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Four-Probe Measurement of
Thermal Transport in Suspended
Few-Layer Graphene With
Polymer Residue
The presence of unknown thermal contact thermal resistance has limited prior two-probe
thermal transport measurements of suspended graphene samples. Here, we report four-
probe thermal transport measurements of suspended seven-layer graphene. By isolating
the thermal contact resistance, we are able to attribute the observed reduced thermal
conductivity primarily to polymeric residue on the sample instead of the contact thermal
resistance, which resulted in ambiguity in the prior experimental studies of the effect of
polymer reside. The extrinsic scattering rate due to the polymer residue is extracted from
the measurement results based on a solution of the Peierls-Boltzmann phonon transport
equation. [DOI: 10.1115/1.4043167]

Introduction

Graphitic materials are among the best-known thermal conduc-
tors. The basal-plane thermal conductivity of graphite and its
derivatives, including graphene and carbon nanotubes, rivals the
record high value of diamond. Although the high thermal conduc-
tivity of both diamond and graphitic materials can be generally
described by Slack’s high thermal conductivity criteria based on
strongly bonded light elements [1], there are intriguing unan-
swered questions on the microscopic mechanisms behind the dis-
tinctly high thermal conductivity of graphitic materials. One
unusual feature in the atomic vibration spectrum of graphitic
materials is the presence of an out-of-plane bending or flexural
modes for which the frequency increases quadratically with
increasing wavevector. Compared to the in-plane polarized
modes, these low-frequency flexural modes dominate the specific
heat and make an important contribution to the high basal-plane
thermal conductivity of graphene according to the first principles
calculation [2]. Moreover, the crystal momentum is conserved dur-
ing the scattering among a large population of small-wavevector

flexural phonon modes, similar to intermolecular scattering in terms
of momentum conservation. Recent first-principle calculations
have suggested that the normal scattering processes dominate over
momentum nonconserving umklapp phonon–phonon scattering
processes in both suspended graphene, graphite and single wall
carbon nanotubes, even near room temperatures [3–6]. Conse-
quently, phonon transport in graphene and graphite can exhibit
hydrodynamic transport features similar to molecular flows,
including unique size and temperature dependences that cannot be
explained by either diffusive transport described by Fourier’s law
or ballistic phonon transport theory captured by the Landauer-
B€uttiker formalism [7].

The presence of these unusual nondiffusive, ballistic, or hydro-
dynamic features in the intrinsic phonon transport process can
have a practical impact on the dependence of the apparent thermal
conductivity of the graphitic materials on the size, shape, tempera-
ture, and interface interaction. Therefore, experimental investiga-
tion of these nondiffusive behaviors has become an area of intense
research over the past two decades. However, there are a number
of challenges for experimental observation of the nondiffusive
phonon transport behaviors in graphitic materials. While sensitive
thermal transport measurements have been devised to observe the
temperature dependence and size dependence in the thermal con-
ductivity of carbon nanotubes and graphene [8–13], an important
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limitation is the inability of these methods to separate the extrinsic
thermal contact resistance from the intrinsic thermal resistance of
the sample [14–16]. This limitation can complicate the interpreta-
tion of the experimental results. While a two-probe thermal trans-
port measurement has suggested that the measured thermal
conductivity of suspended graphene increases with length due to
nondiffusive phonon transport [11], it is found that the experimen-
tal data can also be attributed to contact thermal resistance that
was not measured directly in the two-probe thermal measurement
[17]. In addition, while prior two-probe thermal measurements
have concluded that the interaction between the graphene and an
amorphous support [12] or polymer residue layer [13] can sup-
press the graphene thermal conductivity, it has been questioned
whether the suppression was actually due to contact thermal
resistance that was not measured in the two-probe measurements
[18].

In this paper, we report a four-probe thermal transport measure-
ment of both the extrinsic thermal contact resistance and the
intrinsic thermal conductivity of a suspended seven-layer gra-
phene sample in order to determine both the contact thermal
resistance and the intrinsic thermal conductivity of the graphene
sample. The experimental results clearly reveal that polymer resi-
due, instead of the contact thermal resistance, is the main cause of
the observed suppressed thermal conductivity and diffusive pho-
non transport behaviors. Theoretical analysis of the measurement
results further allows us to extract the phonon scattering rate by
polymer residue.

