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The localized release of energy at the surface of plasma-exposed materials plays a crucial role in many
plasma-driven processes. Unfortunately, the interaction between low-temperature plasmas and surfaces
is both poorly understood and diﬃcult to characterize. Here, we use Raman thermometry to measure
the temperature of graphene during plasma exposure. We observe a signiﬁcant increase in the graphene
temperature even for modest input plasma powers. These results suggest that two-dimensional materials
are eﬀective surface probes for the quantitative characterization of plasma-induced heating eﬀects and for
further investigation of the plasma-surface interaction.
DOI: 10.1103/PhysRevApplied.15.024018

I. INTRODUCTION
Low-temperature, nonthermal plasma are routinely utilized to activate a wide range of surface reactions. These
include well-established processes such as reactive ion
etching [1,2] as well as more recent developments, such
as plasma-enabled atomic layer deposition [3,4], plasmadriven heterogeneous chemistry [5–7] (commonly referred
to as plasma catalysis), and plasma processing of twodimensional materials [8–12]. It is well known that exposure to low-temperature plasmas can accelerate the kinetics
of many surface processes. For instance, Kim et al. [5]
have reported the eﬃcient decomposition of methane over
nickel catalyst at a reduced temperature when exposed to
a dielectric barrier discharge (DBD) compared with a thermally driven reaction. Liu et al. [9] have demonstrated the
nucleation and growth of hexagonal boron nitride (hBN)
from a molecular precursor at a temperature as low as
500 °C when exposed to an atmospheric-pressure nonthermal plasma, whereas 800 °C is needed for a thermally
driven process. Consistent with these ﬁndings, Beaudette
et al. [13] have recently shown the plasma-enhanced chemical vapor deposition (CVD) of high-quality MoS2 ﬁlms at
500 °C, which is considerably lower than what is otherwise
needed for the heat-only case. The enhancement of the
kinetics of surface reactions under plasma exposure is due
*
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to several eﬀects, including the preexcitation of molecules
in the gas phase and the momentum transfer to the surface induced by ion bombardment. Plasma-produced radicals and metastables also recombine and react at plasmaexposed surfaces, often following an exothermic reaction path. This results in the localized release of energy
at plasma exposed surfaces, a phenomenon commonly
referred to as plasma heating. As an example, the recombination of plasma-produced atomic hydrogen at the surface
of nanoparticles in dusty plasmas induces substantial heating [14] and enables the processing of refractory materials
[15,16]. Nanoparticle temperature measurements conﬁrm
the signiﬁcant role played by plasma heating for the case
of dusty plasmas [17–20]. It should be noted that the low
rate of heat dissipation from the particles to the background
gas in these scenarios leads to a signiﬁcant temperature
increases. On the other hand, the extent of plasma heating
eﬀects for the case of an extended (semi-inﬁnite) substrate
(as opposed to small particles dispersed in the plasma)
is both under-characterized and actively debated. This is
largely due to the lack of quantitative measurements. Walton et al. [21] have recently addressed this same issue by
performing pump-probe time-domain thermoreﬂectance
measurements for the case of a metallic ﬁlms exposed to a
low-temperature plasma, conﬁrming the presence of localized plasma-induced heating. Although elegant, this work
relies on specialized equipment that may not be readily
available to many research groups.
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Here, we describe an approach towards the quantiﬁcation of plasma-induced surface heating which relies
on measuring the temperature of an atomically thin
material while exposed to a low-temperature plasma. In
other words, we use a two-dimensional material as a
surface-sensitive temperature probe. We focus on graphene
because of its high Raman cross-section, its clear and
well-characterized Raman signature, and because it is
atomically thin, ensuring that a surface-speciﬁc temperature measurement is performed. This is necessary because
plasma-induced heating is inherently localized at the
plasma-exposed surface.
Graphene has been widely studied during the last
two decades. Graphene has proven to be a great thermal conductor with high electron mobility and chemically robustness [22–29]. These qualities have led to
the implementation of graphene in many ﬁelds such
as electrochemical energy conversion and storage [30–
32], sensing [33,34], graphene-based catalysis [35–37],
postsilicon electronics [38,39], and thermal interface
materials for heat management and electromagnetic
interference shielding [40–42], among countless others
[43–47].
Here we use graphene grown by CVD onto a copper foil substrate. The temperature of the graphene surface exposed to the plasma is obtained by the principle of Raman thermometry, where the signal strength of
the G Raman band at the Stokes and anti-Stokes positions are measured simultaneously. Raman thermometry
oﬀers a noncontact, spatially resolved approach to temperature measurement, and for this reason it has been
adopted by several research groups [48,49]. To calibrate
our measurements, a vacuum chamber with heating capabilities is used to bring the graphene to a desired initial
temperature, before plasma exposure. When the chamber is heated to 200 °C, exposure to a radiofrequency
(RF) argon plasma immediately raises the temperature
to approximately 350 °C. The temperature increase is
independent of substrate temperature and linearly dependent on the plasma input power. In addition, a simple
heat transfer model is developed using COMSOL MULTIPHYSICS to rule out the possibility that the temperature increment is simply due to gas heating by the
plasma. The temperature of the multilayered graphene
presents a signiﬁcant dependence on the plasma composition, where higher temperature is observed in pure
argon rather than hydrogen-diluted argon gas. Finally,
we show evidence of anisotropic etching by means of
hydrogenation, where the increased hydrogen concentration leads to the reduction in the size of the graphene
domains, and to an increased disorder in the material
structure. This study highlights the untapped potential of
graphene and other two-dimensional materials as probes
for the investigation of poorly understood plasma-related
phenomena.

