.
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of r  = ∞, 2.5 and 1.5  mm. The bright fringes aligned parallel 
to the ribbon edges are formed from constructive interfer-
ence by tip launched plasmon and edge-reflected plasmon.[45] 
Figure 2g plots line profiles across the fringes, extracted from 
the s-SNOM images. At different bending radii, the intensity 
and distribution of collected near-field signals of localized 
plasmon resonance are identical to that of the flat state. These 

near-field results also clearly validate the bending-independent 
performance of our flexible graphene–mica plasmonic devices. 
This is in agreement with the far-field results (Figure 2b) and 
the numerical calculations (discussed in the next paragraph).

To understand the experimental results, we conduct sim-
ulation (Figure 3 and Figure  S3, Supporting Information) 
under various bending radii by using a frequency-domain  

Adv. Sci. 2018, 5, 1800175

Figure 2.  Bending-independent performance of our flexible graphene plasmonic devices. a) Photographs of our devices with different bending curva-
ture radii (r) ranging from ∞ (flat) to 1 mm. b) Experimental extinction spectra of our graphene–mica plasmonic devices with different bending radii 
corresponding to (a). c–e) The variation of resonance frequency (ν), extinction intensity (Ext.) and quality factor (Q) of our flexible graphene–mica 
plasmonic devices as a function of bending radius, respectively. The red dots and gray dashed lines represent experimental and simulation results, 
respectively. f) Nanoinfrared imaging of GNRs in our devices with different bending radii including r = ∞, 2.5 and 1.5 mm, respectively. The scale bar 
is 0.5 µm. g) Line profiles across the plasmonic fringes, corresponding to the dashed lines in (f).
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finite-element model (for more details, refer to the Experi-
mental Section).[46] For simplicity, we focus on curved free-
standing GNRs, and bendings along both directions (i.e., 
the length and width of directions) are considered. Kubo for-
mula is used to calculate the surface conductivity of graphene 
(Equation 1 in the Experimental Section).

The calculated extinction spectra of the GNRs with different 
bending radii along the length and width direction are plotted 
in Figure 3a,b and Figure S3a,b in the Supporting Information, 
respectively. The extinction spectra keep the same even when 
the nanoribbon bends with a bending radius of 150 nm along 
both length and width directions. The calculated variation of 
resonance frequency, extinction intensity, and quality factor of 
the graphene plasmon are extracted and plotted in Figure 2c–e, 
agreeing well with experimental results. We extract the near-
field intensity confinement as a function of the distance d from 
out-plane of graphene (Figure  3d and Figure  S3e, Supporting 
Information). In all three conditions, about 80% of the plasmon 
energy is confined within a volume extending a distance 20 nm 
outside nanoribbon, which is almost irrelevant to bending 
deformation of GNRs. The ultrastrong field confinement keeps 
the spatial overlap of plasmon in curved graphene low, which 
results the maintained performance of the plasmonic devices 
with radius above 150 nm, as discussed above. We also calculate 

that the limit radius of curvature for flexible graphene plasmon 
with stability can be 3  nm (for details, see Section S3 in the 
Supporting Information). The ultrastrong field confinement 
also protects the plasmonic resonance energy from curvature-
induced radiative energy loss which could affect the charge-
density oscillation efficiencies.[30]

We further studied the flexibility of our graphene–mica heter-
ostructure plasmonic devices as a function of the bending cycle 
at 3 mm curvature radius using a linear motor. After repeated 
bending of 1000 cycles in 75  min, the morphology of GNRs 
was in good shape without measurable change (Figure 4a and 
Figure S4, Supporting Information). The electrical performance 
of the device showed negligible variation and the resistance 
maintains at ≈15 KΩ even after 1000 bending cycles (Figure 4b 
and Figure  S5a, Supporting Information). Raman spectra 
showed that the ratio of relative intensity of G/D and 2D/G 
changes slightly (<12%) (Figure 4c and Figure S5b, Supporting 
Information). We attribute the good flexibility performance of 
our device is due to the high flexibility of both mica and gra-
phene. Mica possesses high flexibility because it is a layered 
framework of aluminosilicates,[47] and the excellent mechanical 
properties of graphene inherits from the single atomic layer of 
carbon with low bending stiffness, ultrahigh Young’s modulus 
(≈1 TPa) and intrinsic strength (≈130 GPa).[48]

