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Direct Characterization of Thermal Nonequilibrium between
Optical and Acoustic Phonons in Graphene Paper under
Photon Excitation

Hamidreza Zobeiri, Nicholas Hunter, Ridong Wang, Tianyu Wang,* and Xinwei Wang*

Raman spectroscopy has been widely used to measure thermophysical
properties of 2D materials. The local intense photon heating induces strong
thermal nonequilibrium between optical and acoustic phonons. Both first
principle calculations and recent indirect Raman measurements prove this
phenomenon. To date, no direct measurement of the thermal nonequilibrium
between optical and acoustic phonons has been reported. Here, this physical
phenomenon is directly characterized for the first time through a novel
approach combining both electrothermal and optothermal techniques. While
the optical phonon temperature is determined from Raman wavenumber, the
acoustic phonon temperature is precisely determined using high-precision
thermal conductivity and laser power absorption that are measured with
negligible nonequilibrium among energy carriers. For graphene paper, the
energy coupling factor between in-plane optical and overall acoustic phonons
is found at (1.59–3.10) × 1015 W m−3 K−1, agreeing well with the quantum
mechanical modeling result of 4.1 × 1015 W m−3 K−1. Under ≈1 µm diameter
laser heating, the optical phonon temperature rise is over 80% higher than
that of the acoustic phonons. This observation points out the importance of
subtracting optical–acoustic phonon thermal nonequilibrium in Raman-based
thermal characterization.
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1. Introduction

2D materials have attracted significant at-
tention due to their unique electrical, ther-
mal, and optical properties.[1] The appli-
cations of 2D materials tightly depend on
the thermal behavior of 2D materials, es-
pecially thermal conductivity (k). Thermal
conductivity influences device performance
and lifetime significantly.[2] Since the k of
any given material relies mostly on its struc-
ture, characterizing it will also help us study
the structure of the material, to be more spe-
cific, its phonons’ behavior. Raman spec-
troscopy is one of the main techniques used
to characterize thermal transport inside 2D
materials, and several Raman-based meth-
ods have been developed to measure k.[3]

Most earlier works are based on steady-
state Raman (SS Raman). The SS Raman
technique was introduced by the Balandin
group to measure k of single-layer graphene
(SLG).[4] In these works and other SS Ra-
man related works,[5] a two-step experi-
ment is conducted to track the tempera-
ture response of 2D materials: 1) measuring

the Raman shift of a specific peak (𝜔) at different laser powers
(P) to find d𝜔/dP, and 2) a calibration that is necessary to relate
the first step to the local temperature rise of the sample by find-
ing d𝜔/dT, where T is the sample’s temperature. The thermal
conductivity of several materials, such as graphene and various
transition metal dichalcogenides (TMDs), is determined using
this technique. However, calibration of Raman temperature de-
pendence (step 2) and measurement of absorbed laser power in-
troduce significant uncertainties in k measurements. In another
Raman-based technique known as time domain differential Ra-
man (TD-Raman), a square-wave amplitude modulated laser is
used with different heating periods and similar cooling periods.
Then, a physical model determines temperature dependent Ra-
man intensity, wavenumber, and Raman peak area. Finally, ex-
tracted Raman spectra are fitted using aforementioned relations
to find the thermal diffusivity of a Si cantilever.[6] In TD-Raman,
for very short heating times, e.g., less than 20 µs, performing the
experiment is more challenging since it requires longer integra-
tion times to acquire a clear and resolved Raman signal. The fre-
quency resolved Raman (FR-Raman) technique overcomes this
drawback by using pulsed laser heating, but in this case with
similar heating and cooling periods.[7] This makes the Raman
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signal stronger and more appropriate for peak fitting and the data
analysis required for determining thermal diffusivity. Further de-
velopment of Raman-based methods was accomplished by intro-
ducing the energy transport state-resolved Raman (ET-Raman)
technique.[8] In the ET-Raman technique, two different heating
states were constructed: 1) steady-state, using a CW laser, and 2)
transient state, utilizing a picosecond, nanosecond, or CW mod-
ulated (FET-Raman) pulsed laser. Under each heating state, the
Raman shift power coefficient is measured as: 𝜓 = d𝜔/dP. Then,
a new parameter called the normalized Raman shift power coeffi-
cient is introduced as Θ = 𝜓 transient/𝜓 steady-state. Depending on the
sample structure (i.e., supported or suspended) and materials,
and transient heating state used, Θ can carry information related
to the thermal transport in the 2D material such as k of the 2D
material, interfacial thermal resistance, and hot carriers’ effect.
Note that Θ is independent of both the amount of laser energy
absorbed and the Raman temperature coefficient, which makes
this technique far more accurate than traditional steady state Ra-
man techniques.[8–11]

In all Raman-based techniques reviewed above, a laser is used
for both heating and exciting the Raman signal. During laser
excitation, electrons inside the solid gain the photons’ energy
and undergo an intense temperature rise. These hot electrons
relax within a very short time, on the order of picosecond or
less,[12] and pass the majority of their excess energy to in-plane
phonons; therefore, they have a minimal contribution to thermal
conduction.[13] For instance, it is shown that the electron-hole dif-
fusion effect on thermal conduction inside a suspended WS2 nm-
thick film is less than 6% for a laser spot radius of ≈0.3 µm.[11]

Among the four different in-plane phonon modes (LA, TA, LO,
and TO), optical ones (LO and TO) receive most of the energy
(more than ≈90%), and the remaining energy from the hot elec-
trons is passed to in-plane acoustic phonons through electron-
acoustic phonon scattering processes. LO and TO modes transfer
their energy to the lattice via phonon–phonon (ph-ph) scattering.
In summary, after electrons get excited and relaxed, these are the
optical branches that gain this energy and transfer it to acoustic
phonons by scattering with other phonons. Through this laser
heating process, the acoustic branches contribute most to heat
conduction.[14] Optical phonons have a negligible impact on con-
ductivity due to their short lifetime, low specific heat, and low
group velocity.[15] Note that this does not mean these phonons are
unimportant. Optical phonons play a significant role in the scat-
tering of acoustic phonons, which leads to a decrease in thermal
conductivity. Lu et al. determined the steady-state and transient
temperature profiles of different phonon branches of SLG and
their energy coupling factor Gph-ph under laser irradiation using
a multi-temperature model (MTM).[16] Their results showed sig-
nificant nonequilibrium between phonon branches. This was at-
tributed to the difference between electron-phonon (e-ph) and ph-
ph couplings strengths of these branches. Local nonequilibrium
between optical and acoustic phonon branches are also reported
by Sullivan et al. for suspended graphene layer.[13,17] Note that this
thermal nonequilibrium is also observed in other nanomaterials,
such as Si-NCs, and is not only related to 2D materials.[18]

In a recent work by Wang et al., the temperature rise of phonon
branches of MoS2, MoSe2, and graphene paper were probed and
revealed that under steady-state laser irradiation, the difference
between the temperature rise of optical phonons and acoustic

ones (ΔTOP-AP) contributes more than 25% to the Raman-probed
temperature rise.[19] Considering this contribution of ΔTOP-AP,
the intrinsic thermal conductivity of MoS2 and MoSe2 nm-thick
samples were determined by excluding the OP-AP cascading en-
ergy transfer. Additionally, they characterized the Gpp (energy
coupling factor) between optical phonons and acoustic phonons
of MoS2 and MoSe2 in the order of 1015 and 1014 W m−3 K−1, re-
spectively. Gpp of graphene paper were reported as ≈0.5 × 1016 W
m−3 K−1.

