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� In-situ two-step Raman method is
developed for interfacial thermal
characterization.

� Both in-plane thermal conductivity
and interface thermal conductance
can be characterized.

� An unconstrained graphene/SiO2

interface material is successfully
measured.

� Small interface thermal conductance
and in-plane thermal conductivity are
obtained.
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An in-situ two-step Raman thermometry is developed to measure both interfacial thermal conductance
between graphene and substrate, and in-plane thermal conductivity of graphene.
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To date, accurate thermal property measurement of atomic-layer interface materials still remains as a
challenge due to the extreme dimension of sample’s size and limitation of instruments. Raman thermom-
etry emerges as the sole technique for direct measurement of unconstrained graphene interfacial thermal
transport. In this work, an in-situ two-step Raman thermometry is developed to measure both interfacial
thermal conductance between graphene and substrate, and in-plane thermal conductivity of supported
graphene. This two-step Raman approach incorporates the first step: joule-heating experiment for inter-
facial thermal conductance characterization and the second step: laser-heating experiment for thermal
conductivity measurement. Thermal conductance between monolayer graphene and SiO2 is characterized
as 340þ327

�80 W=m2 K which is much smaller than reported values of sandwiched graphene interface struc-
tures, but agrees well with other unconstrained graphene interface structures. The in-plane thermal con-
ductivity of supported graphene is obtained as 179þ111

�86 W=m K. This value is consistent with previously
reported data for thermal transport of supported graphene structures, which can be explained by pho-
nons leakage and significant scattering at the interface. The successful measurement of graphene/SiO2

interfacial thermal properties proves that this technique can be well applied to graphene-like atomic-
layer materials with Raman-active optical mode.
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Nomenclature

Rin thermal resistance (m2 K/W)
L length (m)
k thermal conductivity (W/m K)
Acr cross-sectional area (m2)
Rout total interfacial thermal resistance (m2 K/W)
Rg=SiO2

area interfacial thermal resistance (m2 K/W)
A contact area (m2)
DTg=SiO2

, DTSi=SiO2
temperature drop (K)

Q joule-heating power (W)
q heat flux (W/m2)
h interfacial thermal conductance (W/m2 K)
r1,r2 radius (m)
I0, K0, I1, K1 Bessel functions
tSi, tg slope (cm�1/K)

RSi=SiO2
thermal resistance (m2 K/W)

qSi, qg slope (cm�1/W)
Gg=SiO2

interfacial thermal conductance (W/m2 K)

Greek symbols
d thickness (m)
h temperature rise (K)

Subscripts
in in-plane
out out-plane
g/SiO2 interface between graphene and SiO2

Si/SiO2 interface between Si and SiO2
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1. Introduction existing at graphene/substrate interface. Several studies about heat
As nanoelectronic devices are continuously miniaturized and
the demand for power density dissipation is increased, there are
serious problems in thermal management [1]. Graphene emerges
as a perfect candidate in thermal management of nanoelectronic
devices for its superb thermal property [2]. Thermal transport in
graphene has attracted much attention in the last decade [3–5].
Kong et al. [6] reported the thermal conductivity of monolayer gra-
phene was 2200W/m K at 300 K by first principle calculations.
Thermal conductivity of suspended single-layer graphene is char-
acterized as an extremely high value of 5300W/m K at room tem-
perature [7]. Molecular dynamics simulations obtained ultrahigh
thermal conductivity of graphene sheets in the order of 1000 W/
m K at room temperature [8]. Benefiting from its ultrahigh thermal
conductivity, graphene and graphene-based materials have shown
great advantages of applications in nanoelectronic devices [9–12].
In almost all practices, graphene is either supported by substrates
or encased in dielectrics, while suspended graphene and free-
standing graphene are not common in practical devices. Different
from superb and unconstrained heat dissipation of suspended gra-
phene in the in-plane direction, heat dissipation of supported and
encased graphene in the in-plane direction is impacted by the
interfacial thermal transport between graphene and substrates;
in other words, thermal conductivity of supported graphene in
the in-plane direction is affected by phonon interaction at the
interface [13].