Plasmonic properties were investigated during and after dif-
ferent bending cycles. Even after experiencing 1000 bending 
cycles, the device was able to effectively excite plasmon and show 
unaffected electrical tunability. Figure 4d–f shows the extinction 
spectra of the flexible graphene–mica plasmonic device at dif-
ferent EF before, and after 500 and 1000 bending cycles, respec-
tively. For all the three conditions, one prominent plasmonic 
resonance peak appears for each spectrum, and can be dynami-
cally tuned by the ion–gel top gate, which shifts toward blue 
with |EF| increasing. The resonance frequency varies from 1303 
to 1680 cm−1 when EF varies from 0.3 to 0.8 eV (corresponding 
effective gate voltage (Vg − VCNP) varies from 0.5 to 6.5 V), with 
increasing plasmon intensity. The shallow dips on the spectra, 
located at the molecular vibrational modes of ion–gel, stem 
from their interaction to the graphene plasmons.[49]

The effects of bending on the electrical tunability of the gra-
phene plasmon are concluded in Figure  4g–i. The resonance 
frequencies at the same Fermi level before and after bending 
cycles keep unchanged, and their deviation from the mean 
values are less than 26 cm−1 which is only 6.4% of the tunable 
bandwidth (from 1275 to 1680 cm−1). The extinction intensity 
of plasmon is proportional to Fermi level due to more carriers 
involved in the resonance oscillation, as shown in Figure  4h. 
The intensity can be regulated over one order of magnitude 
from 0.07% to 7.2% under the bending states and the mean 
standard error is only 0.45%. Figure 4i primarily suggests that 
the highest quality factor is up to 45 and the mean variation 
is only 2.2% after bending process. In additional, mica film 
also can be used as effective dielectric layer to electrically tune 
graphene plasmon based on common back gate setup due to 
high-K dielectric of mica (ε is about 5–8).[50]

Graphene plasmon has been demonstrated to possess ultra-
high Field localization (wave “shrinkage”) which is defined as 
how small the supported plasmon wavelengths are compared 
to the free space wavelength (λ0/λp). It is crucial in a wide 
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Figure 3.  Simulation results of flexible graphene plasmon. a,b) Calcu-
lated extinction spectra of free-standing graphene plasmon on arc nano
ribbons bending along the length and width directions, respectively. The 
corresponding bending radii are indicated. c) Electric charge distribution 
of the plasmonic modes, corresponding to the resonance modes in (a,b). 
d)The field confinement calculated from (c) along direction indicated by 
the arrows.
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range of applications from biochemical sensors to deep-sub-
wavelength metamaterials[51,52] Plasmons with multiple reflec-
tions between the two edges of GNRs are similar to Fabry-Perot 
resonances. Then the graphene plasmon wavelengths (λp) are 
extracted following refs. [39,53]. Figure 5a displays the field 
localization of plasmon in our flexible graphene–mica hetero-
structure device. λ0/λp is as high as 48 with resonant energy at 
1300 cm−1 (|EF| = 0.3 eV), which is slightly higher than that of 
plasmon on SiO2 (i.e., 41) at same Fermi level and with same 
ribbon width (Figure S6, Supporting Information). The ratio of 
λ0/λp increases as the Fermi level decreases following the gra-
phene plasmon dispersion relation of E∝EF