In previous Raman-based thermal conductivity measurement
of 2D materials, especially graphene, the thermal transport in-
side the material was characterized based on the optical phonon
behavior, while ignoring the nonequilibrium between optical
and acoustic branches. These measurements show that the
ZA mode contributes to the thermal conductivity of graphene
significantly.[13] Therefore, more studies are needed to consider
this effect on the thermal characterization of 2D materials by fo-
cusing on the nonequilibrium between phonon branches, which
imposes significant challenges in the energy transport study of
these materials, as well as other nanomaterials and phase-change
materials, such as free-standing nanowires.[20]

In this work, the nonequilibrium between in-plane optical
phonon modes (LO and TO) and acoustic modes of graphene pa-
per (GP) is characterized and their local temperature difference
under photon excitation is determined. Based on this, the energy
coupling factor between these modes are determined. To perform
this analysis, the intrinsic thermal conductivity (k), an essential
parameter, is determined based on both electron temperature
and optical phonon temperature with negligible interphonon
branch nonequilibrium. It is shown that these two methods give
close values, which confirms the accuracy of our measurement.

2. Results and Discussion

2.1. Physics on Distinguishing Optical and Acoustic Phonon
Temperatures

The GP sample used in this work was purchased from Graphene
Supermarket and is composed of graphene flakes of 5–6
graphene atomic layers. More information about its structure and
chemical composition can be found in Experimental Section. Fig-
ure 1b shows the physical concepts of this work to illustrate the
difference between optical and acoustic phonon temperatures.
A GP sample is suspended over two electrodes, and its middle
point is irradiated with a focused 532 nm wavelength laser beam
(the green peak shown in the figure) which is also used for Ra-
man signal excitation. The absorbed laser energy to excites elec-
trons and brings them to an elevated temperature level. Then,
electrons transfer their energy to optical phonons, which have
very weak heat conduction. The majority of the absorbed laser
energy is transferred from optical phonons to acoustic phonons.
Acoustic phonons sustain the major macroscopic heat conduc-
tion and conduct the energy along the GP to the cold ends. As
a result of this physical process, when radiation and convection
to the surrounding air is negligible, the overall GP sample has a
temperature rise and distribution: its temperature decreases lin-
early with the distance starting from the outside edge of the laser
spot to both ends. The temperature rise at the middle point of the
GP induced by the overall thermal resistance of the GP sample is
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Figure 1. Materials structure and physical principles. a) Raman spectrum of the GP sample at room temperature. The very sharp G peak and lack of D
peak indicate the high crystallinity of this GP. Insets show the SEM images of the top surface of the GP with 150× and 500× magnifications. The white
dashed circle represents a GP flake detached from the bulk GP, showing that the forces between layers inside each flake are stronger than the forces
between adjacent graphene flakes. b) The physical principles of the thermal nonequilibrium between optical and acoustic phonon branches of GP under
laser irradiation, and schematic on how to distinguish their temperature rise and determine the energy coupling factor (Epp).

designated as ΔTa,m1
. Because of the localized laser heating, the

temperature within the laser spot heating region has another rise,
designated as ΔTa,m2

. This temperature rise is the driving force
for the heat conduction from the laser heating region to the sur-
rounding nonheated regions. The overall temperature rise in the
laser heating region will be ΔTAP = ΔTa,m1

+ ΔTa,m2
. These tem-

perature rises are those of acoustic phonons and are controlled by
the heat conduction and laser beam absorption. In the laser heat-
ing region, because of the cascading energy transfer from optical
phonons to acoustic phonons, there is a temperature difference
between them designated as ΔTOA. This one is determined by the
local absorbed laser intensity and the optical-acoustic phonon en-
ergy coupling factor Epp. Outside the laser heating region, there is
no temperature difference between optical and acoustic phonons
since no cascading energy transfer happens between them.

To distinguish the optical and acoustic phonon temperatures
within the laser heating region, all the above-mentioned tem-
perature rises need to be precisely determined. The average lat-
tice/acoustic phonon temperature rise (TLattice) of the GP sample
due to the heat conduction from the laser heating region to two
ends is determined by measuring its electrical resistance change
by passing a small electrical current through the sample. The lo-
cal acoustic phonon temperature rise (ΔTa,m2

) in the laser heat-
ing region can be calculated using GP’s known thermal conduc-
tivity (k) and the laser absorption Qabs based on 3D high-fidelity
heat conduction modeling. The optical phonon temperature rise
in the laser heating region (ΔTOP) is determined by measuring
the Raman wavenumber shift (𝜔) and temperature dependence
calibration (d𝜔/dT) of G peak. With these determined tempera-
ture rises we are able to find the temperature difference between
acoustic and optical phonons (ΔTOA), which is related to their en-
ergy coupling factor Epp.

To precisely determine ΔTa,m2
, which is a critical part in the

work, the GP’s thermal conductivity k and the laser energy ab-

sorption during laser heating needs to be determined with high
precision. Two different methods based on the electrons’ temper-
ature rise and optical phonon temperature rise with negligible
thermal nonequilibrium between optical and acoustic phonons
are used to measure k of GP. The first technique relates the volt-
age evolution of GP during step-current heating with its overall
temperature evolution (without any laser heating), and therefore,
its thermal conductivity. The second technique is able to deter-
mine k by relating the Raman shift (𝜔) evolution of the G peak un-
der several electrical heating powers with the temperature rise of
the GP at its center under laser irradiation. It is shown in the next
sections that these two methods give very close results for ther-
mal conductivity measurement. The amount of absorbed laser
power (Qabs) is measured by studying the overall lattice temper-
ature rise of the GP under laser heating and relating the laser
power (Pl) dependence of electrical resistance (R) with the tem-
perature dependence of R. Qabs is a very critical parameter in find-
ing the acoustic phonon temperature rise under laser irradiation
and needs to be determined precisely.