Until now, several works about thermal characterization of gra-
phene in the in-plane direction have been reported [13–15]. When
graphene is supported by substrates or encased in dielectrics, cou-
pling and scattering of phonons with substrates could greatly sup-
press thermal conductivity of graphene in the in-plane direction.
Seol et al. [13] reported that thermal conductivity of graphene sup-
ported by silicon dioxide was about 600W/m K near room temper-
ature. Jang et al. [14] utilized the model of a single-layer graphene
sandwiched between two silicon dioxide layers and obtained the
thermal conductivity of graphene below 160W/m K using a heat
spreader method. Chen et al. [15] studied the effects of sample size,
the thickness of graphene layers and coupling strength with sub-
strate on thermal conductivity of graphene supported by an amor-
phous silicon dioxide substrate using molecular dynamics (MD)
simulations and determined that the thermal conductivity of sup-
ported single-layer graphene was 609 ± 19W/m K. Thus, the in-
plane thermal transport of supported graphene is not as efficient
as perfect suspended graphene for heat dissipation in nanoelec-
tronic devices. Meanwhile, there is remarkable thermal resistance
transport across the interfaces between graphene and substrates
have been reported [16–19]. Atomistic modelling approaches
including first principles [16] and molecular dynamics simulations
[17] were conducted to study thermal transport between graphene
and SiC, and the interfacial thermal conductance was predicted at
the order of magnitude of 107–109 W/m2 K. Chen et al. [18]
revealed the interfacial thermal conductance between engaged
graphene and silicon dioxide ranged from 8.3 � 107 to
1.8 � 108 W/m2 K using a differential 3x method. Koh et al. [19]
measured the interfacial thermal conductance at graphene/SiO2

interface from Au/Ti/graphene/SiO2 structure by pump probe
method and found the interfacial thermal conductance approxi-
mated 2.5 � 107 W/m2 K. Tang et al. [20] used Raman thermometry
to investigate the thermal transport across unconstrained gra-
phene/Si and graphene/SiO2 interfaces. The values of interfacial
thermal conductance were obtained as 183 and 266 W/m2 K
respectively, much lower than the interfacial thermal conductance
of constrained graphene/substrate interfaces and theoretically pre-
dicted values.

Most works about thermal transport in graphene/substrate sys-
tem solely focus on either in-plane thermal conductivity or cross-
plane interfacial thermal conductance as mentioned above. How-
ever, it should be regarded as an integrated process since heat dis-
sipation at interface between graphene and substrate and in-plane
thermal transport of graphene are coupled effect as a heat spot is
generated. Thus, two thermal transport channels should be
explored simultaneously to comprehensively understand thermal
transport in graphene/substrate system. There are a few of works
about thermal transport in in-plane direction of graphene and
across the interfaces between graphene and substrates, but only
few works have been conducted on investigation of both thermal
conductivity and interfacial thermal conductance between gra-
phene and substrate. Cai et al. [21] and Judek et al. [22] succeed
in this kind of characterization based on Raman spectroscopy. In
this work, we proposed a two-step approach based on Raman ther-
mometry for localized measurement of both thermal conductivity
of graphene and interfacial thermal conductance between gra-
phene and substrate.
2. Experimental principle and details

2.1. First step (joule-heating) experiment principle

As shown in Fig. 1(a), both ends of graphene flake are connected
to electrodes by silver paste for joule-heating. Constant current is



(b)

TGraphene

TSi

TSiO2

(c)

Current Source

Raman 
Spectrometer

Laser

Lens 50×

Graphene+ −

Electrode

SiO2
Si

(a)

400 500 600 1500 1600 1700 2500 2600 2700 2800 2900
0

50

100

150

200

250

300

350

In
te

ns
ity

 (A
.U

.)