II. METHODS
Figure 1(a) shows a schematic of the set-up used in this
study. The system consists of a high-temperature reaction
vacuum chamber (HVC-DRM-5 from Harrick Scientiﬁc
Products), where a tubelike capacitively coupled nonthermal plasma reactor [7.5 mm long, 5.16 mm inner diameter
(ID), 10 mm outer diameter (OD), borosilicate glass] is
mounted onto one of the chamber ﬂanges. A photograph
of the assembly can be found in the Supplemental Material, Fig. S1 [50]. The plasma is powered by a 13.56 MHz
RF power supply. The RF voltage is applied between one
copper ring electrode wrapped around the plasma tube
and the grounded reaction chamber. The plasma expands
in the chamber impinging onto the graphene-coated substrate. Two copper ring electrodes are wrapped around the
plasma tube, and a plasma jet extends from the tube into
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FIG. 1. (a) Schematic of the reaction chamber for in situ
Raman study. (b) Raman spectrum of multilayered graphene
pristine sample collected at λ = 532 nm. The typical D
(±1332 cm−1 ) and G (±1598 cm−1 ) peaks from carbonaceous
materials and the two-dimensional peak (±2600 cm−1 ), which
has the largest intensity in a single-layer graphene, but it significantly reduces in multilayer graphene, are shown. (c) Central
image: Stokes and anti-Stokes in situ Raman spectral lines from
a sample heated up to 600 °C during a 12-W plasma impinging at
the graphene surface. Side images: Signal ﬁtting encompassing a
Lorentzian peak for the D component, a BWF line shape for the
G component for: anti-Stokes (left) and Stokes (right) modes.
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the small vacuum chamber, impinging onto the graphenecoated substrate. Graphene is grown on copper foils heated
to 1030 °C using a low-pressure CVD of carbon using a
mixture of methane and hydrogen. The copper substrate is
cooled down from 1030 °C to room temperature in 10 h
by carefully controlling the cooling rate. The details of the
growth process are described in Refs. [51,52]. The CVD
grown multilayered graphene ﬁlm (MGF) on copper foil is
placed on top of the temperature controlled heater. A gas
mixture comprising Ar and H2 at diﬀerent concentrations
(from 100% Ar to 80% Ar – 20% H2 ) is supplied at diﬀerent ﬂow rates (from 15 to 40 sccm). The chamber pressure
is 13 Torr.
The in situ Raman scattering system has been developed to acquire the Stokes and anti-Stokes D and G peaks
from the MGF sample simultaneously. The optical system
comprises of a continuous wave laser at λ = 532 nm with
a laser power up to 1 W (4 × 105 mW/cm2 , spot size of
500 µm). The scattered light is collected and focused to
a visible-near-infrared (VIS-NIR) monochromator (Acton
Spectra Pro, Princeton Instruments) and captured by a
CCD camera located at the exit slit of the monochromator.
Figure 1(b) shows the Raman spectrum of the graphene
samples used for this study. Signatures from the wellknown D, G, and 2D peaks of graphene are shown. The
laser excitation is mechanically chopped and the acquisition system is synchronized to precisely remove the
emission from the discharge. A detailed description of the
optical system and the signal acquisition procedure can be
found in the Supplemental Material, Fig. S2 [53].
A spectral deconvolution is performed to obtain the
intensity of the Raman peaks by a ﬁtting routine. A
Lorentzian function is used for the D component and a
Breit Wigner Fano (BWF) function for the G component
[54]. This is shown in the left image of Fig. 1(c) for the
anti-Stokes line and the right image for the Stokes line.
The temperature of the samples is calculated based on the
temperature-dependent population of vibrational modes:
Is
=
Ias