2.2. Intrinsic Thermal Conductivity of GP under Negligible
Optical-Acoustic Phonon Thermal Nonequilibrium

2.2.1. Thermal Conductivity Determination Based on Electron
Temperature

Two main parameters need to be evaluated with high accu-
racy in order to characterize the optical-acoustic phonon thermal
nonequilibrium: intrinsic thermal conductivity (k) and laser ab-
sorption (Qabs) of the GP sample. As will be shown, these two
parameters play critical roles in the following experiments and
the accuracy of our thermal characterization.
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Figure 2. Thermal conductivity characterization of GP based on electron temperature. a) Schematic of the TET technique for thermal conductivity
measurement with negligible thermal nonequilibrium among electrons and phonon branches. The suspended sample is placed in a vacuum chamber,
and a step current is used to heat the sample. Using an oscilloscope, the voltage evolution of GP is collected. b) The GP’s transient temperature rise
during TET measurement takes the same trend as the voltage rise. c) The spatial temperature rise distribution of the suspended GP during TET. d)
Measured voltage rise of the GP sample during the TET experiment. Black points and solid red line represent the experimental data and fitting result.
The inset of this figure shows the optical image of the suspended GP sample. Each electrode is a silicon substrate that is coated with a ≈100 nm layer
of gold. Sufficient silver paste is added to both ends of the sample as well as lead wires to guarantee excellent electrical conduction through the sample
and minimize electrical contact resistance.

We first determine k of GP without introducing optical-
acoustic phonon thermal nonequilibrium. Such nonequilibrium
is usually found in Raman-based optical heating and sensing
measurements. Here, k of GP is determined using two differ-
ent techniques: transient electrothermal (TET) and steady-state
electro-Raman-thermal (SERT) techniques. The thermal conduc-
tivity (k) of GP has been characterized in detail in several works,
but still could vary between different GP samples.[21,22] Xie et al.
reported k of similar GP material in the range of 634–710 W m−1

K−1 for different samples.[22] Therefore, it is necessary to mea-
sure the k of the GP used in this work for precise optical-acoustic
phonon nonequilibrium study.

The thermal diffusivity of the GP sample at room temperature
(RT) is measured using the TET technique as follows. Figure 2a
shows the schematic of TET. A GP ribbon is suspended over two
electrodes, and a DC step current (ITET) is generated using a cur-
rent source (Keithley 2611A). ITET is passed through the sample
and induces joule heating inside the GP. The evolution of the
voltage of the GP is monitored using an oscilloscope (Tektronix
MDO3052). When the on-time period of ITET is long enough, the
voltage of the sample experiences a transient increase just after
applying ITET. Then, at longer times, it reaches a steady-state con-
dition. The GP sample is placed inside a vacuum chamber (envi-
ronment pressure of less than 0.5 mTorr). Under this pressure,
heat convection through the environment is negligible. There-
fore, only heat conduction and thermal radiation contribute to the
thermal evolution of GP. It is proved that for a small temperature
rise of the sample, the voltage evolution of the sample mimics
the temperature rise during each pulsed current heating.[23] In
other words, the temperature of GP increases by applying ITET,
and this leads to an increase in electrical resistance (R) of GP,
subsequently. As a result, the voltage between the two ends of

GP will be increased, too. During the heating process, the av-
erage normalized voltage rise (V*) at any time (t) is defined as
V*(t) = [V(t) − V0]/[V

∞
− V0], where V

∞
and V0 are steady-state

and initial voltage, respectively. The normalized temperature rise
(T*), defined as T*(t) = [T(t) − T0]/[T

∞
− T0], is equal to V*. Here,

T
∞

and T0 are steady-state and initial temperatures, respectively.
The transient temperature rise of the GP sample along with T0
and T

∞
are shown in Figure 2b. T*(t) could also be written as

below[23]

T∗(t) = 48
𝜋4

∞∑
n=1

1 − (−1)n

n2

1 − exp[−n2𝜋2𝛼eff t∕L2]
n2

(1)

where 𝛼eff and L are effective thermal diffusivity and length of
suspended GP, respectively. Therefore, 𝛼eff could be found us-
ing Equation (1) and the measured voltage evolution (V*). Note
that 𝛼eff is a combination of real thermal diffusivity (𝛼real) and
the effects of thermal radiation. 𝛼real is determined by subtracting
the radiation effects from 𝛼eff as: 𝛼real = 𝛼eff − 8𝜀r𝜎T̄3L2∕𝜌cp𝜋

2D.
Here, 𝜖r, 𝜎, 𝜌cp, and D are emissivity, Stefan-Boltzmann constant,
volumetric heat capacity, and thickness of the GP sample, respec-
tively. Also, T̄ is the average temperature of GP over each heating
cycle. Figure 2c shows the schematic spatial temperature rise of
the suspended GP during TET. Since both ends of GP are con-
nected to electrodes, the temperature rise at these two locations
is zero, and it is maximum at the middle point during the electri-
cal heating. More details about the theory of the TET technique
can be found in our previous works.[10,23,24]

The inset of Figure 2d shows the optical image of the sus-
pended GP over two silicon electrodes. Each electrode is coated
with a layer of gold with 100 nm thickness. The electrical con-
nection of the GP sample with electrodes is guaranteed by
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applying silver paste at both ends of GP. The voltage evolution
of GP when ITET is 150 mA is shown in Figure 2d. This plot
shows that under this heating current, the voltage rise of GP
is ≈1 mV. Experimental data are fitted using Equation (1), and
the fitting result is shown by the red curve. Finally, 𝛼real of GP
is determined as 8.53 ± 0.02 cm2s−1. Note that the effect of ra-
diation on thermal diffusivity is less than 2%. The length (L),
width (w), and thickness (D) of this sample are measured as 16.07
mm, 248.8 µm, and 30.0 µm, respectively. The density of GP is
also measured as 1676.4 kgm−3. Therefore, we are able to cal-
culate the volumetric heat capacity of GP using the measured
𝜌 and specific heat of graphite from reference values: (1.19 ±
0.01) × 106 J m−3 K−1.[25] Using measured 𝛼real and 𝜌cp of GP,
the k of GP is found as kTET = 𝛼real𝜌cp = 1015.1 ± 13.1 W m−1

K−1. Based on the applied ITET and measured kTET, the average
temperature rise (ΔTTET) of the suspended GP during TET is
obtained: ΔTTET = I2

TETRL∕12wDkTET ≃ 12.6 K. This temperature
rise is only a fraction of the initial temperature (T0). Therefore, we
can assume that under this Joule heating process, the resistance
change is proportional to the temperature rise.

As mentioned in the introduction, first, the energy transfers
from electrons to optical phonons. Then, optical phonons cou-
ple with acoustic ones and pass the energy to them. In TET, the
difference between electrons’ temperature and acoustic phonons’
temperature is negligible compared to the determined tempera-
ture rise, as reported previously.[19] This can be shown by estimat-
ing the temperature difference of electrons and acoustic phonons
as Te − TAP = I2

TETRV−1[(
∑

s Ge−OP)−1 + (
∑

s GOP−AP)−1], where Te
and TAP are electron temperature and acoustic phonon tempera-
ture, respectively. Also, here V is the volume of the GP sample.
Ge-OP and GOP-AP are coupling factors between electrons and op-
tical phonons and the coupling factor between optical phonons
and acoustic phonons, respectively. This temperature difference
during the TET is estimated to be around ≈3.13 × 10−7 K which
is negligible compared to the ≈12.6 K temperature rise of the
GP sample in TET. Note that in the estimation above, the sub-
script s represents the phonon branch, and the coupling factor
for each phonon branch is used from reference values[13] where∑

s Ge−OPis 0.33 × 1016 and
∑

s GOP−AP is 0.45 × 1016 W m−3 K−1
.