Raman Shift (cm-1)

Si 

Graphene

G Peak

2D Peak

Fig. 1. (a) Schematic of thermal characterization of graphene/SiO2 interface by using two-step Raman method. The graphene layer is connected to electrodes for steady state
joule heating. Probing laser is focused on graphene layer to characterize Raman signal of interface materials to get temperature difference. (b) Typical Raman spectrums of
graphene and silicon obtained in the experiment, and the Raman signal of SiO2 is not obvious in the spectrum. (c) The schematic of heat dissipation under joule heating. There
is uniform heating effect generated in graphene which dissipates across the interface.
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supplied to generate uniform heating effect inside graphene. There
are several channels for heat dissipation: heat dissipation to air
through heat convection, thermal radiation to surrounding envi-
ronment, heat conduction to the electrodes, and thermal transport
across graphene/SiO2 interface. The natural convection coefficient
is less than 10W/m2 K [23] which is far below the equivalent inter-
facial thermal conductance (around 300W/m2 K calculated from
the values in Table 1). Meanwhile, the radiation heat loss is closely
related to the temperature rise of the sample which is less than
200 �C in our experiment. The radiation heat loss calculated from
this temperature rise is also incomparable to heat transport across
the interface. According to Table 2, assuming that thermal conduc-
tivity of graphene can reach as large as 1 � 104 W/m K, the mini-
mum value of thermal resistance of in-plane direction is
estimated as Rin ¼ L=kAcr � 3� 105 K=W, where L is the length of
graphene, k is thermal conductivity, Acr is the cross-sectional area,
respectively. Meanwhile, the total interfacial thermal resistance
between graphene and SiO2 is estimated at the order of
Rout ¼ Rg=SiO2=A ¼ 1� 102 K=W, where Rg=SiO2 is the area interfacial
thermal resistance around 10�2 m2 K/W according to Table 1, and
A is contact area. The in-plane thermal resistance is far more than
that in out-of-plane direction, which indicates that joule-heating
power dissipates mainly through the interface. The thermal resis-
tance between graphene and substrate is calculated as
Rg=SiO2 ¼ ADTg=SiO2=Q where Q is the joule-heating power, DTg=SiO2
Table 1
Selected interfacial thermal conductance results between graphene and substrates.

Materials

Chen et al. [18] Au/SiO2/graphene/SiO2/Si
Koh et al. [19] Au/Ti/graphene/SiO2

Mak et al. [46] Graphene/SiO2

Cai et al. [21] Graphene/Au/SiNx/Si
Judek et al. [22] Graphene/SiO2/Si
Hopkins et al. [47] Al/graphene/SiO2

Tang et al. [20] Graphene/SiO2

This work Graphene/SiO2/Si
is the temperature drop between graphene layer and SiO2 layer,
respectively.

Raman spectroscopy is a traditional material characterization
method, but has been widely applied in thermal characterization
in recent years, especially on carbon based low dimensional mate-
rials [24–27]. The principle is very simple: Raman signal is temper-
ature dependent, which shows in the spectrum as the Raman peaks
shift to the low wavenumber direction as temperature is increased
for most crystalline materials. Thus it can be used as a tool for tem-
perature probing. For example, it has been applied in the neat-field
optics focusing for measuring localized temperature with dimen-
sional down to sub 10 nm [28]. In this work, Raman thermometry
is used by focusing the probing laser on the graphene flake due to
its ultrathin thickness and sound signals. It needs to be consistent
since little variation of focusing level might change the heating
from the laser and captured Raman signal, which induces measure-
ment uncertainty. As Raman laser is focused on the graphene layer,
it can penetrate very thin SiO2 layer into silicon substrate [29]. Dif-
ferent Raman signals for these layers can be obtained as shown in
Fig. 1(b). Typical Raman spectrum of the sample consists of three
peaks, two of which are G peak at �1580 cm�1 and 2D peak at
�2700 cm�1 for graphene and another one is at �520 cm�1 for sil-
icon. The intensity ratio of G peak to 2D peak is around 0.11, which
indicates that the graphene flake has a mono-layer structure [30].
Methods G (W/m2 K)

Differential 3x method (0.8–1.8) � 108

Pump probe 2.5 � 107

Pump probe 5 � 107

Raman spectroscopy 2.8 � 107

Opto-thermal method 1.7 � 106

Pump probe 3 � 107

Raman spectroscopy 266
Raman spectroscopy 340



Table 2
Selected thermal conductivity results of supported graphene and suspended graphene.