λs
λas

4

hυ

e− kT

III. RESULTS AND DISCUSSION
As a ﬁrst step, we simultaneously acquire the Stokes and
anti-Stokes spectra of a MGF sample while the substrate
temperature is linearly increased from 200 °C to 600 °C.
This study is performed with and without the Ar-H2 plasma
(90% Ar and 10% H2 , 30 sccm total) impinging onto the
graphene surface. As expected from the increase in the
thermal population of the vibrational modes, an increase of
the anti-Stokes signal intensity is observed [see Fig. 2(a)]
as the substrate temperature is raised. The intensities of the
G peaks are obtained by ﬁtting the recorded spectra with
the routine described above, then the temperature of the
multilayer graphene is calculated with Eq. (1). Figure 2(b)
shows the surface temperature TSFC as a function of the
substrate temperature for both conditions, without plasma
and with a 12 W plasma. Regardless of the substrate temperature, we observe an increment T = 68 ± 5 °C as a
result of exposure to the Ar-H2 plasma. This outcome conﬁrms the increase in surface temperature induced by the
exposure to the plasma. However, further studies were
carried out to discard the possibility that this increase in
surface temperature is simply due to heating of the gas by
the plasma.
We use COMSOL MULTIPHYSICS to model the heattransfer occurring in our system. The geometry is simpliﬁed in the model to reduce computational load as is shown
in Fig. 3(a). The system is modeled in a two-dimensional

(a)

(b)

(1)

where h is the Plank’s constant, k is the Boltzmann’s constant, T is temperature, υ is the Raman frequency, Is , λs
and Ias , λas are the peaks intensities and wavelengths of
the Stokes and anti-Stokes lines, respectively. It is important to stress that Eq. (1) is valid for nonresonant Raman
scattering. Although both G and D bands in graphene arise
from a resonance process [55], this does not appear to
impair the validity of Eq. (1) in our study. We attribute
this observation to the absence of singularities in the electronic structure of our multilayer graphene samples [56],
making the resonance eﬀect on the Stokes to anti-Stokes
ratio negligible.

