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ABSTRACT: Graphene plasmons have attracted enormous research interest due to
their dynamic tunability and the extreme field confinement they provide. However,
despite their popularity, most studies revolving around graphene plasmons have been
restricted to room temperature, leaving unconsidered important tunability knob. In this
work, we experimentally investigate the temperature-dependent plasmonic properties of
graphene nanoresonators with varying widths on SiO2 substrate by infrared transmission
spectroscopy. As temperature drops from 300 to 100 K, the intensity of the graphene
plasmon resonance peak increases up to 76%, and the amount of enhancement decreases with increasing carrier concentration and
decreasing resonator width. We attribute the enhancement of graphene plasmon resonance to an additional hole doping of Δp =
1.37 × 1012 cm−2 associated with cooling and reduced plasmon damping due to the suppression of phonon-mediated scattering
channels. Our results uncover the significance of temperature effects that can be exploited in graphene-based tunable plasmonic
devices operating at low temperatures.
KEYWORDS: graphene plasmons, plasmonic resonance, temperature dependence, graphene nanoresonators, low-temperature measurement

■

INTRODUCTION
Graphene is a versatile material platform for nanophotonics
and optoelectronics owing to its excellent electrical1−3 and
optical4,5 properties that can be dynamically altered by external
doping. Particularly, doped graphene exhibits a strong
plasmonic response from THz to mid-infrared (mid-IR)
frequencies, effectively acting as a two-dimensional metallic
sheet. Such graphene sheets, possibly structured, support
highly confined graphene plasmons (GP) characterized by
effective wavelengths up to 2 orders of magnitude shorter than
the free-space wavelength.6−11 Therefore, graphene has been
widely employed for nanophotonic applications such as active
metasurfaces,12−14 plasmonic nanoantennas,15−17 plasmonic
waveguide modulators,18,19 and photonic crystals,20−22 to
name a few, operating at mid-IR frequencies.
Despite the growing interest in graphene plasmonics, most
GP research has been performed at room temperature, and the
temperature dependence of GP properties has not been widely
investigated thus far.23 A notable exception would be the study
by Ni et al.24 They examined the fundamental limits of GP
damping at cryogenic temperatures through near-field imaging
of propagating GPs in a high-quality exfoliated graphene
encapsulated by the hexagonal boron nitride (h-BN).
However, we note that practical nanophotonic devices require
large-area graphene grown by chemical vapor deposition
(CVD), whose quality is generally inferior to that of graphene
obtained by mechanical exfoliation. Also, large-area graphenebased plasmonic devices suffer from unavoidable extrinsic loss
channels originating from fabrication imperfections. The
© 2022 American Chemical Society

dynamics of GP damping can also be significantly affected by
the substrate material and graphene nanopatterning. Therefore,
more studies on the temperature-dependent GP properties
with various materials and structural combinations are urgently
needed for the practical design of nanophotonic devices.
In this work, we report on the far-field investigation of the
temperature-dependent mid-IR plasmonic responses of graphene nanoresonator arrays, patterned in a large-area CVD
graphene film on Si/SiO2 substrate. We observe that the
intensities of the plasmon resonance peaks in the extinction
spectra increase up to 76% as the temperature drops from 300
to 100 K. The observation can be attributed to two primary
causes. First, temperature-induced hole doping of Δp = 1.37 ×
1012 cm−2 in graphene on SiO2 enhances the oscillator strength
of graphene nanoresonators. Second, reduced plasmon damping due to the suppression of temperature-dependent
scattering mechanisms prolongs the graphene plasmon lifetime, which is also evidenced by the increased quality factor of
the resonances.
Both the doping concentration and the plasmon damping
rate are strongly affected by the electronic properties of
graphene and by the phononic properties of the SiO2 substrate
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and the interface states. To decipher this intricate hybrid
system and systematically verify the effects mentioned above,
we conducted three independent experiments: DC electrical
measurements, Raman spectroscopy, and infrared transmission
spectroscopy. The cooling-induced doping effect is verified in
all three measurements, and the suppressed damping is also
independently supported by DC carrier mobility measurements and infrared spectroscopy. Unveiling these temperaturerelated effects in the graphene−SiO2 system is essential for
developing feasible graphene-based large-area devices operating at mid-IR frequencies.

