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Highly anisotropic thermal conductive materials are of significance in thermal management applications. However,
accurate determination of ultrathin composite thermal properties is a daunting task due to the tiny thermal conductance,
severely hindering the further exploration of novel efficient thermal management materials, especially for size-confined
environments. In this work, by utilizing a hybrid measuring method, we demonstrate an accurate determination of thermal
properties for montmorillonite/reduced graphene oxide (MMT/rGO) composite film with a thickness range from 0.2 µm to
2 µm. The in-plane thermal conductivity measurement is realized by one-dimensional (1D) steady-state heat conduction
approach while the cross-plane one is achieved via a modified 3ω method. As-measured thermal conductivity results are
cross-checked with different methods and known materials, revealing the high measurement accuracy. A high anisotropic
ratio of 60.5, independent of composite thickness, is observed in our measurements, further ensuring the negligible mea-
surement error. Notably, our work develops an effective approach to the determination of ultrathin composite thermal
conductivity, which may promote the development of ultrathin composites for potential thermal-related applications.

Keywords: ultrathin, composite film, thermal conductivity, anisotropic ratio
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1. Introduction
With the further miniaturization of transistors, more and

more devices are integrated into a single integrated circuit
chip. Owing to the consequent large power density, local over-
heating becomes a great challenge if the heat dissipation capa-
bility is poor. High temperature will severely degrade the sys-
tem performance because of thermal fluctuation effects, and
also cause a great many of irreversible damages to the inner
devices and sensing units, thus accelerating their aging pro-
cesses. Thus, efficient thermal management is of great im-
portance in the field of chip manufacturing and packaging.[1,2]

Films with highly anisotropic thermal conductivity whose in-
plane thermal conductivity (λx) is substantially higher than
the cross-plane one (λz),[3,4] capable of in-plane rapid Joule
heat diffusion and out-of-plane thermal heat blocking, have at-
tracted extensive research interest in the past few decades.[5,6]

It is a promising way to realize high-performance on-chip sys-
tems with a long-duration stability by directionally acceler-
ating heat transfer that depositing such films on chip surface
within a limited space, which have the capacity to conduct heat
from local overheating spots, ensuring that the other internal
structures are not susceptive to adjacent thermal fields. Hence,

the exploration of ultrathin (< 10 µm) thermal management
films is of great value for the applications in some specific
size-confined environments. However, the accurate determi-
nation of thermal conductivity for ultrathin composite film is
still a pending issue due to its ultrathin nature and small ther-
mal conductance; hence, now there are no reports on ultrathin
(micron-sized) composite films for efficient thermal manage-
ment.

Usually, in-plane and cross-plane thermal conductivity
λx and λz of thick composite film are determined by us-
ing laser flash techniques by heating the films in the cen-
ter with a laser pulse and measuring its in-/cross-plane ther-
mal response (surface temperatures) at the edge/rear with an
infrared detector.[7–10] However, this method is in question
for the thermal property measurement of ultrathin composite
films.[11] For cross-plane measurements, on the one hand, ul-
trathin film reaches a thermal equilibrium state in the cross-
plane direction within a very short time, and visible temper-
ature difference could be hardly obtained. Hence, fitted and
extracted thermal diffusivity is unreliable. On the other hand,
the laser penetration depth is comparable or larger in ultra-
thin films, making the adopted 1D cross-plane heat diffusion
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model invalid. As for in-plane measurements, the direct con-
tact of sample holder’s cap mask to film surface dramatically
affects the in-plane thermal transport process from the laser-
heated spot to the detector-sensed one for ultrathin composite
with small thermal conductance, raising the measurement er-
ror. Some other typical measurement methods, including Ra-
man method,[12,13] 3ω method,[14,15] and suspension bridge
method,[16,17] are also proposed to detect thin film in-plane
thermal conductivity. Nevertheless, the small laser penetra-
tion depth, unmatched heat penetration depth or large thermal
contact resistance drastically rigidify the boundary conditions,
limiting their practical applications in our micron-sized ultra-
thin composite film measurements.

To accurately determinate the highly anisotropic thermal
conductivity of ultrathin composite film with a thickness less
than 10 µm, we develop a hybrid method combining the 1D
steady-state heat conduction approach and the 3ω method in
this work. We carry out measurements based on a montmo-
rillonite/reduced graphene oxide (MMT/rGO) composite sys-
tem, and the measurement accuracy is verified by control ex-
periments. A more reliable λx result of ∼ 3.99 W·m−1·K−1 is
obtained through the modified 1D steady-state means by effec-
tively eliminating the influence from background heat dissipa-
tion and contact thermal resistance. On the other hand, a re-
duced λz value of ∼ 0.066 W·m−1·K−1 and a high anisotropic
ratio of ∼ 60.5 are discovered for composite films by using
the 3ω method through avoiding the laser penetration effects.
As-measured composite thermal conductivity is independent
of film thickness from 0.2 µm to 2 µm, further attesting the
feasibility of our measurement method.