1/2. The plasmon 
lifetime can be calculated via t = 2ħ/Γ, where Γ is the FWHM 
of the resonance peaks extracted from the far field extinc-
tion spectra using Fano curve fitting (Figure  S7a, Supporting 
Information).[52] Figure  5b comparatively shows the plasmon 

lifetime of graphene supported on mica and on SiO2 at different 
Fermi levels with the same ribbon width (Figure S6, Supporting 
Information). The plasmonic lifetime decreases as the reso-
nance energy increases, which relates to the plasmon–phonon 
coupling.[52,54] There is strong infrared-active phonon absorp-
tion from ≈950 to ≈1200 cm−1 (1168 cm−1) in our mica (SiO2) 
substrate, which resulted strong plasmon–phonon coupling in 
our graphene–mica (graphene/SiO2) devices (Figure  S8, Sup-
porting Information). The plasmon–phonon coupled modes 
have longer lifetime as they approach the phonon energy 
since they gain more properties from the phonons.[52,54] The 
longest lifetime of graphene plasmon on SiO2 substrate was 
about 100 fs, however, the lifetime of our graphene–mica het-
erostructure approaches 800 fs at around 1300 cm−1. This is 
mainly due to the long lifetime of phonons in mica for its 2D 
crystalline structure which results less damping paths than the 
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Figure 4.  Broad tunability and high durability of our flexible graphene–mica plasmonic device. a) AFM image of the GNRs after 1000 bending cycles. 
The scale bar is 0.2 µm. b) Graphene resistance as a function of different bending cycles with a bend radius of 3 mm. Horizontal straight line: a linear 
fit. c) G/D and 2D/G ratio value of Raman spectrum of GNRs as a function of different bending cycles. Straight lines: linear fit. d–f) Extinction spectra of 
graphene plasmon device at various values of EF controlled by ion–gel top gate before bending testing, after 500 and 1000 bending cycles, respectively. 
The plasmon resonance peaks are indicated by circles, triangles, and squares. The vertical dashed lines indicate the molecular vibrational modes of 
the ion gel. g–i) The plasmon resonance frequency, extinction intensity and quality factor plotted as a function of the Fermi level of the graphene–mica 
plasmonic device after 1000 bending cycles. The gray dotted curves are guides to the eye.
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SiO2 substrate. Another feature is that the plasmon lifetime of 
our graphene–mica device is still larger than that of the gra-
phene/SiO2 in the higher frequency range (>1580 cm−1) where 
the effects of substrate phonon fades. This lower damping may 
contribute to the atomic flat surface of mica, which introduces 
less electron–electron scattering.[55]

We also performed the real-space imaging of plasmon 
fields of the flexible graphene–mica devices, which further 
demonstrated the far-field spectral results. Mechanically 
exfoliated graphene is used to obtain better near-field signal 
(Figure  S9, Supporting Information). Figure  5c shows rep-
resentative near-field images (third-order demodulated har-
monics of the near-field amplitude) on mica and SiO2 sub-
strates, respectively. The fringes parallel to the graphene 
edge are formed by the interference of tip-launched forward 
propagating plasmons and the partially reflected plasmon 
waves by the edge, and the oscillation period equals to λp/2. 
Figure  5d plots line profiles of the near-field signals across 
the edge at the excitation wavelength of 895 cm−1 (λ0  = 
11.12 µm). The λp in our graphene–mica heterostructure 
is 196  nm, corresponding to a wavelength confinement of 
≈57, while the λp of the graphene-SiO2 device is 220 nm and 
the confinement of ≈51. This is consistent with our far-filed 
experimental observations. The inverse damping ratio γp

−1 = 
Re (qp)/Im (qp) is also calculated by fitting with the method 
described by Woessner et al.[51] The γp

−1 of graphene on mica 
is 12.2 which is approximately two times larger than that on 
SiO2, which is in accord with the lifetime results from the 

far-field calculation. This is because gra-
phene on the atomically flat mica surface 
has reduced electron scattering loss and 
thus small plasmon damping, similar to the 
case of the graphene-BN heterostructure. 
It is reasonable to deduce that graphene 
encapsulated between two mica films could 
realize lower plasmon damping combined 
with stronger field confinement.[51]