■

RESULTS AND DISCUSSION

A schematic of our device�an array of graphene nanoresonators on a Si/SiO2 substrate�is shown in Figure 1a. All
Figure 2. (a) DC resistance of planar graphene sheet as a function of
the gate voltage at different temperatures. (b) Extracted hole mobility
of graphene as a function of temperature. (c) Raman spectra of a
single-layer CVD graphene on Si/SiO2 substrate at 100 and 300 K.
(d) Dependence of the spectral positions of G and 2D Raman peaks
on temperature.

dependence of the device’s resistance as a function of gate bias
Vg measured at various temperatures. The fabricated graphene
is of p type, typical for wet-transferred CVD graphene on SiO2
due to water molecule during transfer process and substrate
interface property. The maximum resistance point in Figure 2a,
which corresponds to graphene’s charge neutrality point
(CNP), drifts from VCNP = 62 V at 300 K to 76.5 V at 100
K. The shift of ΔVCNP = 14.5 V corresponds to the additional
hole concentration Δp = ΔQ/e = CΔV/e = ϵϵ0ΔVCNP/ed =
1.04 × 1012 cm−2. Here, the carrier concentration can be
calculated based on the parallel capacitance model, where Q is
the charge density, C is the capacitance per area, and ϵ = 3.9
and d = 300 nm are the static dielectric constant and the
thickness of the SiO2 substrate, respectively. Constants ϵ0 and e
are the free-space permittivity and the elementary charge,
respectively. Furthermore, the increased hole doping of
graphene associated with cooling is observed by the blueshift
of G (≈1580 cm−1) and 2D (≈2690 cm−1) Raman peaks
(Figure 2c,d) that correspond to the in-plane vibrational mode
of the C−C bond and the second-order two phonon processes,
respectively.25,26 A similar trend has been reported by
Verhagen et al.27 We note that this additional doping effect
can be suppressed by encapsulating graphene by hexagonal
boron nitride (h-BN), as demonstrated by Ni et al. in their
temperature-dependent near-field measurements on propagating GP.24 From these observations, we speculate that the
additional p doping could originate from the releasing of
trapped charges at the SiO2−graphene interface, which may be
affected by the SiO2 phonons known to be rapidly extinguished
at T < 200 K.28−31 However, to the best of our knowledge, no
works have yet elucidated the exact mechanism for the
observed doping effect. We leave this as a subject for future
investigation.
In addition to the change of doping concentration, the
cooling of graphene also reduces the carrier scattering rate in
graphene, leading to increased carrier mobility. By fitting the
constant mobility model to the measured DC curves,32 the
temperature dependence of the hole mobility can be extracted,
as shown in Figure 2b, demonstrating a monotonic increase of
mobility with decreasing temperature. When analyzing the

Figure 1. (a) Schematic device structure composed of graphene
nanoresonators on a Si/SiO2 substrate. (b) AFM images of the
graphene nanoresonators with different resonator widths as noted; the
scale bar is 300 nm.

devices were fabricated using graphene grown by the CVD
method. To overcome the large momentum mismatch between
the GP and free-space light, graphene is patterned into
nanoresonators that can couple to the far field. The pattering
of graphene was done by electron beam lithography followed
by oxygen plasma etching. Each nanoresonator array has an
area of 200 × 200 μm2 and consists of quasi-identical
nanoresonators with a fixed width W. The sample contains four
arrays of graphene nanoresonators with W = 55, 75, 97, and
154 nm, measured by atomic force microscopy (AFM) after
fabrication (Figure 1b).
First, to investigate the temperature dependence of the
carrier concentration and the mobility of graphene, we
measure the DC electrical properties of the planar graphene
sheet while varying its temperature from 300 to 100 K using a
nitrogen-purged heating/cooling stage. Figure 2a displays the
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temperature-dependent carrier mobility, which is inversely
proportional to the carrier scattering rate τ−1, it is instructive to
consider different scattering mechanisms comprising the
cumulative scattering rate given by
1
int