2. Results and discussion

2.1. Material characterization

The multi-layered composite film to be tested is synthe-
sized through layer-by-layer filtration with a mixture of MMT
and rGO layers (in Fig. 1(a)). Total thickness of ultrathin hy-
brid film, ranging from ∼ 0.2 µm to 2 µm, is related to the
deposition cycle (n, 1–10). A typical cross-sectional scan-
ning electron microscopy (SEM) image of the film (Fig. 1(b))
shows that the MMT/rGO layers are stacked along the cross-
plane direction, corresponding with our measurement require-
ments for highly-anisotropic thermal conductive material. The
x-ray diffraction (XRD) patterns show the crystallographic
structure of the as-prepared composite as shown in Fig. 1(c),
where five distinct peaks exist in the spectra. An evident
diffraction peak centered at 6.7◦ possesses a high intensity,
corresponding to (001) plane for MMT in the composite. Two
small high-order peaks detected at 13.4◦ and 19.7◦, corre-
sponding to (002) and (020) planes of MMT, further attest its
short-range order nature. The d-spacing value for MMT(001)
plane is ∼ 13.18 Å in the stack composite, similar to the value
reported previously.[18] Two characteristic peaks at 26.6◦ and
44.7◦ (Fig. 1(c)) are from (002) plane and 2D (10) plane
of rGO layer. The calculated d-spacing value of ∼ 3.35 Å
for 26.6◦ peak matches ideally with that of graphite (002)
plane.[19,20] We see no other impurity phases from our XRD
patterns, indicating that the composite only consists of MMT
and rGO.
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Fig. 1. (a) Schematic illustration for film composition and measured film thickness. (b) Cross-sectional SEM image of (MMT/rGO)15 composite film,
and (c) XRD pattern of the film.

2.2. In-plane thermal conductivity measurement

We adopt an improved 1D steady-state heat conduction
method, i.e. using a four-probe configuration under a high-
vacuum condition to measure λx at room temperature, which
is a more essential and reliable method.[21,22] The steady-state
measurement system (Fig. 2(a)) is carried out in a probe sta-
tion’s vacuum chamber. A heat flow is generated by a sus-
pended resistive heater at the hot junction, passes through
a narrow and long strip composite sample (cut from the
MMT/rGO composite film) and is absorbed by a copper block
at the clod junction. Two thermocouples are connected with

a hot end and a cold end respectively to measure the corre-
sponding hot-/cold-junction temperature Th and Tc. Our sam-
ple strips are suspended and glued with silver paste between
the two junctions. Strip length (l) and width (w) are ∼ 2 mm
and ∼ 1 mm, respectively, and its thickness (h) is variable
in our experiments. To minimize the influence of inevitable
background heat losses, including the radiation and the heat
flow from supporting structures, thermal conductance of ten
composite strips is measured together to enhance thermal con-
ductance signal. At the same time, hot junction is completely
supported by the pull of thin insulated constantan wires.
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Fig. 2. (a) A schematic illustration for modified four-probe setup. (b) Temperature differences between two junctions as a function of heating
power for samples with various values of deposition cycle n, with inset showing actual measurement setup. (c) Measured total thermal resistance
as a function of sample strip length. (d) Measured IR signal intensity versus time for (MMT/rGO)5 composite by laser flash technique.

Figure 2(b) shows the in-plane thermal conductance mea-
surement results for composite strips with different values of
n. The background heat dissipation is also exhibited. Note
that the background signal is obtained when no sample is sus-
pended on the two junctions, and it is completely determined
by heat leakages through the thermocouples and conduction
wires together with radiation heat loss. It is found that the
temperature difference between two junctions (∆T = Th −Tc)
shows an approximately linear dependence on the heating
power, and there appear obvious ∆T differences between var-
ious samples. The film thermal conductance (G) can be de-
termined by the difference between the reciprocals of fitted
slopes for the tested structure and the background. Accord-
ing to the relationship λx = Gl/wh, the values of the in-plane
thermal conductivity λx are obtained to be 4.04, 4.00, 4.07,
and 3.84 W·m−1·K−1 for strip samples with a deposition cy-
cle of 3, 6, 8, and 10, respectively. Hence, it shows that λx

remains constant when the sample thickness changes, indicat-
ing the accuracy and reliability of the measurement. To esti-
mate the thermal contact resistances at hot junction and cold
junction and to guarantee our thermal measurement accuracy,
the thermal resistances of samples are repeatedly measured for
strips with the same thickness (∼ 2 µm) and different lengths.
As illustrated in Fig. 2(c), there exists an approximately lin-
ear relationship between the measured total thermal resistance
and the strip length for multiple measurements, and the lin-
ear fitting result passes through the origin within an allowed
error range. Thus, it indicates that the total thermal contact re-
sistance is negligible and has little influence on the measured