Experimental Methods

The few-layer graphene (FLG) sample was exfoliated from a
synthetic graphite powder source grown by a high-temperature,
high-pressure process onto silicon wafer pieces with a 290 nm
thick silicon oxide layer for optical contrast. After patterning the
FLG with electron beam lithography and oxygen plasma etching,
four palladium (Pd) lines were deposited on the patterned gra-
phene in a lift-off process. The FLG sample and the Pd lines were
transferred onto the microfabricated device with the use of a poly-
methylmethacrylate (PMMA) carrier film. After the PMMA was
removed in acetone, the sample was dried in a critical point dryer.
Clamping the graphene sample between the top Pd lines and the
underlying suspended metal lines helps to prevent the suspended
graphene sample from being washed away or folded during the
acetone removal process. The device was then measured in a cryo-
stat under high vacuum.

The optical micrograph in Fig. 1(a) and the scanning electron
microscopy image in Fig. 1(b) show the FLG sample assembled
on the four-probe thermal measurement device, which consisted
of four suspended Pd thermometer lines deposited on top of pat-
terned silicon nitride (SiNx) beams. The sample segment sus-
pended between the two middle lines, for which we can find the
thermal conductance using the thermal circuit shown in Fig. 1(c),
is 3.8 lm wide and 13.0 lm long. Based on atomic force micros-
copy measurements of the sample on the silicon wafer prior to the
patterning process, the sample is seven layers thick, as shown in
Fig. 2.

Figure 1(c) shows a thermal circuit of the sample on the four-
probe thermal measurement device. The measurement is per-
formed by resistively heating a single metal thermometer line
while simultaneously measuring the electrical resistances of all
thermometer lines as seen in Fig. 3. A floating voltage source is
used to provide the heating current to the metal line without an
electrical current flowing into the graphene sample to the other
thermometer lines. A 50 kX precision resistor is connected
between the voltage source and the heating line and serves to limit
the heating current. The electrical resistance of the heating line is
obtained from the four-terminal current (I)–voltage (V) data that
are measured with the use of low-noise current and voltage pre-
amplifiers, respectively, similar to the procedure described in a
prior publication [19]. The electrical resistances of the other

thermometer lines are measured individually with the use of a
small 1 lA sinusoidal excitation current and a lock-in amplifier to
measure the voltage drop along the thermometer line. This process
is repeated until each metal line has been electrically heated. By
measuring the electrical resistance of the thermometer lines at dif-
ferent temperatures with a low bias current, shown in Fig. 4, we
obtain the temperature coefficient of resistance and use it to con-
vert the measured change in electrical resistance during Joule
heating to the average temperature rise in each thermometer line.
Based on the parabolic and linear temperature profiles for the
heating line and the thermometer lines, respectively, the contact
point temperature rise between line j and the sample for heated

Fig. 1 (a) Optical and (b) scanning electron micrographs of a
3.8 lm wide, seven-layer thick patterned FLG sample
assembled across four suspended Pd/SiNx beams, each of
which acts as a resistance thermometer (RT). Additional Pd
pads were deposited on top of the FLG sample to clamp the
graphene sample onto the thermometer lines. The black dots
left on the sample and metal lines are polymeric dirt particles.
(c) Thermal resistance circuit of the measurement device when
the first thermometer line is Joule heated with power (IV)1. Rb,j

is the thermal resistance of the jth RT beam. Rc,j represents the
thermal contact resistance between the sample and the jth RT.
R1, R2, and R3 represent the intrinsic thermal resistances of the
three suspended sample segments. hc,j,i is the jth RT tempera-
ture rise at the contact point with the sample when the ith line
is heated. h0 is the temperature rise at the point where the sus-
pended RT lines terminate into the bulk substrate. Qj,i is the
heat flow from the jth line to the sample when the ith line is
heated.

Fig. 2 Atomic force microscope scan of the seven-layer gra-
phene sample before patterning. The thickness of the sample
was determined by averaging the step height measured at mul-
tiple points on the right edge of the scan.

061601-2 / Vol. 141, JUNE 2019 Transactions of the ASME

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/17/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



line i with a Joule heating rate (IV)i, hc,j,i, can be obtained from
the measured average temperature rise, as shown in the analytical
solutions reported in recent works [20,21].