2.2.2. Thermal Conductivity Determination Using Optical Phonon
Temperature

In this part, the thermal conductivity of the GP is determined
directly by using the steady-state electro-Raman-thermal (SERT)
technique. This method is based on optical phonon temperature
sensing whereas TET is based on the electron temperature.[26]

In this method, the middle point temperature of the suspended
GP sample is measured based on both the temperature depen-
dence and Joule heating power dependence of the Raman shift
of G mode of GP. Figure 3a shows the principals of this tech-
nique. A DC current is passed through the suspended GP (Agi-
lent E3649A) to induce Joule heating while the center of the sam-
ple is irradiated using a continuous-wave laser with low constant
power. A constant irradiating laser power of 30 mW under the
10× objective lens is used to excite the Raman signal. Note that
the absorbed laser power by GP is less than 30 mW. This pro-
cess is conducted using several DC currents (ISERT), and Raman

spectra of all electrical heating powers are collected using the Ra-
man system. The voltage of GP (Keithley 2002) and it subsequent
electrical resistance (RSERT) are recorded for each applied ISERT.
Therefore, the electrical power (Pe) dependence of wavenumber
(𝜔) of G mode of GP is obtained as: d𝜔/dPe. The steady-state heat
transfer equation under each ISERT is

kSERT
𝜕2T (x)
𝜕x2

+ q0 = 0 (2)

Here, kSERT is the thermal conductivity of GP determined
by SERT, and q0 is the heat generation per unit volume. q0 is
found as q0 = I2

SERTRSERT∕V . Using Equation (2), the tempera-
ture rise of the middle point (ΔTSERT,m) and average tempera-
ture rise (ΔTSERT,Avg) of GP are described as q0L/8kSERTAc and
q0L/12kSERTAc, respectively [Figure 3b]. Ac represents the cross-
sectional area of GP, as defined in the previous section (wD).
Also, the temperature rise of the middle point of GP per heat
generation (ΔTSERT,m/q0) is L/8kSERTAc. The temperature of the
middle point (ΔTexp,m) of GP per Pe is measured experimentally
by Raman calibration of the temperature dependence of 𝜔. To do
so, the GP sample is placed in an environment cell chamber, and
𝜔 of the G peak of GP is collected over different temperatures for
a constant laser power of 30 mW, as shown in Figure 3c. After
this calibration, the Raman temperature coefficient d𝜔/dT of GP
is determined as (−1.93 ± 0.04) × 10−2 cm−1K−1. This value of
d𝜔/dT agrees very well with reference values.[27] Figure 3e shows
the result of this experiment and the linear fitting of 𝜔 versus
GP’s temperature in the range of 300–400 K. More information
about the environment cell chamber and Raman system can be
found in our previous works.[28] The 2D contour of the Raman in-
tensity versus temperature and Raman shift is indicated in the in-
set of this figure and shows the redshift of G peak with increased
temperature.

Figure 3d shows the result of the SERT experiment. Through
linear fitting of 𝜔-Pe data, d𝜔/dPeis found to be (−5.21 ± 0.06) ×
10−3 cm−1 mW−1. The inset of this figure shows the 2D Raman
intensity contour of the G peak for various Pe cases. This contour
indicates that the G peak redshifts with increased electrical heat-
ing power while the Raman intensity remains the same due to the
constant laser power of 30 mW over all Pe powers. Finally,ΔTexp,m
per unit Pe (mW) is found as ΔTexp,m/Pe = (d𝜔/dPe)/(d𝜔/dT) and
is equal to 0.271 ± 0.006 K mW−1. Then, kSERT is determined by
equating ΔTexp,m/Pe to ΔTSERT,m/q0 resulting in 996.1 ± 21.60 W
m−1 K−1. This value is very close to kTET that was found in the pre-
vious section, and their difference is less than 2%. This firmly
confirms the accuracy of both approaches to finding k of GP
despite SERT measuring optical phonon temperature and TET
measuring electron temperature. For the rest of this work, kTET
is used as the intrinsic thermal conductivity of GP in our analysis.
The inset of Figure 3b represents the spatial energy distribution
of the laser beam under a 10× objective lens that is used in both
SERT and Raman calibration experiments. This energy distribu-
tion contour is analyzed by a Gaussian fitting method, and the ef-
fective laser spot radius (r0) at e−1 of the peak value is determined
as ≈3.1 µm. The spatial energy distribution under 10× and 50×
[inset of Figure 4b] are not perfectly circular, and this is caused by
the rough surface of the GP sample. Based on the SERT results,
the wavenumber dependence of electrical resistance (dRSERT/d𝜔)
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Figure 3. Thermal conductivity characterization of GP based on optical phonon temperature. a) Schematic of the SERT technique for direct thermal
conductivity measurement with negligible thermal nonequilibrium between optical and acoustic phonon branches. The GP sample’s middle point is
irradiated with a CW laser (constant power) for Raman temperature measurement, and a DC current is passed through it with varying values to induce
different electric heating powers (Pe). The voltage over the two ends of GP is also read to find the actual Pe. b) The average and middle point temperature
rise of the GP during the SERT experiment. This figure’s inset displays the spatial energy distribution of the laser beam under the 10× objective lens that
is used for both Raman calibration and SERT characterization. c) Schematic of the environment cell chamber that is used to conduct the temperature
dependence Raman calibration of GP. d) Result of SERT characterization to find d𝜔/dPe. This plot shows sound linear relationship between 𝜔 of G peak
and Pe. The inset of this figure represents the 2D contour of Raman intensity of G peak and its redshift with increased electrical heating power. e) Result
of Raman temperature calibration to find d𝜔/dT. The inset of this figure displays the 2D contour of Raman intensity of G peak versus temperature, and
the redshift of this mode with increased temperature. The uncertainty of Raman peak fitting is minimal and is less than 0.02 cm−1, therefore it is not
shown in (d,e).

is found as (−1.39 ± 0.02) × 10−2 Ω cm. Using this parameter and
d𝜔/dT, the temperature coefficient of electrical resistance is de-
termined as dRSERT

dT=(
dRSERT

d𝜔
)×( d𝜔

dT
)
= (2.68 ± 0.01) × 10−4ΩK−1. This pa-

rameter will be used in the following sections to find the laser
power absorption coefficient.

It should be noted that SERT and TPET (next section) experi-
ments are conducted in air and under atmospheric pressure. By
estimating the effective thermal conductivity (kconv+rad) that is in-
duced by convection and radiation effects, it can be shown that it
has a negligible contribution to thermal conductivity measure-
ments. This is estimated as: kconv+rad = 2L2(4𝜀𝜎T3

∞ + h)∕(𝜋2D),
where 𝜖, 𝜎, T

∞
, and h are emissivity, Stefan-Boltzmann constant,

room temperature (300 K), and natural convective heat transfer
coefficient of air (≈5 Wm−2K−1), respectively.[29] kconv+rad is esti-
mated as ≈19.4 W m−1 K−1, which is less than 2% of the deter-
mined k from TET (or SERT), and shows that the effects of con-
vection and radiation on our measurement are negligible.