The unaffected graphene plasmons in 
our flexible graphene–mica heterostruc-
ture devices guarantee the sensitive SEIRA 
applications. Here, the ion–gel film which 
has characteristic infrared absorption peaks 
acts as the analyte for the SEIRA applica-
tions.[49] As shown in Figure  4d–f, when 
the graphene plasmon resonances come 
across the molecular infrared vibrational 
modes (dashed vertical lines), they interact 
with each other destructively and yield 
dips in the plasmon resonance peak. The 
signals of the molecules within the plas-
monic hotspots are enhanced by the strong 
plasmonic resonance. This coupling is the 
basic mechanism of the SEIRA. Here, we 
selected modes I: δ(CH2)S  + δ(CH2)a and 
II: δ(CH2)S − δ(CH2)a) as the probe to illus-
trate the SEIRA function of the flexible 
devices. The plasmon-induced molecular 
vibrational signals are extracted from the 
extinction spectra with graphene Fermi level 

of 0.65 eV following the method in Ref. (Figure 6a). When the 
bending radius changes, we can see that the plasmon-induced 
signals remain since the plasmonic properties do not change, 
as exhibited in Figure  2 and Figure  S10 in the Supporting 
Information. The peak area values (Figure  S7b, Supporting 
Information) of the modes plotted as a function of different 
bending radius in Figure  6b further demonstrate that the 
signal enhancement is not affected.

The plasmon-induced molecular vibrational signals of the 
modes I and II are also extracted from the extinction spectra 
with 3  mm bend radius at different Fermi levels before 
bending testing, after 500-cycle and 1000-cycle bending. The 
set of spectra after 1000 bending cycles are representatively dis-
played in Figure 6c. When the absolute value of the Fermi level 
reaches 0.56  eV, the plasmon resonance peak (at ≈1490 cm−1) 
approaches the modes I and II, and the enhancement largely 
increases. As the |EF| increases or decreases, the plasmon 
resonance peak moves away from the modes I and II, and 
the enhanced vibrational signals decrease. The peak areas of 
these enhanced vibrational signals are plotted in Figure 6d as 
a function of the frequency difference between the vibrational 
mode and graphene plasmon. For all the three kinds of con-
ditions, before bending testing (red), after bending process 
with 500 cycles (green) and 1000 cycles (blue), the enhanced 
peak areas increase as the |vMode − vRes| values decrease . These 
results strongly demonstrate the stability and duration of our 
flexible graphene–mica heterostructure based plasmonic 
devices for the SEIRA applications.

Adv. Sci. 2018, 5, 1800175

Figure 5.  Highly confined and long lifetime of flexible plasmon in our graphene–mica hetero-
structure. a,b) Graphene plasmon confinement (λ0/λp) and lifetime (t) as a function of Fermi 
level, respectively. Results from SiO2 substrate is also plotted for comparison (Figure S6, Sup-
porting Information). The gray dashed curves are guides to the eye. Error bar is calculated 
from the results in Figure 4d–f. c) Near-field amplitude s (ω = 895 cm−1) images of graphene 
plasmon on mica and SiO2 substrates. The scale bar is 0.2 µm. d) Line profiles of plasmon 
intensity s across the graphene edge (the white dash lines in c).
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3. Conclusions

In conclusion, flexible and electrically tunable plasmonic 
devices were demonstrated with our graphene–mica het-
erostructure for the first time. The graphene–mica devices 
exhibit high flexibility (with bending radius down to 1 mm). 
High mechanical durability and electrical tunability have also 
been demonstrated due to the excellent mechanical prop-
erties of graphene and mica. Electromagnetic simulation 
reveals that the bending radius can be down to about 150 nm 
with negligible effects on the graphene plasmon response 
since the ultrahigh confinement of graphene introduces 
weak coupling or damping in the bending structures. Using 
infrared vibrational modes of ion–gel as probe analyte, the 
SEIRA function of the flexible devices at different bending 

conditions are demonstrated, which is 
unaffected by bending. Our graphene–
mica heterostructure strategy provides an 
excellent platform for photonic devices 
such as wearable sensors,[56] and enhanced 
photodetectors.[57]