FIG. 2. (a) Anti-Stokes and Stokes in situ Raman G peak
of multilayered graphene heated up at substrate temperature or
200 °C, 400 °C, and 600 °C, with plasma oﬀ, with a total ﬂow of
30 sccm of an argon-hydrogen mixture. (b) Temperature at the
graphene surface as a function of chamber temperature with and
without a 12-W Ar-H2 plasma, obtained by Raman thermometry.
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FIG. 3. (a) Heat transfer computer model in COMSOL MULTIto study the temperature proﬁle at the substrate surface
due to gas heating. (b) Calculated surface temperatures as a
function of the ﬂow rate for diﬀerent gas temperatures.
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geometry. An initial temperature of 200 °C is set at the
bottom of the stainless-steel sample holder heater. Argon
gas is added through the top inlet, where its temperature is
set, and evacuated at a bottom-right outlet. While in the
experiments the gas is injected into the plasma at room
temperature, in the calculations the inlet gas temperature
is varied to simulate any potential gas heating induced by
the plasma, and to investigate its eﬀect onto the substrate
surface temperature. The temperature at the substrate surface TSFC for diﬀerent gas temperatures and diﬀerent ﬂow
rates (from 0 to 40 sccm) is evaluated using this computational approach. Figure 3(b) shows the results from the
computational model for diﬀerent gas ﬂow rates and for
inlet gas temperatures ranging from room temperature to
up to 900 °C.
For all these conditions, we observe only a minor deviation of TSFC from the substrate base temperature of 200 °C.

The surface temperature is quite close to 200 °C even when
the gas temperature is 900 °C. This is due to the large heat
transfer rate through the solid substrate and the poor convective heat transfer in the gas phase, especially at these
low operating pressures. Detailed information about the
computer model is described in Sec. S.3 of the Supplemental Material [57]. Moreover, the increase in graphene
temperature upon plasma exposure is constant at a given
plasma input power and does not depend on the substrate
temperature, as shown in Fig. 3(b). This again rules out
a gas heating eﬀect, because in that case the heat ﬂux to
the surface would be proportional to the temperature difference between gas and substrate. In the limiting case in
which the substrate temperature matches the gas temperature, there would be no heat transfer and no temperature
increase at the surface. We instead observe the same surface temperature increase of roughly 70 °C even when the
substrate temperature is 600 °C. It is highly unlikely that
the gas temperature is considerably higher than 600 °C. To
conﬁrm that, we have estimated the magnitude of gas heating that is induced by the plasma via collisions between
free electrons and background gas. The rate of gas heating
is deduced using a commonly utilized Boltzmann solver,
BOLSIG+ [58]. This freeware software provides a solution
of the electron transport equation in an ionized gas, and
predicts the amount of energy transferred from the electron
gas to the background gas. Using the same gas composition as in the results shown in Fig. 2 (10% H2 – 90%
Ar), and assuming realistic values of plasma parameters
(plasma density of 1010 cm3 and electron temperature of
2 eV), we calculate a gas temperature of 50 °C at the exit
of the plasma volume. Heating of the gas by the plasma
cannot therefore explain the measured increase in surface temperature [shown in Fig. 2(b)], especially for the
case in which the substrate temperature largely exceeds
the gas temperature (as high as 600 °C). The increase
in graphene temperature is instead induced by the localized release of energy at the surface in contact with the
plasma.
A study is performed on the inﬂuence of plasma composition on graphene surface temperatures. Diﬀerent Ar-H2
gas concentration plasmas, from 0% to 20% of hydrogen dilution, are investigated in our in situ Raman system.
First, the plasma optical emission spectra (OES) of all the
studied concentrations at 10 W power are acquired, as is
shown in Sec. S.4 of the Supplemental Material [59]. The
peak intensities in the 640–970 nm range diminish as the
hydrogen concentration increases. Figure 4(a) shows the
integrated area over all the OES peaks as a function of the
H2 percentage. As can be observed, the plasma intensity
strongly decreases as the hydrogen content increases. Pristine MGF samples with an initial temperature of 200 °C are
exposed to each of these Ar-H2 plasmas and the temperature of the surface is measured via Raman thermometry
as described previously. Figure 4(b) shows the variation
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FIG. 5. (a) SEM micrograph of graphene surfaces. Left: Pristine sample. Center: After 5 min of 100% Ar plasma exposure.
Right: After 5 min of 80% Ar − 20% H2 plasma exposure. (b)
Raman D and G peaks during no plasma and 100% Ar plasma
exposure. (c) Raman D and G peaks during no plasma and 80%
Ar − 20% H2 plasma exposure.