Materials Methods k (W/m K)

Balandin et al. [7] Suspended graphene Raman spectroscopy 5300
Wang et al. [48] Suspended graphene T-type sensor method 2100
Lee et al. [49] Suspended graphene Raman spectroscopy 1800
Xu et al. [50] Suspended graphene Thermal bridge 1689–1813
Faugeras et al. [51] Suspended graphene Raman spectroscopy 632
Cai [21] Graphene/Au/SiNx/Si Raman spectroscopy 370

Suspended graphene Raman spectroscopy 2500
Wang et al. [52] Pt/graphene/SiO2/Si Thermal bridge 1250
Seol [13] Graphene/SiO2 Raman spectroscopy 600
Judek [22] Graphene/SiO2/Si Opto-thermal method 335
Jang [14] SiO2/graphene/SiO2/Si Heat spreader method 160
This work Graphene/SiO2/Si Raman spectroscopy 179
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2.2. Second step (laser-heating) experimental principle

Unlike joule-heating experiment, in localized laser-heating
experiment, thermal response of graphene is determined by both
the in-plane thermal conductivity and interfacial thermal conduc-
tance. Similar to the joule-heating experiment, the probing laser is
focused on graphene. However, laser energy is more intensive and
is the sole heat source for graphene. The thermal transport process
in graphene heated by laser is described as [23]

q ¼ 2pkr1dhm
K1ðmr1ÞI1ðmr2Þ � K1ðmr2ÞI1ðmr1Þ
K0ðmr1ÞI1ðmr2Þ þ K1ðmr2ÞI0ðmr1Þ ð1Þ

where q is the heat flux across boundary of the heated section of
graphene, k is the thermal conductivity of graphene, d is the in-
plane thickness of the unheated part of graphene, h is the tempera-
ture rise at boundary of the heated section of graphene,
m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=kd

p
, h is the interfacial thermal conductance between gra-

phene and SiO2, r1 is the radius of heated section of graphene, r2 is
the radius of unheated part of graphene, I0, K0, I1, K1 are the first and
second kinds of zero-order and first-order Bessel functions [23]. The
thermal conductivity of graphene can be calculated according to the
laser power and temperature rise of graphene with other geometri-
cal parameters.
2.3. Sample preparation

The graphene samples used in the experiment are synthesized
by using chemical vapor deposition (CVD) method. Fig. 2(a) depicts
the sample preparation process. Firstly, a 25-lm thick Cu foil (pro-
vided by Alfa Aesar,x = 99.8%) is immersed in diluted hydrochloric
acid for ten minutes to eliminate the oxides on its surface. Cu foil is
placed in an evacuated tube furnace which is flowed through
20 sccm H2 (g) under standard condition to maintain the pressure
of 300 Pa. The temperature in the furnace is gradually elevated to
1050 �C in 30 min and sustained 1050 �C for another 30 min to
ensure that the copper foil is annealed enough. CH4 (g) with flow
rate of 54 sccm flows through the furnace after annealing, and
the flow rate of H2 (g) is adjusted to 3 sccm. The pressure in the fur-
nace is sustained 300 Pa for 3.5 min and 600 Pa for another
6.5 min. Graphene on Cu foil is prepared after the Cu foil cools
down to room temperature promptly at atmosphere of H2 (g).
The next step is to remove the graphene flake from Cu foil by etch-
ing [31,32]. The poly-methyl methacrylate (PMMA) membrane is
coated on the surface of graphene/Cu to form PMMA/graphene/
Cu structure. Then it is baked at 120 �C in a heater for 30 min to
improve adhesion between PMMA membrane and the graphene
flake. After immersion in the FeCl3/HCl solution for 8 h, the Cu foil
is corroded thoroughly. It is washed for 10-min twice by diluted
HCl solution and then for 10-min four times by deionized water.
The washed PMMA/graphene film is transferred to the surface of
Si/SiO2 wafer to form the PMMA/graphene/SiO2/Si structure. After
natural drying, the PMMA/graphene/SiO2/Si structure is immersed
into acetone solution to remove the PMMA membrane. Finally, the
graphene/SiO2/Si sample is obtained and the Raman spectrum
shows that there is monolayer graphene with low defect level.
The sound Raman signal (G and 2D peaks) guarantees that Raman
thermometry is a good option for thermal characterization.
2.4. Experimental details