=

1
imp

+

1
PO

+

1
LA

(1)

−1
−1
Here, τ−1
imp, τPO, and τLA are scattering rates due to impurities,
SiO2 polar optical phonons, and longitudinal acoustic phonons
in graphene, respectively.28,29,33 The impurity scattering rate
shows little temperature dependence. On the other hand, the
−1
phonon-mediated scattering rates τ−1
PO and τLA rapidly decrease
with cooling, while the former has a nonlinear and the latter
has a linear temperature dependence. The mobility measured
in our experiments shows a near-linear dependence on
temperature, which agrees with the previously reported
measurements at high-doping concentrations.28,30 It is
important to note that, although the carrier mobilities obtained
from the DC electrical measurements provide useful insights
into DC carrier dynamics of graphene, what actually
determines the plasmonic response of graphene nanoribbons
are the AC scattering properties at IR frequencies, which are
not necessarily identical to their DC counterparts.
To characterize the plasmonic response of graphene, we
measure the transmission spectra of the nanoresonator arrays
using Fourier transform infrared (FT-IR) spectroscopy
coupled with a computer-controlled heating/cooling stage.
The excitation beam is polarized perpendicular to the
nanoresonators to maximize the coupling to graphene
plasmons. The temperature is varied between 300 and 100
K. We systematically investigate the temperature-dependent
plasmonic properties of the graphene nanoresonators by
analyzing the width-, doping-, and temperature-dependent
normalized extinction spectra 1 − TV/TCNP, where TV(ω) is
the transmission spectrum at a given gate bias, and TCNP(ω) is
the transmission at CNP (Figure 3). In our experiments, the
maximum extinction modulation was observed to be around
10%. We note that the modulation efficiency can be
dramatically improved to reach near-unity. This requires
enhancing the radiative coupling rate of the system using
external resonant structures.12,34,35
A hybrid polaritonic resonator, such as a graphene
nanoresonator placed on a polar dielectric substrate, exhibits
multiple resonance peaks due to the hybridization between GP
and the polar phonon modes of the substrate, which has been
demonstrated in previous works.36,37 Such hybridized mode is
called surface plasmon-phonon polaritons (SPPP) and
manifests itself through an avoided crossing of the plasmon
dispersion near the substrate phonon frequency.8,9,38 SiO2 has
two transverse optical (TO) phonon modes at frequencies
ωTO1,2 = 803.7 and 1088 cm−1, resulting in three distinctive
resonances in our measured spectral range: two SPPP modes
above and below ωTO1, and one GP resonance above ωTO2 as
shown in Figure 3.
Figure 3a,b illustrates how the normalized extinction spectra
depend on the resonator width and carrier density,
respectively, at a fixed temperature T = 100 K. As reported
in the earlier works,8,9 both SPPP and GP peaks blue-shift as
the resonator width decreases or the carrier density increases.
Once the frequency of an SPPP mode approaches the SiO2
phonon lines (ωTO1,2), the SPPP peak disappears due to high
phonon loss (Figure 3a). On the other hand, when the SPPP is
not damped, its extinction peak intensity and that of the GP

Figure 3. Normalized extinction spectra of graphene nanoresonator
arrays on Si/SiO2 substrate: (a) varying resonator width at fixed Vg =
−115 V and T = 100 K, (b) varying Vg at fixed W = 97 nm and T =
100 K, (c) varying temperature at fixed W = 97 nm and Vg = −115 V.
Vertical dashed lines indicate two transverse optical (TO) phonon
modes of SiO2 at frequencies ωTO1,2 = 803.7 and 1088 cm−1 and
graphene optical phonon at frequencies ωOPh = 1613 cm−1.