(b)

FIG. 4. (a) Integrated area of OES peaks as a function of H2
dilution concentration in Ar. (b) Temperature at the graphene surface as a function of plasma coupled power for diﬀerent Ar-H2
gas concentrations.

in surface temperature TSFC as a function of gas composition and input plasma power. A strong decrease is observed
as the H2 concentration increases. A maximum TSFC of
365 °C is reached for 100% Ar plasma even with only 6 W
of input RF power, whereas 20 W of an 80% Ar − 20% H2
plasma are needed to reach 270 °C, an increment of only
70 °C from the initial temperature. We have found that it is
not possible to sustain the plasma below 10 W for this gas
composition.
These results conﬁrm that surface heating is strongly
dependent on gas composition. The addition of hydrogen
has a quenching eﬀect on the plasma, reducing the intensity of the discharge [consistent with the data shown in Fig.
4(b)] and as a consequence decreasing the energy released
at the plasma-exposed graphene surface.
Finally, we discuss how plasma exposure aﬀects the
structural properties of the graphene layers. Figure 5(a),
left, reports a scanning electron microscopy (SEM)

top-view micrograph of a multilayered graphene pristine
sample, where a continuous morphology ﬁlm is observed.
We estimated the number of graphene layers to be around
10, based on the method suggested by Bellani et al. [60],
as is shown in Sec. S.5 of the Supplemental Material [61].
After 5 min of 100% argon plasma exposure, the continuous ﬁlm peels oﬀ slightly leaving slightly smaller graphene
structures, as shown in Fig. 5(a). We observe no signiﬁcant
change in the ID /IG intensity ratio, indicating no signiﬁcant modiﬁcation in the graphene structure [see Fig. 5(b)].
However, upon the addition of hydrogen to the plasma,
the graphene structure becomes more disordered, as shown
in the right panel of Fig. 5(a). The presence of defects
after exposure to the argon-hydrogen plasma is conﬁrmed
by the Raman spectra shown in Fig. 5(c). As the hydrogen concentration in the gas increases, the ID /IG intensity
ratio increases as well. For 20% hydrogen, ID /IG reaches
a value of 0.93 after a 5 min plasma treatment, consistent
with an increased density of defects [62]. These results are
consistent with plasma anisotropic etching at preexisting
point defects by means of hydrogenation, which is a preferential process for multilayer ﬁlms rather than single layer
graphene, as was reported previously [63].
IV. CONCLUSIONS
In summary, we have utilized graphene as a surface
probe to investigate the low-temperature plasma-surface
interaction. In situ Raman thermometry conﬁrms that surface temperature considerably exceeds substrate temperature [by as much as 150 °C even at moderate plasma
input powers, as shown in Fig. 3(b)]. The surface temperature increase is independent of substrate temperature and
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strongly dependent on gas-phase composition and plasma
input power. This is consistent with the localized release of
energy at the surface of the material owing to the exposure
to plasma-produced active species. This is further conﬁrmed by computational results which conclusively rule
out that the plasma simply acts as a gas heating source.
It is well known that plasma activation allows to perform various processes at a reduced thermal load. A
variety of mechanism contribute to this eﬀect, and the
plasma-material interaction is notoriously complex and not
well understood. The results reported here are signiﬁcant
because (a) even a seemingly small degree of surface heating can drastically increase surface reaction rates owing
to their exponential dependence on temperature and (b)
graphene and other two-dimensional materials may be
ideal probes for in situ, in operando monitoring of surface
temperature in plasma-driven processes.
In addition, we have shown that in situ, in operando
Raman is a useful tool for monitoring structural changes
in two-dimensional materials during plasma processing.
We advocate for a more widespread utilization of this
technique, particularly for the study of graphene and
other two-dimensional materials which are promising and
increasingly relevant in applications ranging from microelectronics to sensing and electrochemistry.
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