In the previous paragraph, kSERT of GP was determined based
on the optical phonon (G peak) temperature by exciting the
Raman signal of GP at several electrical heating powers. Un-
der 30 mW laser irradiation, the nonequilibrium between opti-
cal and acoustic phonons is minimal, and we can assume it is
negligible compared to the lumped acoustic phonon tempera-
ture rise. The temperature difference between optical and acous-
tic phonons under laser irradiation is estimated as TOP − TAP =

Pabs.lV
−1(

∑
s GOP−AP)−1, where Pabs.l is the laser power absorbed

by GP. As will be shown in the next sections, the laser absorption
coefficient for GP using a 10× obj. lens is ≈63%. When Pabs.l is
≈20 mW, the temperature difference between optical and acous-
tic phonons (s) is ≈3.7 × 10−8 K, while the average acoustic tem-
perature rise over GP sample per unit Pe (in mW) is ≈0.18 K.
And the average temperature rise of acoustic phonons over the
GP sample varies in the range of 4.5–41.5 K during the SERT
experiment which is much larger than ΔTOP-AP. Note that simi-
lar phonon coupling factors from previous TET section are used
here.

2.3. Strong Optical-Acoustic Phonon Nonequilibrium under
Intense Photon Excitation

In the following, a transient photo-electrothermal (TPET) tech-
nique based on electrical thermal sensing and step laser heat-
ing is employed to determine the amount of laser absorbed and,
subsequently, acoustic phonon temperature rise.[30] Also, TPET
makes it possible to distinguish the optical phonon temperature
rise, and later, the difference between these two temperature rises
that is necessary to determine the energy coupling factor between
optical and acoustic phonon branches. Figure 4a shows the exper-
imental setup and principles of TPET. The design of the experi-
ment allows us to determine the exact amount of absorbed laser
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Figure 4. Thermal nonequilibrium between optical and acoustic phonons. a) Schematic of the TPET technique. While a constant 200 mA DC current is
passed through the GP for transient resistance sensing, a square-wave modulated pulsed laser under several objective lenses irradiates the center of
GP for sample heating and exciting Raman signal. The voltage change under laser power Pl is monitored using an oscilloscope. The inset of this figure
shows the fact that the contribution of ΔTOA to total ΔTOP decreases with increased laser spot size (r0). b) The lattice temperature rise of the GP under
the pulsed laser. c) The lattice temperature rise contour of the center of GP under laser irradiation is calculated by our 3D numerical model. ΔT̄a,m2
is found based on this temperature contour using experimental values of r0. d) Schematic of different temperature rises discussed in this work under
Gaussian laser beam heating. e) Result of Raman experiment in TPET measurement to find d𝜔/dPl of G peak of GP under the 50× objective lens. This
experiment is conducted to find the temperature rise of optical phonons. The inset of this figure represents the 2D contour of Raman intensity of G peak
under various irradiating laser powers (Pl) and shows the redshift of this peak with increased Pl. The Raman peak fitting uncertainty (Δ𝜔) is minimal
and is less than 0.02 cm−1, therefore it is not shown in this plot. f) The laser power (Pl) dependence of electrical resistance of GP (RTPET) measured in
TPET experiment under the 50× objective lens. The inset of this figure indicates the transient voltage evolution of GP (VTEPT) when a constant 200 mA
DC current is passed through it while its middle region is irradiated with a 1 Hz square-wave pulsed laser under the 50× objective lens.

power, the optical phonon temperature rise, and the lattice tem-
perature rise of the sample controlled by heat conduction.

In TPET, the GP sample is placed under several objective
lenses, and its middle point is irradiated using a modulated
CW laser with various laser heating powers. This is to vary the
laser heating intensity which directly affects the optical-acoustic
phonon temperature difference without altering the heating of
the GP sample. Here, the laser is modulated by a step function
with 1 Hz frequency. The pulsed laser induces a transient tem-
perature rise inside the sample which leads to a transient change
of its electrical resistance (ΔRTPET). Simultaneously, a DC cur-
rent (ITPET) is passed through the sample to sense this small
electrical resistance change. The voltage evolution (VTPET) dur-
ing each transient heating phase is observed using an oscillo-
scope. Therefore, ΔRTPET at each laser power (Pl) is obtained as
ΔRTPET = ΔVTPET

ITPET
. This experiment is conducted using several ob-

jective lenses (i.e., 10×, 20×, 50×, and 100×) to differentiate the
effects of laser heating area. It will be shown that the tempera-
ture rise of GP and the amount of laser absorbed can be different
under each objective lens. Finally, the laser power dependence of
electrical resistance (dRTPET/dPl) is found. Additionally, Raman
shift (𝜔) of G peak at each Pl and under all four objective lenses
is collected to find the optical phonon temperature. Note that here
Pl is the irradiated laser power just after the objective lens and it is

not the absorbed power. The results of the 50× objective lens are
used to demonstrate the analysis. The inset of Figure 4f shows
the transient voltage change of GP during TPET for two different
laser powers and the fitting data that are used to find the voltage
rise during the transient laser heating. For all cases, a 200 mA
DC current is used in order to observe this voltage rise. Figure 4f
shows the laser power dependence of electrical resistance during
TPET. This value is (4.39 ± 0.21) × 10−5 Ω mW−1 for the 50× lens.
At this objective, the laser spot radius is ≈0.92 µm [Figure 4b].
The result of the Raman experiment is shown in Figure 4e, and
d𝜔/dPl under the 50× lens is (−4.44 ± 0.04) × 10−2 cm−1 mW−1.
The inset of this plot represents the 2D contour of Raman in-
tensity versus Pl and 𝜔, and shows the redshift of G peak when
Pl is increased. Similar results for other objective lenses and the
radius of the laser spot for each case are provided in Table 1.

This table shows that dRTPET/dPl is almost identical under sev-
eral objective lenses. dRTPET/dPl depends on the lattice tempera-
ture rise of GP under laser irradiation, and as long as Pl is kept
constant, the resistance change of GP will be intact, regardless of
the objective lens that is used to perform the laser heating. Also,
the increasing trend of the absolute value of d𝜔/dPl is due to the
higher local temperature rise of the GP under the laser spot. In
fact, d𝜔/dPl is proportional to the temperature rise of the opti-
cal phonons. This temperature rise is related to the laser heating
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Table 1. The laser spot radii, irradiated laser power dependence of electrical
resistance (dRTPET/dPl), and irradiated laser power dependence of Raman
shift (d𝜔/dPl) of G peak of GP in the TPET experiment.