peak tend to increase with increasing doping level since the
higher carrier density leads to the higher oscillator strength, as
shown in Figure 3b.
Unlike the SPPP extinction profile, the GP resonance
becomes spectrally broader as the nanoresonator gets
narrower, as evident from Figure 3a. Since GP peaks are
spectrally distant from both ωTO2 and ωOPh, where ωOPh =
1613 cm−1 is the graphene optical phonon frequency,39,40 the
broadening of the GP peak is likely due to fabrication
imperfections such as edge roughness or resonator width
variation within the array. We note that the same amount of
fabrication error would cause a larger peak broadening in
narrower nanoresonators. To further investigate this possibility, we examined the AFM scans of the nanoresonator arrays.
We found that the standard deviation of the nanoresonator
width is about 5 nm for all resonators. Based on the obtained
width distribution, the inhomogeneous linewidth broadening
of the GP peak is estimated to be 69, 39, 20, and 2% compared
to uniform nanoresonators with W = 55, 75, 97, and 154 nm,
respectively (Supporting Information Section S1). The linewidths of SPPP peaks also depend on W and Vg. Still, in this
case, it is difficult to discriminate between the intrinsic and
extrinsic effects since the SPPP peak is inherently close to the
SiO2 phonon lines and is strongly damped.
Figure 3c shows the temperature-dependent extinction
spectrum of the device with W = 97 nm and Vg = −115 V.
Decreasing temperature leads to a slight blueshift and a larger
intensity of all extinction peaks. This trend, which can be
2258
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explained by the increased carrier density and mobility in
graphene, agrees with the electrical measurements (Figure
2a,b). We also note that additional features such as peak
distortion near graphene optical phonon energy ωOPh and
second-order graphene plasmon peaks can be observed at low
temperatures where various plasmon damping mechanisms are
suppressed (see Supporting Information Section S2).
To independently estimate the doping-level variation
associated with cooling apart from the aforementioned DC
electrical measurement, we fit the measured peak positions
(summarized in Figure S5) to the theoretical dispersion
relation with the doping level as the only fitting parameter. The
resulting dispersion curves agree well with the measured data
(Figure 4a), which is also summarized in Figure 4b by plotting

Article

the carrier concentration as a function of the gate bias. The
optically estimated carrier densities are {1.38, 1.13, 0.85, 0.59}
× 1013 cm−2 and {1.48, 1.25, 0.99, 0.72} × 1013 cm−2 at T =
300 and 100 K, respectively, for Vg = −150, −115, −80, and
−45 V. The estimated doping levels well match the linear fit
with a fixed specific capacitance of ϵ/d = 11.5 nF/cm−2 (Figure
4b). The amount of the additional hole doping Δp = 1.37 ×
1012 cm−2 associated with cooling from 300 K to 100 K is
similar to the estimated value from the electrical measurement.
We note that the thermally induced strain in graphene
cannot explain the temperature-dependent blueshift of the
peak position. First, graphene has a negative thermal expansion
coefficient of −(4.8 ± 1.0) × 10−6 K−1,41,42 and thus, cooling
should induce a redshift, not a blueshift, of the resonance peak
due to the expansion of the resonator width. Second, thermal
expansion is only about 0.1% when temperature changes from
300 to 100 K, which is an order of magnitude smaller than the
relative peak shift.
The temperature-dependent electrodynamic response of the
nanoresonators can be further analyzed by extracting the
intensity of the GP resonance for all measured extinction
spectra at different W, Vg, and T, as shown in Figure 5. The
intensity data are normalized by the maximum value at 100 K.
In most cases, peak intensities increase with decreasing
temperature. The peak intensity enhancement associated
with cooling from 300 to 100 K ranges from 10 to 76%. We
partly attribute the increasing peak intensity to the additional p
doping induced by cooling, which is inferred from the similar
temperature dependence of both the intensity and the position
of the resonance peak (Figure S8). The temperature
dependence of the peak intensity becomes stronger when the
gate bias gets smaller. This is likely because the temperatureinduced doping Δp becomes more significant than the
electrostatically induced doping level at lower gate biases, as
shown in Figure 4b.
We also compare the temperature dependence of the peak
intensity for various nanoresonator sizes at the highest gate
bias Vg = −150 V, where the effect of temperature-induced
doping Δp = 1.37 × 1012 cm−2 becomes minimized and is
about 1:10 of the electrostatically induced doping concentration. In this regime, the peak intensity variation is expected
to mainly depend on the plasmon scattering rate τ−1 = τ−1
int +
−1
−1
τ−1
ext , where τint and τext are the scattering rates associated with
intrinsic and extrinsic mechanisms. τ−1
int decreases along with
temperature, as the scattering of substrate phonons and
graphene acoustic phonons is suppressed. On the other hand,
the extrinsic mechanisms involve plasmon scattering at the
edge of the resonator, and therefore, τ−1
ext hardly depends on
temperature. Assuming that the same amount of nanoresonator

