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ABSTRACT

We demonstrate a substantial modulation of the optical properties of multilayer graphene (∼100 layers) using a simple device consisting of a
multilayer graphene/polymer electrolyte membrane/gold film stack. Applying a voltage of 3–4V drives the intercalation of anion [TFSI]− [ion
liquid diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide [DEME][TFSI]] resulting in the reversible modulation of the
properties of this optically dense material. Upon intercalation, we observe an abrupt shift of 35 cm−1 in the G band Raman mode, an abrupt
increase in FTIR reflectance over the wavelength range from 1.67 to 5 μm (2000–6000 cm−1), and an abrupt increase in luminescent background
observed in the Raman spectra of graphene. All of these abrupt changes in the optical properties of this material arise from the intercalation of
the TFSI− ion and the associated change in the free carrier density (Δn = 1020 cm−3). Suppression of the 2D band Raman mode observed around
3V corresponds to Pauli blocking of the double resonance Raman process and indicates a modulation of the Fermi energy of ΔEF= 1.1 eV.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093651

I. INTRODUCTION

Over the past 15 years, there has been a large amount of
research on various forms of graphene.1,2 Highlights of this research
include the observation of the quantum hall effect,3 high thermal
conductivity,4,5 ultrahigh electron mobilities,6 transparent conduct-
ing electrodes,7 tunable plasmon-polaritons,8 and superconducting
phases of graphene.9 In addition to these fundamental phenomena,
the wide tunability of graphene’s properties with electrostatic and
electrochemical doping gives rise to many practical applications.10,11

The properties of bulk graphite have been exploited since the
1980s as anode materials for Li ion batteries12 and high
strength-to-weight ratio composite materials,13 and a large amount
of research has been conducted on graphite intercalation com-
pounds (GICs).14,15 Currently, the main application of graphite is

in rechargeable lithium ion batteries. For example, electric vehicles
typically contain 83 kg of graphite as the anode material, in which
lithium ions intercalate between the layers enabling extremely high
charge storage capacities up to 372 mAh/g. This property of graph-
ite is a direct result of its layered structure, which enables the inter-
calation between the weakly bound layers that are held together by
van der Waals forces.

Bao et al. studied intercalation-induced transparency in graphitic
materials using Li ion intercalation in the visible range.16 They intro-
duced a Drude model with interband transitions to explain the basic
mechanism of Pauli blocking. The Raman spectra of graphite interca-
lation compounds was reported by Chacon-Torres.17 These spectra
reveal the staging of potassium intercalation and the associated strain
induced in the lattice that is associated with intercalation. More
recently, in the works of Salihoglu et al.18 and Ergoktas et al.,19
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multilayer graphene (MLG) grown by chemical vapor deposition
(CVD) was used in conjunction with an ionic liquid electrolyte to
demonstrate controllable infrared and thermal signatures.

II. EXPERIMENTS AND RESULTS

Figure 1 shows an illustration and cross-sectional diagram of
the multilayer graphene device. Multilayer graphene is grown by
chemical vapor deposition (CVD) on a 0.125 mm thick nickel foil
(Sigma-Aldrich #7440-02-0). The growth temperature is 1000 °C,
the flow rates are 100 SCCM of H2 and 30 SCCM of CH4 for
20 min, and the pressure in the chamber was approximately
10 Torr. After growth, we etch the nickel foil with nickel etchant
(Transene Company, Inc. Nickel Etchant Type I). After the etching
process, the multilayer graphene (MLG), which is hydrophobic,
floats on top of the nickel etchant. We then transfer the MLG to a
solution of DI water to remove any residual ions from the nickel
etchant. Then, we immerse the porous polyethersulfone (PES)
membrane [Membrane Solutions (Nantong) Co., Ltd.,
#MSPES260120] into the DI water solution and transfer the MLG

onto the membrane. Our device, consisting of multilayer graphene
(MLG) (approximately 1.5 × 1.5 cm2, 30 nm thick), deposited on
the PES membrane (approximately 2 × 2 cm2, 1 μm thick), which is
then deposited onto a gold electrode (2.54 × 2.54 cm2, 100 nm
thick), as shown in Fig. S1 in the supplementary material. The
thickness of the MLG is determined by Raman spectroscopy, as
shown in Fig. S2 in the supplementary material. An atomic force
microscope (AFM) image of the MLG device is shown in Fig. S3 in
the supplementary material, which has a roughness of approxi-
mately 10 nm as can be seen in cross-sectional plots. However,
before depositing on the Au electrode, an ionic liquid diethyl-
methyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)
imide ([DEME][TFSI]) is used to fill the interstitial spaces in the
polyelectrolyte membrane enabling a voltage to be applied between
the bottom Au electrode and the multilayer graphene top electrode,
which results in reversible intercalation of [TFSI]− anions.