Objective
lens r0 [µm]

dRTPET/dPl
[× 10−5 Ω mW−1]

d𝜔/dPl
[10−2 cm−1 mW−1)

10× 3.36 4.74 ± 0.05 −1.71 ± 0.03

20× 1.73 4.84 ± 0.17 −2.46 ± 0.03

50× 0.92 4.39 ± 0.21 −4.44 ± 0.04

100× 0.58 4.29 ± 0.17 −6.74 ± 0.08

Table 2. Optical phonon temperature rise (ΔT̄OP,l), average temperature
rise of GP in whole domain (ΔT̄al

) and middle point (ΔT̄a,m1
) per irradiated

laser power, and laser absorption.

Objective
lens

ΔT̄OP,l
[K mW−1]

ΔT̄al
[10−1 K mW−1]

ΔT̄a,m1
[10−1 K mW−1] Qabs [%]

10× 0.89 ± 0.02 1.77 ± 0.02 3.54 ± 0.04 63

20× 1.27 ± 0.03 1.81 ± 0.06 3.62 ± 0.12 64

50× 2.30 ± 0.05 1.64 ± 0.08 3.36 ± 0.16 59

100× 3.49 ± 0.08 1.60 ± 0.06 3.20 ± 0.12 57

area and is higher when the laser intensity is higher. It is relevant
to smaller spot size of the beam on the sample and heat flux is
higher for such situation.

2.3.1. Optical Phonon Temperature

In this section, the optical phonon temperature rise (ΔT̄OP,l) and
the amount of laser absorbed (Qabs) in the TPET experiment are
determined. ΔT̄OP,l in Kelvin per power of the irradiated laser
(mW) is defined as ΔT̄OP,l = [(d𝜔∕dPl)∕(d𝜔∕dT)]. Here, d𝜔/dPl
and d𝜔/dT were determined from TPET and Raman tempera-
ture dependence calibration, respectively. Under the 50× objec-
tive lens, ΔT̄OP,l is (2.30 ± 0.05) × 10−2 K mW−1. The optical
phonon temperature rise of GP under other objective lenses are
determined similarly and included in Table 2. In the TPET ex-
periment, the overall temperature distribution of the GP sample
(from the middle to the ends) due to the pulsed laser heating that
is monitored by the electrical resistance change (dRTPET/dPl) is
linear, except in the area very close to the middle point, which
is due to the local laser heating. This effect is discussed in the
next section. Therefore, the average lattice temperature rise of GP
(ΔT̄al

) is half of the lattice temperature rise under the laser spot
(in the middle of GP) (ΔT̄a,m1

) without the effect of local laser ab-
sorption. This is shown in Figure 4b. ΔT̄al

in Kelvin per power of
the irradiated laser (in MW) under each laser objective lens could
be found as ΔT̄al

= (dR∕dPl)∕(dR∕dT), where dR/dT is the tem-
perature dependence of electrical resistance as measured in the
SERT experiment (= dRSERT/dT). Therefore, ΔT̄al

and ΔT̄a,m1
of

GP under the 50× objective lens are (0.16 ± 0.01) K mW−1 and
(0.33 ± 0.02) K mW−1, respectively. ΔT̄al

and ΔT̄a,m1
under other

objective lenses are included in Table 2.
Additionally, Qabs under laser heating in TPET can be writ-

ten as Qabs. = 2 × [kAc(ΔT̄a,m1
∕0.5L)], using the linear tempera-

ture distribution along the GP. Note that Qabs is the laser power

absorbed (in mW) per irradiated laser power (in mW). For the
50× objective lens, this value is 0.59. The Qabs for other objective
lenses are included in Table 2. These values are less than the the-
oretical values of the absorption rate of GP under a 532 nm laser
by ≈25%. The absorption based on the refractive index of GP is
defined as 1 − [(nGP − nair)/(nGP + nair)]

2, where nGP and nair are
refractive indices of GP and air, respectively. nGP and nair are ≈2.4
and ≈1.0, respectively.[31] This shows that the theoretical value of
the absorption is ≈80%, which is larger than the Qabs found in
this work. This is attributed to the structural differences between
GP used in this work and references. Figure 1a also shows the
SEM images of this sample and demonstrates that the structure
of the sample is not perfect which can impact the laser light re-
flection and absorption.

As shown in Table 2,ΔT̄OP,l increases with decreased laser spot
size, which is consistent with the d𝜔/dPl trend in Table 1 and
the discussion that was presented there. Also, ΔT̄al

, ΔT̄a,m1
, and

Qabs% are very close for all laser heating areas. Any differences
could be related to the experimental errors and uncertainties such
as electrical resistance measurements at each Pl. Based on the
laser absorption, the optical phonon temperature rise (ΔT̄OP) in
Kelvin per laser absorption (in mW) under 50× objective lens is
(3.90 ± 0.08) × 10−2 K mW−1. The ΔT̄OP under other objective
lenses are represented in Table 3.

2.3.2. Acoustic Phonon Temperature within the Laser Heating
Region

The acoustic phonon temperature rise within the laser spot
heating region consists of two parts: 1) overall temperature rise
controlled by heat conduction (ΔT̄al

and ΔT̄a,m1
), and 2) the local

temperature rise by laser absorption over the area under laser
heating (ΔT̄a,m2

). Therefore, the total acoustic temperature rise
at the middle point (ΔT̄AP) is equal to ΔT̄a,m1

+ ΔT̄a,m2
. From the

previous section, ΔT̄a,m1
in Kelvin per absorbed laser power (in

mW) is (0.57 ± 0.03) K mW−1 under the 50× objective lens. This
was determined by measuring the electrical resistance change
over the total length of the GP sample. Figure 4b shows the linear
temperature rise distribution of suspended GP. Note that the
heat conduction through the electrodes is much more than the
GP; therefore, they are considered as the heat sinks without any
temperature rise. The zoom-in views of the center of GP under
pulsed laser heating are represented in Figure 4c,d. Figure 4d
illustrates the different components of the temperature rise in
the middle of the sample. This graphic indicates the fact that just
after laser irradiation the electrons transfer their excess energy to
optical phonons, these phonons couple with acoustic branches,
and acoustic phonon temperature is raised due to the laser
absorption under the laser spot. Then, the heat is conducted
by acoustic branches from the middle point to the heat sinks
linearly. Therefore, the temperature rise in the middle of GP
(ΔT̄m) is equal to the optical phonon temperature rise (ΔT̄OP)
measured using the TPET and Raman spectroscopy techniques.
Note that ΔT̄OP and ΔT̄a,m2

are average optical and middle point
acoustic temperature rises under the Gaussian laser beam.
Therefore, for each case, the ΔT̄OA obeys the Gaussian form of
the laser beam, as shown in this figure.
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Table 3. Raman weighted average temperature of optical (ΔT̄OP) and acoustic (ΔT̄AP) phonons and their differences (ΔT̄OA) in Kelvin per absorbed laser
power by GP, as well as the energy coupling factor of in-plane optical modes (Epp).