The sixteen hc,j,i/(IV)i data with both i and j ranging from 1 to 4
can allow us to obtain the thermal resistance of the four thermom-
eter lines (Rb,j), the intrinsic thermal resistance of the sample (R2),
and the contact resistances (Rc,2 and Rc,3) between the sample and
the thermometer lines 2 and 3, as well as the combined intrinsic
and contact thermal resistance, R1þRc,1 and R3þRc,4, of the two
end segments of the sample [21]. Here, R2 can be separated from
Rc,2 and Rc,3 because the heat flow through the middle sample seg-
ment differs from that through each of the two middle contacts. In
comparison, the heat flow through an end segment is the same as
that through the corresponding end contact, so that the intrinsic
thermal resistance of the end segment cannot be separated from
the end contact thermal resistance.

Figure 5 shows the measured thermal resistances at different
temperatures. The thermal resistances of the thermometer lines
are comparable to the intrinsic thermal resistance of the middle
suspended segment. This condition, which is close to optimum for
this comparative thermal measurement, improves the signal to
noise ratio in the difference of the measured temperature
responses of the two middle thermometer lines. In addition, the
electronic thermal conductance of each metal thermometer line

can be obtained from the measured electrical resistance (Re,j) and
the Wiedemann–Franz law, so that the lattice thermal conductivity
of the SiNx beam under the metal line can be obtained as

jSiN ¼
L

2A

1

Rb;j
� 4L0T

Re;j

� �
(1)

where L and A are the total length and the cross section of each
suspended SiNx beam, respectively, L0 is the Lorentz number, and
T is the absolute temperature. The obtained room-temperature
jSiNx

range from 3.6 to 3.8 W m�1 K�1, which agrees with the lit-
erature report for similar low-stress SiNx [22].

The directly measured contact thermal resistances (Rc2 and Rc3)
of the transferred sample are negligible compared to the intrinsic
thermal resistance (R2) of the middle-suspended segment of the
sample. This finding reveals that the four Pd clamps that were
transferred together with the FLG were effective in reducing the
contact thermal resistance. The ability of separating the contact
thermal resistance and directly obtaining the intrinsic thermal
resistance here has allowed us to eliminate an important source of
error in the measured thermal transport property.

Results and Discussion

The obtained thermal conductivity increases with increasing
temperature to reach 500 6 21 W m�1 K�1 at room temperature as
shown in Fig. 6. At room temperature, the thermal conductivity is
less than a quarter of the highest basal-plane value reported for
bulk graphite [23]. In addition, the observed temperature depend-
ence differs from that for high-quality graphite for which the ther-
mal conductivity peaks at a low temperature near 100 K and
decreases with increasing temperature above 100 K due to an
increase of intrinsic Umklapp phonon–phonon scattering proc-
esses. In comparison, the observed peak temperature is close to
300 K for the FLG sample. This shift of the peak temperature
dependence reveals the dominance of extrinsic phonon scattering
processes compared to intrinsic phonon–phonon scattering.

Extrinsic scattering mechanisms include boundary scattering at
the two side edges and the two end contacts of the suspended mid-
dle segment of the few-layer graphene sample. To investigate the
impact of side edge and end contact scattering, we have used a
first principles calculation to find the temperature-dependent ther-
mal conductivity of a suspended single-layer graphene (SLG)
sample with a similar width and length. The effects of finite sam-
ple size and aspect ratio were included by solving the Peierls-
Boltzmann transport equation of phonons in both reciprocal and
real space domains [24]. Both the temperature dependence and
the magnitude of the calculation results are much closer to the

Fig. 4 Measured electrical resistances of the four thermometer
lines at a low bias current as a function of the stage
temperature

Fig. 5 Measured thermal resistances of the sample and the
average thermal resistance of the thermometer lines. The ran-
dom uncertainty of the values does not exceed the marker size.

Fig. 3 Measured electrical resistance change of the thermome-
ter lines as a function of the heating current through the first
thermometer line
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highest reported thermal conductivity data of high-quality graph-
ite than to the measurement results of the few-layer graphene sam-
ple, as shown in Fig. 6. According to a previous theoretical study
[25], in addition, the difference in the thermal conductivity of
FLG and SLG of a similar dimension is much smaller than that
between the measured FLG sample and the calculated SLG. These
results reveal that side edge scattering and end scattering are not
the cause of the reduced thermal conductivity of the seven-layer
graphene sample.