We measured the Raman spectra of MLG devices at various
voltages between 0 and 4 V, as plotted in Fig. 2(a). Here, the inci-
dent laser wavelength is 532 nm, and the laser spot size is approxi-
mately 1 μm in diameter. Over the range from 1200 to 1700 cm−1,
we observe the D band (1350 cm−1), G band (1582 cm−1), and
intercalated G band (i.e., Gint band) (1620 cm

−1). After performing
Raman spectroscopy, a comparable device is tested using a mirror-
based Hyperion microscope coupled to a Bruker FTIR spectrome-
ter. The reflectance of the device is measured under the same range
of voltages as in Raman spectroscopy measurements. Here, the spot
size of the infrared light is 100 × 100 μm2, and the wavelength
range extends from 1.67 to 5 μm (i.e., 2000 to 6000 cm−1).

Figure 2(a) shows a waterfall plot of the Raman spectra taken
at various voltages between 0 and 4 V. Here, we see the abrupt
onset of the intercalated G band (i.e., Gint) at 1620 cm

−1 at 3.5 V,
corresponding to the intercalated state of graphene. It is somewhat
surprising that these large anions (i.e., [TFSI]−) can intercalate
between the layers of the graphene so effectively. Nevertheless, this
abrupt shift in the G band is a well-known signature of intercala-
tion and stands in contrast to electrochemical doping, wherein the
frequency of the G band increases monotonically as a function of
the applied voltage. Figure 2(b) shows a corresponding series of
FTIR spectra taken from a comparable device. Here, we see a large
increase in reflectance by a factor of 100% over the 2000–
6000 cm−1 range. This change in reflectance occurs because of the
large increase in the free carrier concentration from approximately
1018 to 1020 cm−3 over this applied voltage range. Here, the device
becomes more reflective (i.e., less absorbtive) under the applied
potential, as the heavily doped graphite undergoes Pauli blocking at
these wavelengths due to the large increase in Fermi energy. At
large applied potentials, we begin to see suppression of the
2D-band Raman mode due to Pauli blocking of the double reso-
nance Raman process (illustrated in Fig. S4 in the supplementary
material), which occurs at jΔEF j . 1/2Eex , where Eex = 2.33 eV. For

graphene, we can calculate the carrier density by Δn ¼ EF
�hνF

� �2
/π,

where νF is the graphene Fermi velocity and �h is the reduced
Planck constant, yielding Δn ¼ 2:2� 1021 cm�3.20 In addition, we
observe the emergence of four voltage-dependent dips in the FTIR
spectra at 2106, 2381, 4085, and 4409 cm−1. While we do not fully
understand the origin of these peaks, one possibility is that they are

FIG. 1. (a) Schematic diagram and (b) cross-sectional diagram of the sample
consisting of a multiple layer graphene top electrode, porous PES membrane
filled with ionic liquid ([DEME][TFSI]), and the gold electrode bottom contact.
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due to the S–N–S and CF3 stretch frequencies of the [TFSI]−

anions and their higher order harmonics.21 Another possibility is
that they originate from the formation of graphene oxide; however,
this is unlikely since such oxidation would not be reversible.22

Figure 3 shows the voltage-dependent plots summarizing the
key features in Raman and FTIR spectra over the 0–4 V range.
Figure 3(a) shows the Gint/G band intensity ratio plotted as a func-
tion of applied voltage. Above 3 V, we observe an abrupt onset of
the Gint band at 1620 cm−1, corresponding to the intercalated state
of graphite. Figure 3(b) shows the luminescent background
observed in the Raman spectra at 2250 cm−1 plotted as a function
of the applied voltage (see Fig. S5 in the supplementary material
for the Raman Spectra exhibiting this luminescent background).
Here, we observe an abrupt increase in the luminescent background
intensity on the order of 10× around 3 V, which is due to the large

FIG. 2. (a) Waterfall plot of the voltage-dependent Raman spectra (background
subtracted). (b) Differential infrared reflectance spectra under various applied
voltages.