Thermal experiment is performed on a LabRam HR confocal
Raman spectrometer produced by HORIBA Jobin Yvon Inc. with
resolution of 0.65 cm�1. The dimension of graphene is
10 mm � 10 mm. The laser power is fixed at 0.14 mW for interfa-
cial thermal conductance measurements and adjusted to different
values for thermal conductivity measurements. The Raman laser is
focused on materials through a 50� objective lens. The integration
times for graphene and silicon are 30 s and 5 s respectively in con-
sideration of the intensities of Raman signals of graphene and sil-
icon. Each spectrum is averaged from three times measurements.
In the joule-heating experiment, the heating power ranges from
0 mW to 840 mW by adjusting the current. Different Raman spec-
trums of graphene and Si are collected at different joule-heating
currents, and each Raman spectrum is averaged from three times
measurements. In the laser-heating experiment, the power ranged
from 0.12 mW to 0.5 mW, and each Raman spectrum is averaged
from three times measurements. During the experimental process,
the sample is kept steady on the stage to ensure that probing posi-
tion is consistent through joule-heating and laser-heating
experiment.
3. Results and discussion

3.1. Calibration result of temperature coefficient

Raman thermometry has been widely applied in thermal char-
acterization experiments by assuming its linear relationship
between Raman shift and temperature within a small temperature
range [7,33,34]. Balandin et al. [7] conducted the first thermal con-
ductivity measurement of single-layer graphene and revealed its
ultrahigh thermal conductivity. Yoon et al. [33] estimated the ther-
mal expansion coefficient of single-layer graphene with Raman
spectroscopy. Yue et al. [34] succeeded in measuring the interfacial
thermal resistance between epitaxial graphene and SiC substrate
via Raman thermometry. Considering that the qualities (defects,
doping, strain, etc.) of samples and different lasers, calibration
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Fig. 2. (a) The process for the synthesis of monolayer graphene and sample preparation for the interface material: graphene was synthesized via conventional CVD method
and was deposited on silicon wafer to get the interface structure. (b) Raman spectrum is used to characterize the quality of graphene sample. The intensity ratio of G peak to
2D peak can be used to define layer number. Raman characterization of graphene sample shows that the ratio is around 0.11, which indicates that the graphene synthesized in
this measurement is monolayer structure.
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experiments are needed in each measurement for the unique tem-
perature coefficient of Raman peaks.

Raman shifts have inverted dependence on the temperatures
for both graphene and silicon. The shifts of peaks are determined
by fitting the peaks as shown in Fig. 3(a). The relationships
between Raman shifts and temperatures of graphene layer and Si
layer are calibrated in our measurement as shown in Fig. 3(b).
The temperature coefficients against Raman shifts of peak for sili-
con and G peak for single-layer graphene are obtained as tSi = -
�0.026 cm�1/K and tg = �0.031 ± 0.005 cm�1/K respectively as
shown in Fig. 3(b). Tang et al. reported that the fitting slope for
temperature against Raman shift for Si was �0.022 cm�1/K [35].
The temperature coefficient of single-layer graphene was revealed
as �0.025 cm�1/K [34]. The calibration results for silicon and
single-layer graphene in our work are comparable with the litera-
tures in consideration of difference in experimental conditions and
qualities of materials.
3.2. Result and discussion for thermal transport of graphene/SiO2