Other extrinsic scattering mechanisms are point defects and
grain boundaries that can be present in the synthetic graphite sam-
ple and scattering by the polymer residue left on the top surface of
the transferred graphene sample. The presence of polymer residue
is clearly revealed in the optical image that shows a dark particle
on top of the center region of the middle-suspended segment of
the graphene. In addition to this particle, the apparent brightness
contrast showing the graphene sample in the optical image is

largely caused by the presence of a residual polymer layer on the
suspended graphene sample. As an attempt to reduce the polymer
residue, the sample was annealed at 350 �C in flowing argon and
hydrogen and subsequently re-measured after 1 h of annealing and
again after an additional 8 h of annealing. However, the annealing
did not yield apparent changes in either the optical contrast of the
FLG sample or the measured thermal conductivity. As shown in
Fig. 7, the Raman spectra measured on the FLG sample upon the
annealing do not show a D peak that is caused by defects but
reveal a background slope that is indicative of the presence of
polymer residue. Thus, the suppressed thermal conductivity can-
not be attributed to point defect scattering of phonons.

In comparison, the polymer residue layer increases the mass of
the suspended graphene membrane, impedes both the out-of-plane
and in-plane vibration of the graphene atoms according to a theo-
retical study [26], and suppresses the measured basal plane ther-
mal conductivity contributions from both the in-plane and the
out-of-plane polarized phonon modes [12,13]. Based on the cal-
culated phonon dispersion of a seven-layer graphene sample, we
determine the rate of combined extrinsic defect scattering and
intrinsic phonon–phonon scattering that can fit the theoretical
thermal conductivity with the measurement results. The
extracted relaxation time is found to increase with increasing
phonon frequency as s�1 / xa, where a is 0.162, 0.135, and
0.137 for the measured results for the as-transferred, 1 h
annealed, and 9 h annealed sample, respectively. The increasing
s�1 with phonon frequency indicates that the intrinsic
phonon–phonon scattering is not negligible compared to the
extrinsic scattering by polymeric residue, given that the former
increases with phonon frequency while the latter decreases with
phonon frequency [12].

Conclusion

The four-probe measurement has obtained both the extrinsic
thermal contact resistance and the intrinsic thermal conductivity
of the seven-layer graphene sample exfoliated from synthetic
graphite. As the contact resistance error has been eliminated in
this four-probe measurement, the result has allowed us to unam-
biguously conclude that the observed suppressed thermal conduc-
tivity is not due to this measurement error. Our analysis shows
that the suppressed thermal conductivity and the increasing peak
temperature are not caused by edge or end scattering that would
cause ballistic phonon transport. Instead, scattering by the poly-
mer residue left on the top surface plays an important role and
result in diffusive phonon transport in the suspended few-layer
graphene sample. In order to observe nondiffusive thermal trans-
port features including ballistic and hydrodynamic phonon trans-
port that has been predicted to be important in high-quality
graphite and graphene [3,4], it is necessary to first measure a
high thermal conductivity that decreases with increasing temper-
ature for temperatures higher than about 100 K, where Umklapp
phonon–phonon scattering is expected to be dominant. In con-
junction with the four-probe thermal transport measurement
method reported here, further progress in polymer-free assembly
of high-quality graphene samples may lead to eventual observa-
tion of intrinsic nondiffusive phonon transport phenomena
that have been pursued in experiments over the past two
decades [17].
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Fig. 7 Raman spectrum of the middle suspended segment of
the sample. The background slope is indicative of the presence
of polymer residue.

Fig. 6 Measured thermal conductivity of the FLG as a function
of temperature for the as-transferred (circles), 1 h annealed
(unfilled up triangles), and 9 h annealed sample (squares).
Shown for comparison is the highest basal-plane thermal con-
ductivity reported for bulk highly oriented pyrolytic graphite
(down triangles) in Touloukian et al. [23], and the theoretical
thermal conductivity (diamonds) of a defect-free single layer
graphene sample with the same lateral dimension as the meas-
ured FLG. The lines are the fitting of the experimental data by
using the calculated phonon dispersion of seven-layer gra-
phene and a frequency-dependent scattering rate.
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Nomenclature

A ¼ area (m2)
I ¼ electrical current (A)
L ¼ length (m)

L0 ¼ Lorentz number (WX/K2)
R ¼ thermal resistance (K/W)

Re ¼ electrical resistance (X)
T ¼ temperature (K)
V ¼ voltage (V)

Greek Symbols

h ¼ temperature rise (K)
j ¼ thermal conductivity (W/m K)
s ¼ relaxation time (s)
x ¼ phonon frequency (rad/s)

Subscripts

b ¼ beam
c ¼ contact
e ¼ electrical
i ¼ heated line index
j ¼ sensing line index
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