Figure 4. (a) Dispersion relation of GP at 300 K (solid) and 100 K
(dashed) for Vg = −115 V (dark yellow) and −45 V (red). The open
symbols plot the measured values, and the curves are the theoretical
dispersion relations with the doping level as the only fitting parameter.
The wavevector values are obtained from AFM measurements of the
nanoresonator widths. The error bars indicate the inhomogeneity of
the resonator width. (b) Estimated carrier concentrations from the
dispersion model fitting at different gate voltages are displayed as
symbols. The solid lines are the linear fits assuming the constant
specific capacitance ϵ/d = 11.5 nF/cm−2.

Figure 5. (a−d) Temperature dependence of the GP extinction peak intensities normalized by the values at T = 100 K. The width of the
nanoresonators, W, is marked on the top right corner, and the applied gate bias values, Vg, is specified in the legend.
2259
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Figure 6. (a, b) Normalized extinction spectra of the GP resonance in nanoresonators with W = 97 nm at two different carrier concentrations: (a) p
= 1.38 × 1013 cm−2 and (b) 0.59 × 1013 cm−2. (c, d) Temperature dependence of the normalized intensities (c) and widths (d) of the GP
resonance peaks shown in (a) and (b).

■

CONCLUSIONS
To conclude, we have analyzed the temperature-dependent
plasmonic responses of graphene nanoresonators on a SiO2
substrate in the far field. When the temperature drops from
300 to 100 K, the graphene plasmon resonance becomes
stronger, resulting in an increase in the extinction peak
intensities ranging from 10 to 76% depending on the resonator
width and the applied gate bias. The increase in GP peak
intensity can be attributed to the cooling-induced additional p
doping and the suppression of phonon-mediated scattering
mechanisms at low temperatures. Thus, our results uncover
important but largely overlooked temperature effects on
tunable plasmons in large-area graphene−SiO2 systems, being
a stepping stone toward advanced graphene plasmonic devices
operating at cryogenic temperatures.

edge roughness occurs regardless of the resonator width,
narrower nanoresonators are expected to have a larger
contribution to the temperature-independent extrinsic scattering rate. Indeed, the normalized extinction peaks in the
narrower nanoresonators are much less sensitive to temperature than those in wider nanoresonators, as shown in
Supporting Information Section S8.
Finally, to eliminate the effect of the temperature-induced
doping and isolate the effect of plasmon damping variation, we
carried out additional measurements in which the resonance
frequency of the GP peak is tuned to the same value by
controlling the gate bias at each temperature in the device with
W = 97 nm. We display two cases with high and low doping
levels with p ≈ 1.38 and 0.59 × 1013 cm−2 corresponding to
GP resonance frequencies of ωGP = 1334 and 1269 cm−1. Even
after excluding the additional p-doping effect, the normalized
peak intensity still increases with cooling, as shown in Figure
6c. The linewidth of the GP resonance peak, which is inversely
proportional to the plasmon relaxation time, is observed to
decrease with cooling, as seen in Figure 6d. Interestingly, the
temperature dependences of both normalized intensity and
linewidth of the GP peak show a quantitatively similar trend
independent of doping level. At both p = 1.38 × 1013 and 0.59
× 1013 cm−2, the peak intensity increases by ∼22%, and the
linewidth decreases by ∼11% when the temperature drops
from 300 to 100 K. We attribute this remnant increase in peak
intensity and decrease in peak linewidth to the reduced
damping of graphene plasmons. As temperature drops, the
phonon-mediated carrier scattering mechanisms are suppressed.29,43,44 Thus, the plasmon lifetime is expected to be
prolonged, leading to a stronger resonance with an increased
quality factor. However, it is difficult to directly extract the
plasmon scattering rate from the measured peak widths since
the peak width is also largely affected by other external factors,
including resonator inhomogeneity within the measured area
(see Supporting Information Section S1).