interface

The temperatures of graphene layer and silicon layer can be
determined from Raman peaks as shown in Fig. 1(b). It is noticed
that the temperature of SiO2 layer can’t be obtained by Raman
peaks due to its weak signal in the spectrum [20]. The interfacial
thermal resistance between SiO2 and Si is less than
8 � 10�7 m2K/W [36], which can be calculated as
RSi=SiO2 ¼ ADTSi=SiO2=Q , where A is the contact area between Si layer
and SiO2 layer, DTSi=SiO2 is the temperature drop between Si layer
and SiO2 layer, Q is the joule-heating power which approximates
1 W, respectively. Then the temperature drop between Si layer
and SiO2 layer is calculated as DTSi=SiO2 ¼ RSi=SiO2Q=A ¼ 8� 10�3 K,
which is so small that the temperature of Si layer can be regarded
as the temperature of SiO2 layer; in other words, the temperature
of SiO2 layer is obtained by the analysis of Raman spectrum of Si
layer. Thus, the interfacial thermal conductance is calculated as
Rg=SiO2 ¼ ADTg=SiO2=Q with the measurements of steady tempera-
ture of graphene layer and Si layer by Raman thermometry under
joule-heating. The temperature distribution of sample is displayed
as Fig. 1(c). In order to reduce uncertainty in the measurements of
interfacial thermal conductance, the linear relationships between
joule-heating power and Raman shifts of Si and graphene are char-
acterized as shown in Fig. 4(a). The slopes of Raman shifts against
joule-heating power for Si and graphene are qSi = -
�0.691 ± 0.063 cm�1/W and qg = �1.824 ± 0.186 cm�1/W respec-
tively. Thus, the interfacial thermal resistance can be calculated
as Rg=SiO2 ¼ A� dðTg � TSiO2 Þ=dQ and derived as Aðqg=tg � qSi=tSiÞ
considering different power used in the experiment. Interfacial
thermal resistance is characterized as
Rg=SiO2 ¼ 2:94þ1:9

�1:44 � 10�3 m2 K=W, and the interfacial thermal con-

ductance is obtained as Gg=SiO2 ¼ 340þ327
�80 W=m K accordingly.

Table 1 lists selected works about interfacial thermal conduc-
tance measurements between graphene and substrates. The inter-
facial thermal conductance obtained in our experiment is small,
which indicates that energy coupling between graphene and SiO2

is poor. Quite lower interfacial thermal conductance can’t be
regarded as unreasonable result, since there have been very small
values of interfacial thermal conductance in many interface sys-
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tems consisting of free ultrathin films which include graphene/Si
[20] and graphene/boron nitride [37]. Thermal expansion coeffi-
cient of graphene is negative which is much different from that
of SiO2 [33]. Significant mismatch of thermal expansion coeffi-
cients between graphene and SiO2 leads to thermal stress between
graphene and SiO2 during joule-heating. The thermal stress results
in mechanical deformation of graphene, thus the situation of ther-
mal transport across interface is much different due to the varia-
tion of morphology. The measured value of thermal conductance
implies poor localized energy coupling at interface, therefore, it
is reasonable to infer that the interface between graphene and
SiO2 has poor contact. In addition, the kinetic energy of graphene
atoms is high at elevated temperatures, and many atoms would
be beyond the range of van der Waals interaction from SiO2 sub-
strate, which might result in further deviation from SiO2 substrate.
Poor contact will be aggravated due to corrugation and wrinkling
of graphene which are very common problem in CVD transfer gra-
phene samples [38,39].