Objective lens ΔT̄OP [K mW−1] ΔT̄a,m2
[K mW−1] ΔT̄AP [K mW−1] ΔT̄OA [K mW−1] Epp [1015 W m−3 K−1]

10× 1.41 ± 0.03 0.69 1.25 ± 0.01 0.16 ± 0.03 1.59 ± 0.30

20× 1.90 ± 0.05 1.23 1.79 ± 0.01 0.11 ± 0.05 8.76 ± 3.98

50× 3.90 ± 0.08 2.02 2.59 ± 0.02 1.31 ± 0.08 2.59 ± 0.16

100× 6.12 ± 0.14 2.80 3.36 ± 0.01 2.76 ± 0.14 3.10 ± 0.16

So far, ΔT̄a,m1
and ΔT̄OP,l are determined using SERT, TPET,

and Raman spectroscopy techniques under different objective
lenses (Table 2). A 3D numerical heat conduction model based on
the finite volume method is conducted to find the second part of
the acoustic temperature rise per absorbed laser power (in mW)
under laser irradiation (ΔT̄a,m2

). Note that ΔT̄a,m2
is the Raman

intensity-weighted temperature rise under laser excitation. Fig-
ure 4c shows the physics used to calculate ΔT̄a,m2

numerically.
In this simulation, the temperature rise over the space domain
is calculated under four objective lenses with the same laser spot
radius (r0) as measured in the TPET experiment [Table 1]. Also,
the laser absorption depth (𝜏L) of GP is calculated as 𝜏L = 𝜆/4𝜋k,
where 𝜆 and k are laser wavelength and extinction coefficient of
GP at 𝜆, respectively. In this work, 𝜆 is 532 nm, and k is found
from reference values as 0.817.[32] Therefore, 𝜏L is 34.6 nm. r0
and 𝜏L are necessary parameters to find the Raman intensity dis-
tribution of the CW laser in space. Figure 4c shows the temper-
ature contour of the GP sample under laser irradiation with the
50× (r0 ≃ 0.92 µm) objective lens that is obtained from numerical
calculation. Note that this figure shows the cross-sectional view
of the GP at the middle point. Finally, the local temperature rise
(ΔT̄a,m2

) and total acoustic temperature rise under the heating
area (ΔT̄AP = ΔT̄a,m1

+ ΔT̄a,m2
) are calculated as 2.02 K mW−1 and

(2.59 ± 0.02) K mW−1 (per absorbed laser power), respectively. A
similar procedure is conducted for the other objective lenses, and
the final results are reported in Table 3.

As shown in Table 3, ΔT̄AP and ΔT̄OP increase with decreas-
ing r0. This is due to the fact that these two temperature rises
are proportional to r−n

0 when total laser energy is kept constant.
Here n is equal to two for optical-acoustic phonon temperature
difference. Note n is less than two for the acoustic temperature
rise because it depends on the thermal conductivity of GP as well
as laser spot size (r0), and the strong heat conduction of acoustic
phonons weakens the effects of the heating area on ΔT̄AP. The
effects of the heating area on phonon temperature rise and their
coupling factor are discussed in the following section in more
detail.

2.3.3. Optical-Acoustic Phonon Energy Coupling Factor

As mentioned in the previous section, the local temperature
difference between optical and acoustic phonons is proportional
to the absorbed laser energy at any specific point in the space
domain [I(r, z)]. As a result, ΔTOA at any location (r, z) under the
laser heating area can be written as ΔTOA = 𝛿I/Epp, where 𝛿 (0< 𝛿
< 1) and Epp are the portion of absorbed laser energy transferred
from the optical phonons to acoustic phonons and their energy

coupling factor, respectively. Note here ΔTOA is the difference
between the two phonon branches temperature rise at each point
in the space domain and ΔT̄OA is the Raman intensity weighted
temperature difference. This fact that ΔTOA is proportional to
I is justified and presented in our previous work by calculating
the different acoustic and optical phonon branches temperature
rise as well as the electron temperature rise using a multi-
temperature model (MTM).[19] The Raman intensity-weighted
temperature rise of the acoustic and optical branches (ΔT̄AP and
ΔT̄OP) were determined in previous sections, and ΔT̄OA could be
found from their subtraction. In the following, the relationship
between ΔT̄OA and Epp for the G peak of GP is found. The CW
laser intensity in the space domain is expressed as

ICW =
(
I0∕𝜏L

)
exp

(
−r2∕r2

0

)
exp

(
−z∕𝜏L

)
(3)

Here, I0 = 1 mW∕𝜋r2
0 is the absorbed laser power per unit

heating area at its center for 1 mW total absorbed laser. Using
this equation and the fact that ΔTOA = 𝛿I/Epp, the average tem-
perature rise difference between acoustic and optical phonons is
written as

ΔT̄OA = E−1
pp

[
∫ ∫ 𝜏−1

L I2
CW exp

(
−z∕𝜏L

)
dV

∫ ∫ ICW exp
(
−z∕𝜏L

)
dV

]
=

𝛿I0

3𝜏LEpp
(4)

where dV is the unit volume of GP. Note that the term exp (−z/𝜏L)
in both numerator and denominator represents the Raman sig-
nal dissipation when it leaves the scattering location. In this work,
we used the G peak of the GP paper to probe the optical phonons
in the TPET experiment, and since this peak is related to in-
plane vibrations, 𝛿 takes 0.94. This is based on the assumption
that the energy is transferred mainly to in-plane optical phonon
branches (LO and TO) uniformly, as mentioned in the introduc-
tion section, and is consistent with multi-temperature modeling
of graphene[13]. Therefore, the energy coupling factor (Epp) could
be found as Epp = 0.94I0∕3𝜏LΔT̄OA. Note that Epp is related to both
in-plane modes of LO and TO combined. Based on this calcula-
tion, ΔT̄OA and Epp under the 50× objective are 1.31 ± 0.08 K
mW−1 and (2.59 ± 0.16) × 1015 W m−3 K−1, respectively. Epp un-
der all objective lenses are listed in Table 3.

The increasing trend of temperature rises with decreasing
laser radius was discussed in previous sections. As shown in Ta-
ble 3, the accuracy of Epp measurement is improved at higher ob-
jective lenses and is lowest for 10× and 20× cases. This is because
ΔT̄OA is proportional to I, which is related to the radius of the
laser spot. Therefore, under these two cases, I is much smaller
compared with the 50× and 100× cases, and the difference be-
tween the optical phonon temperature rise and the acoustic one
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is smaller, too. As a result, it becomes more challenging to distin-
guish them under larger laser spots. This effect is shown in the
inset of Figure 4a, where the decreasing trend of ΔT̄OA∕ΔT̄OP ver-
sus r0 is indicated by a red curve. In the case of 20×, it is shown
that the Epp is larger than the other three cases that are in the
same range, which is due to the small ΔT̄OA under this objec-
tive lens. This could be caused by experimental uncertainty of
dRTPET/dPl, r0, and d𝜔/dPl which affect ΔT̄OP and ΔT̄AP values.