4. Experimental Section
Fabrication of Flexible Graphene–Mica Plasmonic 

Device: Graphene was grown on copper foil via 
chemical vapor deposition and was then transferred 
on to mica substrate by a common wet transfer 
technique. Next, ethyl lactate and about 350  nm 
thick PMMA solution was spin coated on to a 
Si substrate and the prepared graphene–mica 
sheet was fastened onto this Si substrate before 
the solvent of PMMA was dried because it was 
supplied as a bonding layer. The sample was 
baked at 40  °C for 30 min until it was completely 
dry. Another 80  nm PMMA layer was spin coated 
on graphene–mica to be a mask and a 30  nm Al 
film was deposited on it as a conductive layer. 
GNR arrays were patterned via 100 keV EBL (Vistec 
5000+ES, Germany). The sample was soaked in the 
alkali solution to remove the surface aluminum 
layer. The exposed PMMA was developed in one-to-
three methyl isobutyl ketone (MIBK)/ isopropanol 
for 60 s. Then exposed graphene was etched away 
using oxygen plasma (5  Pa and 100 W for 2 s). 
Electrodes (5  nm Cr and 80  nm Au) were made 
using another EBL process and electron beam 
evaporation. The ion–gel dielectric material was 
prepared by our previous work.[49]

Characterization of Flexible Graphene Plasmonic 
Device: The morphology and size of GNRs were 
characterized by SEM (Hitachi S-4800) and 
AFM (Bruker Dimension Icon). The defects of 
GNRs were confirmed by Raman spectroscopy 
(Horiba Jobin Yvon LabRAM HR800). Electrical 
transport measurements were performed using 
a semiconductor parameter analyzer (Keithley 
4200-SCS) at room temperature in atmosphere. 
Infrared transmission measurements were 
performed by a FTIR microscopy (Thermo Fisher 
Nicolet iN10) with T  = 1 − TEF/TCNP, where TCNP 
and TEF are the transmission spectra detected at 
the CNP and EF of graphene, respectively. The 
nanoimaging experiments were performed using 

a commercial s-SNOM (Neaspec GmbH), with wavelength-tunable 
lasers (900–1000 cm−1).

Simulation Methods: Electromagnetic simulations were conducted 
using a Finite Elements Method with periodic boundary conditions. 
Graphene was modeled as a 2D surface with complex conductivity from 
Kubo formula which consisted of interband and intraband transitions; 
the expression is approximated as
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where the angular frequency is 2ω πυ= , e is electron charge, ℏ is 
the reduced Planck constant. The relaxation time /e 2E vF Fτ µ= , where 
vF = c/300 is the Fermi velocity and µ = 1000 cm2 V−1 s−1 is the carrier 
mobility of graphene.[58] EF is the graphene Fermi energy which is 0.5 eV 
and the ribbons width W of graphene is 60 nm.

Figure 6.  The unchanged SEIRA function of our flexible plasmonic device. a) The plasmon-
induced vibrational mode response of two typical vibrational modes (δ(CH2)) of the ion gel as 
a function of different bending radius. I: δ(CH2)S + δ(CH2)a, II: δ(CH2)S − δ(CH2)a). δ indicates 
bending modes and the suffixes a and s represent the symmetric and anti-symmetric modes, 
respectively. b) The enhanced peak area of the modes I and II calculated from (a) as a function 
of different bending radii. The error bars in the plots are standard deviation from large numbers 
of measurements. c) The plasmon-induced response of the modes I and II in the extinction 
spectra of graphene plasmon with 3 mm bending radius at different Fermi levels after 1000 
bending cycles. d) The enhanced peak area of the modes I and II with 3 mm bending radius 
as a function of the difference between the mode (vMode) and plasmon resonance peak (vRes) 
before bending testing (red), after bending process with 500 cycles (green) and 1000 cycles 
(blue), respectively.
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