The situation of contact between graphene layer and SiO2 sub-
strate can be described as shown in Fig. 4(b) considering above
mentioned factors such as thermal stress between graphene and
SiO2, larger energy of graphene atoms and corrugation problem
in graphene, and unconstrained situation of graphene layer. It
was reported that the thermal conductance decreases rapidly as
the separation distance at interface increases [40]. As listed in
Table 1, values of interfacial thermal conductance measured by
Raman spectroscopy are smaller than that obtained by pump probe
method and 3xmethod. The coating of silicon dioxide layer on the
top of graphene may contribute to high measured thermal conduc-
tance for the differential 3x method. And there is metallic layer
deposited on graphene for absorption of laser pulse and facilitating
well-defined thermal probing in pump probe method. The metallic
layer and oxide layer would influence the thermal transport across
graphene/SiO2 interfaces. The heat can transfer between the depo-
sition layer and the substrate directly due to ultrathin thickness of
monolayer graphene. The graphene/SiO2 interfaces have minor
effect on the thermal transport because there is atomic interaction
between deposited layer atoms and substrate atoms [41]. In addi-
tion, the contact between graphene and substrate is well for con-
strained graphene deposited with layer in pump probe
measurements and 3x measurements. The contact between gra-
phene and substrate is poor for unconstrained graphene in Raman
spectroscopy measurements because the thermal stress between
graphene and substrate might be significant during joule-
heating; nevertheless, deposited layer on constrained graphene
may improve the contact between graphene and substrate during
coating layer. It is not strange that a large range of variation for
the values of thermal conductance is shown in Table 1. Thus, the
interfacial thermal conductance measured in our work is compara-
ble with that in other works considering extremely loose contact
and unconstrained graphene.
3.3. Result and discussion for in-plane thermal conductivity

Temperature gradient in the in-plane of graphene needs to be
established in order to measure the thermal conductivity of gra-
phene. Thus, the Raman probing laser is used to heat graphene
and acts as a local heat source. Only a small portion of laser light
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shift of graphene and silicon and laser heating power. The slope of Raman shift
against heating power for silicon indicates there is little temperature rise in silicon
during laser heating. These slopes can be used to calculate the thermal conductivity
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is absorbed by graphene. As shown in Fig. 5(a), the graphene layer
absorbs a portion of laser power when the laser light passes
through for the first time and most of the laser light penetrates
through graphene layer and SiO2 layer, then a portion of transmit-
ted laser light is absorbed by silicon layer while the rest of them
reflects back into graphene layer and the graphene layer absorbs
another portion of laser light for the second time. In this calcula-
tion, the absorptivity of graphene for our wavelength used for cal-
culation is 2.3% and the reflectance of graphene is less than 0.1%
which is negligible [42]. The effect of SiO2 layer on laser light can
be totally ignored due to very small thickness of 300 nm and ultra-
high light transmission coefficient of SiO2 layer [29]. The ratio of
laser light power absorbed by graphene at the first time is 2.3%
and the rest 97.7% of laser power penetrates through graphene.
40% of transmitted light is reflected back into graphene layer and
another 2.3% of reflected light is absorbed by the graphene layer
for the second time. Thus, the total absorption ratio of laser light
power by the graphene layer is 3.2%. The thermal conductivity of
graphene is calculated from Eq. (1) by measuring the temperature
rise at light spot of graphene. In order to reduce uncertainty in the
measurement, the theoretical Eq. (1) is derived as
of graphene.
dh=dq ¼ 1
2pkr1dm

� K0ðmr1ÞI1ðmr2Þ þ K1ðmr2ÞI0ðmr1Þ
K1ðmr1ÞI1ðmr2Þ � K1ðmr2ÞI1ðmr1Þ ð2Þ

The temperature distribution of three layers is illustrated in
Fig. 5(b). The temperature rise of graphene under different laser-
heating power is measured to calculate thermal conductivity. The
linear relationship for Raman shift of graphene and Si against
laser-heating power is fitted as shown in Fig. 6. Divided by the
temperature coefficients of Raman shifts against temperatures for
graphene tg = �0.031 ± 0.005 cm�1/K and silicon tSi = �0.026 cm�1/
K, the linear fitting slopes of temperatures of graphene and silicon
against laser power are 5:40þ2:1

�1:5 � 106 K=W and

2:30þ0:04
�0:04 � 105 K=W respectively, and the slope of temperature
Laser light

Graphene

SiO2

Si

(a)