■

EXPERIMENTAL SECTION
The CVD graphene, prepared in the form of three layers
comprising poly(methyl methacrylate) (PMMA)/CVD graphene/polymer, was purchased from Graphenea, Inc., which is
ready for wet transfer procedure. The PMMA/graphene was
then wet-transferred onto the Si/SiO2 substrate. Electron beam
evaporation was used to create the source/drain contacts of
30:50 nm thick palladium (Pd)/gold (Au). Graphene
nanoresonators were patterned using 50 keV electron beam
lithography on 100 nm thick 495 PMMA. The exposed PMMA
was developed in a 1:3 methyl isobutyl ketone (MIBK):isopropanol solution, and the graphene was etched using oxygen
plasma at an O2 flow rate 10 sccm and 50 W for 3 s. Silicon in
the Si/SiO2 substrate was used as the back gate electrode for
graphene electrostatic doping.
The current−voltage (I−V) characteristics of the devices
were measured semiautomatically (Keithley 2400 via a
LabVIEW interface). The gate voltage was swept from −150
to 100 V, while the source−drain bias was fixed at 0.01 V.
Optical characterization was performed with an FT-IR
2260
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microscope (Nicolet iS10 spectrometer and iN5 microscope,
Thermo Scientific). The measurement window was set to 150
× 150 μm2. To perform temperature-dependent measurements, the sample was placed inside the heating/cooling stage
(THMS600, Linkam) during the optical characterization.
To secure similar experimental conditions among the
measurements, the following steps were performed before
FT-IR measurement. First, the devices were baked at 130 °C
for 25 min to remove adsorbed water on the sample and
further improve the transport quality of graphene.45 After
baking, the heating/cooling stage was purged with nitrogen for
3 min to replace the air inside the chamber. Each measurement
took approximately 6 min to reach thermal equilibrium. The
cooling stage loaded onto the FT-IR microscope was isolated
from ambient air by continuous purging of nitrogen with
humidity kept below 10% to prevent water condensation on
the window of the stage.
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Calculated normalized extinction spectra of graphene
nanoresonators on Si/SiO2 substrate (Figure S1);
normalized extinction spectra of various nanoresonator
arrays at different temperatures (Figure S2); DC
resistance of graphene as a function of gate voltage at
different temperatures (Figure S3); estimated coolinginduced carrier concentration as a function of temperature (Figure S4); transmission spectra of bare Si/SiO2
substrate at various temperatures (Figure S5); comparison between the experimental and numerically calculated extinction spectra of the GP resonance in
nanoresonators (Figure S6); extracted DC and AC
hole mobility of graphene as a function of temperature
(Figure S7); temperature dependence of the GP peak
frequency shift (Figure S8); normalized intensities of the
GP extinction peak as a function of temperature (Figure
S9); estimated GP peak intensities of inhomogeneous
resonators normalized by those of uniform resonators
(Table S1); and estimated GP linewidths of inhomogeneous resonators normalized by those of uniform
resonators (Table S2) (PDF)
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ABBREVIATIONS
IR, infrared; GP, graphene plasmons; CVD, chemical vapor
deposition; DC, direct current; AFM, atomic force microscopy; CNP, charge neutrality point; FT-IR, Fourier transform
infrared; SPPP, surface plasmon-phonon polaritons; TO,
transverse optical
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