FIG. 3. (a) Raman intensity ratio between the intercalated Gint band
(1620 cm−1) and the uncharged G band (1585 cm−1) under various applied volt-
ages. (b) Luminescent background intensity observed in the Raman spectra at
2250 cm−1 under various applied voltages. (c) Differential FTIR reflectance
observed at 2.22 μm under various applied voltages relative to the reflectance
at zero applied voltage.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 095102 (2022); doi: 10.1063/5.0093651 132, 095102-3

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0093651
https://aip.scitation.org/journal/jap


increase in free carrier density. A similar luminescent background
is seen in the Raman spectra of strongly plasmon of metals,
including gold, silver, and copper. Figure 3(c) shows the FTIR
reflectance at 4500 cm−1 (i.e., λ = 2.22 μm), which exhibits a similar
voltage-dependent profile to that of the Raman spectra. In addition,
Figs. 3(b) and 3(c) exhibit hysteresis that are due to the relatively
slow intercalation/de-intercalation dynamics, as limited by the dif-
fusion of the relatively large anions (radius = 0.9 nm). These hyster-
eses can be either an advantage or a disadvantage from a device
application point of view. For telecommunication applications, it is
desirable to cycle at high frequencies. For filters and modulators,
the hysteresis can enable low-power switching between the interca-
lation states (intercalated/de-intercalated) using voltage pulses
without constantly applying a voltage (low power consumption).
The time constants for intercalation of our devices are around
τ = 38 and 63ms for de-intercalation, as plotted in Fig. S6 in the
supplementary material. However, it is possible to increase the
de-intercalation dynamics by increasing the temperature and bias
conditions. That is, the hysteresis can potentially be tuned by
varying temperature. It is worth mentioning that this intercalation
process is not totally reversible. As noted in the Raman spectra, a
relatively large D-band persists after the first intercalation process.
Nevertheless, the IR absorption, Gint/G band intensity ratio, and
the plasmon can background intensity drop back to their pre-
intercalation values. Therefore, from the device performance per-
spective, this intercalation process is effectively reversible. In addi-
tion, we observe an irreversible change in the D band Raman
intensity after the first intercalation cycle. The D band originates
from sp3 hybridization and defects (i.e., broken sp2 symmetry),
which can occur upon intercalation.23 The irreversibility of this
feature indicates that there are defects created under these high
anodizing potentials. In addition, the size of the [TFSI]− ion is
approximately 7 Å, which is 2.8 times the graphene lattice constant
(i.e., 2.46 Å) and 2 times of the interlayer distance of MLG
(i.e., 3.5 Å). Thus, during the intercalation process, defects are
induced in the graphene crystal structure. Despite these defects, the
intercalation/deintercalation process seems to continue reversibly
after many cycles, as demonstrated in Fig. S6 in the supplementary
material.

Figure 4 shows a parametric plot of the change in FTIR
reflectance plotted as a function of the luminescent background
intensity observed in the Raman spectra over this 0–4 V range of
applied potentials. This figure shows that there is indeed a strong
correlation between these two properties. Both arise from a large
increase in the free carrier density of this material, which changes
the IR reflectance due to Pauli blocking and an associated gate
voltage-induced transparency in this wavelength range. The lumi-
nescent background in the Raman spectra arises from inelastic scat-
tering via free-carrier decay pathways.

In conclusion, we have observed a wide modulation in the
optoelectronic properties of multilayer graphene in the infrared
and visible wavelength range. The abrupt changes observed are the
result of intercalation of ions in a non-aqueous electrolyte, which
results in strong doping of the material. The large increase in free
carrier density is observed through the emergence of a blue-shifted
G band Raman frequency (i.e., Gint), a luminescent background
in the Raman spectra, and an abrupt change in the infrared

reflectance that occurs around 3 V of applied potential. In contrast
to studies of monolayer graphene, which have exemplified electro-
static and electrochemical tunability, these results demonstrate the
widely tunable properties in an optically dense material, which is
suitable for practical applications. We believe that this fundamental
mechanism will enable active optoelectronics in the infrared wave-
length range, where such devices are currently lacking.

SUPPLEMENTARY MATERIAL

See the supplementary material for a photograph of the
device, MLG thickness determination, AFM image of the device,
illustration of the Pauli blocking process for the 2D band Raman
mode, raw data plot of the voltage-dependent Raman spectra, and
time-resolved temperature measurements.
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