Laser Light

TGraphene

2SiOT

TSi
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Fig. 5. (a) The illustration of laser transmission through different layers of graphene
interface. (b) The diagrammatic drawing of temperature gradient under localized
laser heating. The laser is focused on graphene layer and acts as a local heat source.
The portion of heat dissipates along the graphene layer then down to substrate
away from the heating point and other portion of heat dissipates directly through
the interface down to substrate.
against laser power for silicon indicates the temperature of silicon
almost remains unchanged with laser-heating. Since the thermal
resistance of SiO2 layer can be negligible, the temperature of SiO2

layer is very close to that of Si layer. The effect of laser on heating
SiO2 layer is also negligible for non-laser absorption. With the
geometry parameters, the measured interfacial thermal conduc-
tance and the local temperature rise under different laser-heating
power, theoretical thermal conductivity curve of supported gra-
phene is calculated as shown in Fig. 7. The thermal conductivity
value of our sample is obtained as 179þ111

�86 W=m K.
As listed in Table 2, thermal conductivity measurements of sup-

ported and suspended graphene have been reported. It has been
validated that the thermal conductivity of supported graphene is
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Fig. 7. The relationship between the ratio of temperature rise and absorbed laser
power by graphene and theoretical thermal conductivity. The red solid line
represents the relationship with measurement result for interfacial thermal
conductance G, while the blue dashed line and yellow dashed line represent the
relationship with the lower error limit and upper error limit for interfacial thermal
conductance G respectively. The thermal conductivity is determined by the ratio of
temperature rise and absorbed laser power by graphene and its error range. The
dark solid line represents the measurement result of the ratio of temperature rise
and absorbed laser power by graphene. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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generally much smaller than that of suspended graphene. The exis-
tence of flexural ZA modes is contributed to the excellent thermal
properties of graphene [4]. If graphene has contact with substrate,
there are phonons leakage across the graphene/substrate interface
and significant scattering of flexural ZA modes in supported gra-
phene system, which suppress thermal conductivity of supported
graphene greatly, while the flexural ZA modes contribute markedly
to the thermal conductivity. In addition, the ripples in supported
graphene are more obvious; in other words, the mechanical defor-
mation of supported graphene is much severer than that of sus-
pended graphene. The mechanical deformation of graphene
would decrease thermal conductivity significantly. Thus, thermal
conductivity of suspended graphene is much larger than that of
supported graphene. Thermal conductivity reported by Balandin
et al. [7] is much higher than that in other thermal conductivity
measurements listed in Table 2. It was noticed that the absorptiv-
ity of single-layer graphene in the work by Balandin et al. was
around 13%. Little difference in laser absorptivity would lead to
much difference in thermal conductivity results.

It was reported that thermal transport in supported low-
dimensional structure could be manipulated by modulating its
coupling to the substrate [43,44]. The thermal conductivity of gra-
phene would be enhanced by adjusting interaction between gra-
phene and substrate. As mentioned above, the interfacial thermal
conductance between graphene and SiO2 in our work is measured
as 340þ327

�80 W=m2 K, which means poor contact between graphene
and SiO2. Lower thermal conductivity in in-plane direction might
be caused by serious phonons leakage and scattering. Another pos-
sible factor for the small value of thermal conductivity is that the
sample in our work may be contaminated by the organic residues
in the transfer process of PMMA membrane, and the thermal con-
ductivity of graphene would be suppressed significantly with the
organic residues [45]. Thus, much low thermal conductivity of sup-
ported graphene in our measurement is reasonable and compara-
ble with other works considering above factors.
4. Conclusion

In this work, we developed an in-situ two-step approach based
on Raman thermometry to investigate thermal transport in gra-
phene/SiO2 interface material. The two-step Raman approach
incorporates a joule-heating experiment for interfacial thermal
conductance characterization and a laser-heating experiment for
thermal conductivity measurement. Results show that the thermal
conductance of our unconstrained graphene/SiO2 interface sample
is 340þ327

�80 W=m2 K and thermal conductivity of this supported gra-

phene is 179þ111
�86 W=K. Terrible contact between graphene and SiO2

substrate is responsible for the small value of interfacial thermal
conductance. The phonons scattering and leakage at the gra-
phene/SiO2 interface is factor to suppress the thermal conductivity
in graphene. This novel two-step Raman method makes it possible
for localized characterization of both in-plane and out-of-plane
thermal transport of 2D interface materials, which is important
for comprehensively understanding the energy dissipation/phonon
transport across such structures.
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