2.4. Discussion

The coupling factor (Epp) that is determined and represented in
Table 3 reflects the coupling between LO and TO modes with
all acoustic branches. The values determined in this work are
in good agreement with the theoretical calculations by Ruan’s
group.[13,16] In their work, the coupling factor between each
phonon mode and lattice was obtained by a MTM method. For LO
and TO modes, Epp of single layer graphene was reported as 2.7 ×
1015 and 1.4 × 1015 W m−3 K−1, respectively. Therefore, the total
energy coupling factor from in-plane optical modes to acoustic
modes is around 4.1× 1015 W m−3 K−1. The reported values in Ta-
ble 3 are in good agreement with the theoretical calculations. This
is especially true for the 50× and 100× objective lenses where the
uncertainty of Epp is less than 14% and 7%, respectively. The dif-
ference between the Epp reported in this work and Ruan’s work
is mostly related to our approximation that the 𝛿 factor in Equa-
tion (4) is equal to 0.94 for LO and TO modes combined. This
approximation simplifies the problem, but at the same time,
introduces uncertainty to our analysis, too. In Ruan’s work,
single-layer graphene (SLG) is used to model the nonequilib-
rium between optical and acoustic phonons, while in this work,
as mentioned in section 4, the GP consists of graphene flakes
that each have ≈5–6 layers. This is another factor that contributes
to the difference between the determined Epp in their work and
our results. In the work by Wang et al., the Epp between in-plane
optical phonons and acoustic branches was reported as 5.5 × 1015

W m−3 K−1 which is in the same range as our results.[19] In that
work, a relationship between optical phonon temperature rise
and acoustic temperature rise were derived analytically as a func-
tion of laser spot radius. Also, the optical phonon temperature
rise under several laser spot radii was found using a CW laser.
By calculating the acoustic phonon temperature rise numerically
and fitting the experimental data with the analytical solution, they
could find Epp. Therefore, the difference between their result and
the one represented in Table 3 could be due to the fitting uncer-
tainty of temperature rise versus laser spot radius in that work.

It should be noted that the absorbed laser energy by each
phonon is not totally used to increase the temperature of that
phonon branch and part of it is passed to other phonon branches
through several coupling processes. These processes are dis-
cussed in a work by Lu et al. as[16]

Ce

𝜕Te

𝜕t
= ∇

(
𝜅e∇Te

)
−
∑

Gep,i

(
Te − Tp,i

)
+ I∕𝜏e−z∕𝜏 ,

Cp,i

𝜕Tp,i

𝜕t
= ∇

(
𝜅p∇Tp

)
+ Gep,i

(
Te − Tp,i

)
+ Gpp,i

(
TLattice − Tp,i

) (5)

Here, C and 𝜅 are volumetric heat capacity and thermal con-
ductivity of each energy carrier, respectively. Also, 𝜏 is the optical
absorption depth. i is the phonon branch index, and e and p de-
note electron and phonon, respectively. Gep,i and Gpp,i refer to
the energy coupling factor between electrons and phonons, and
between phonon branches. Gpp,i of each phonon branch is re-
lated to Cp,i and the relaxation time of that phonon branch (ti) as
Gpp,i = Cp,i/ti. The relaxation time of optical and acoustic phonon
branches of graphite and other carbon materials, such as carbon
nanotubes, is in the order of ≈1–10 ps at room temperature.[33]

Therefore, the temperature rise of each phonon branch is related
to the absorbed laser energy, as well as its coupling strength with
other phonons, and cannot be written as only a function of its
absorbed energy and volumetric heat capacity.

3. Conclusion

In summary, the thermal nonequilibrium between optical and
acoustic phonons in suspended GP under laser irradiation
was directly characterized. The intrinsic thermal conductivity
of GP was determined using both electrons’ temperature and
optical phonons’ temperature while there was negligible ther-
mal nonequilibrium among electrons, optical phonons, and
acoustic phonons. Also, the laser absorption of the GP sample
was measured precisely in order to characterize the acoustic
phonon temperature rise. By combining several electrothermal
and optothermal techniques, the optical and acoustic phonon
temperature rises were determined, and the energy coupling
factor between them was determined under different objective
laser heating. It was shown that the thermal nonequilibrium be-
tween these phonon branches is more significant under smaller
area laser heating. Under the 100 × objective laser heating,
the optical phonon temperature rise was found to be over 80%
higher than that of acoustic phonons. The energy coupling factor
(Epp) between TO and LO optical phonons and acoustic phonons
is found in the range of (1.59–3.10) × 1015 W m−3 K−1, agreeing
well with the quantum mechanical modeling result of 4.1 ×
1015 W m−3 K−1. Our results shed light on phonon–phonon
interactions inside GP and their coupling strength and show
that the nonequilibrium between phonon branches should be
seriously considered in Raman thermometry techniques in order
to uncover the intrinsic phonon energy transport.

4. Experimental Section
Structure Characterization of Graphene Paper: The GP used in this work

was purchased from Graphene Supermarket and was used without any
further modifications. Insets of Figure 1a show the SEM images of this
GP with 150× and 500× magnifications. As indicated in these SEM im-
ages, the surface of the GP was not totally uniform and flat, and small
ridges were visible. Also, the inset of Figure 1a on the left side shows that
the forces between atomic layers inside each graphene flake were much
stronger than the forces between stacked flakes. This is represented by a
white dashed circle which shows that one layer on top of the GP is peeled
off. Figure 1a displays the Raman spectrum of this sample at room tem-
perature (RT). G and 2D Raman peaks were observed. The D peak was
not observed in the Raman spectrum which demonstrates the high crys-
tallinity of this sample. This Raman spectrum was obtained using a 532
nm CW laser (Excelsior-532-150-CDRH Spectra-Physics), and this laser is
also used in the all experiments of this work. The GP was composed of
graphene flakes. In the previous work, Raman spectra of this sample at 30
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locations were obtained, and based on the ratio of the intensity of G peak
to 2D peak (IG/I2D ≃ 0.61 − 0.72), the number of graphene atomic layers
inside each flake was found to be 5–6.[22] Also, using X-ray diffraction mea-
surement, it was shown that the interlayer spacing of GP was 3.35 Å. This
was equal to the interlayer distance of pristine natural graphite and shows
that the GP has a highly ordered structure.[34] As shown in the insets of
Figure 1a, the GP sample was not totally flat. This surface roughness could
affect the Raman measurement by affecting the laser spot size (i.e., laser
heating area). However, as shown in Figures 3 and 4, laser spot radius was
measured while each Raman data was collected. Therefore, the effects of
surface inhomogeneity were minimized by precise measurement of laser
spot size. In addition, this surface roughness will not affect the electrical
resistance (R) measurement in TET and TPET, because in these methods,
the overall response (change in R) of GP was measured and not just a spe-
cific flake. The chemical composition of this GP sample was characterized
by X-ray photoelectron spectroscopy (XPS) measurement as follows: C 1s
(%98.91), O 1s (%0.66), and F 1s (%0.43). Results of XPS confirmed the
high purity composition of GP and its highly carbonized structure.
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