values of λx.
As stated above, the conventional laser flash technique is

not suitable for measuring the thermal conductances of ultra-
thin films. To the best of our knowledge, the film thickness of
the thinnest composite that was measured by using this tech-
nique is on the order of 10 µm to 100 µm.[23–27] For compar-
ison, we also try to estimate in-plane thermal conductivity of
ultrathin (∼ 1 µm) (MMT/rGO)5 film by using the laser flash
technique. Not surprisingly, either the signal is too small to be
detected, or laser irradiation creates local heating and makes
visual damage to the thin samples. One of such measurement
results is shown in Fig. 2(d). The in-plane thermal diffusion
coefficient and thermal conductivity of the extracted compos-
ite are 177.0± 14.7 mm2·s−1 and ∼ 442.5 W·m−1·K−1, re-
spectively, even greatly exceeding the reported values of pure
rGO materials,[4] indicating the large potential measurement
errors for in-plane thermal measurements of thin composites.
This may be due to the inevitable large thermal leakage in-
duced by laser flash measurement setup, where the cap mask
of sample holder closely contacts the film surface as shown in
the inset.

It is noted that although the sample will keep a better
balance assisted by supporting the hot junction with a nylon
wire (see the inset of Fig. 3(a)), the background thermal con-
ductance reaches up to 3.72 mW·K−1 for the heat dissipation
in such a steady-state measurement setup (see Fig. 3(a)). On
this occasion, the ultrathin composite-caused small tempera-
ture change cannot be distinguished from the background sig-
nals. This phenomenon can be explained by simple heat trans-
fer analyses. It is well established from 1D Fourier heat trans-
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fer equation that heat flow Q̇ is related to thermal conductive
material cross-sectional area A and temperature gradient. For
the nylon wire-supported measurement setup, the total heat
flow is determined by the heat flow through sample Q̇S, the
heat flow through nylon wires Q̇N and the heat flow related to
background leakage factors Q̇B (including conduction wires-
relevant or thermocouples-correlated conduction heat flows
and also the radiation heat flow), following the relationship

Q̇ =
κSAS

LS
(Th −TcS)+ Q̇B +

κNAN

LN
(Th −TcN).

The boundary condition can be described as TcS = TcN = Tc =

T0, where T0 is the room temperature. Meanwhile, Q̇B is iden-
tical for both the two setups. Thus, heat flow can be expressed
as

Q̇ =

(
κSAS

LS
+

κNAN

LN

)
∆T + Q̇B,

Q̇ =
κSAS

LS
∆T + Q̇B

for measurement setups respectively with nylon wire sup-
ported and with hot junctions suspended. Owing to the ultra-
thin sample nature, the nylon wire-induced heat flow portion is
far larger than the sample-induced one, and thus scarcely any
valid sample heat flow can be extracted from the obtained data
when the hot junction is supported.
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Fig. 3. Accuracy analyses for modified in-plane thermal conductivity mea-
surement approach, showing (a) as-measured temperature variation results
for the (MMT/rGO)10 composite from conventional steady-state measure-
ment and (b) temperature differences between two junctions as a function of
the heating power for different numbers of platinum wires. The solid line
represents linear fitting results. The insets schematically illustrate the mea-
surement setups with nylon wire-supported and suspended hot junctions,
respectively.

Therefore, we, for the sake of measurement accuracy, de-
termine to suspend the hot junction and the resulting back-
ground heat dissipation is reduced by an order of magnitude.
To verify the measurement reliability, we use the modified
method to measure the values of λx for different numbers of
commercial platinum wires with diameters ∼ 20 µm, whose
thermal conductance is comparable to that of our tested ultra-
thin composite film. The measurement results are shown in
Fig. 3(b), and the background heat dissipation is also exhib-
ited here. The calculated λx is 67.6± 6.7 W·m−1·K−1, cor-
responding with its standard value of λx (72 W·m−1·K−1). It
is worth mentioning that there is a ∼ 2% size distribution er-
ror (2% in length and 2‰ in cross-sectional area) between the
purchased platinum wires, resulting in large measurement er-
rors. On the other hand, the material property deviation from
standard counterparts is also a main cause for λx different from
standard result. This result further demonstrates the feasibil-
ity of this modified 1D steady-state heat conduction method to
accurately determine the thermal conductivity of the materials
with small thermal conductances.

2.3. Cross-plane thermal conductivity measurement

A modified 3ω method[28,29] is utilized to measure the
cross-plane thermal conductivity (see Fig. 4(a)). The 10-mm-
diameter composites are attached to a silicon substrate and a
four-probe gold wire is patterned by using shadow mask and
thermally evaporated on the composite film surface to form a
3ω testing structure. The main conducting path has a physi-
cal dimension of 1400 µm/30 µm as determined by gold wire
length/width (see Fig. 4(b)). The SR830 lock-in amplifier pro-
vides an AC heating current for the gold wire and measures
high-order harmonic voltage signals of the same wire to reflect
thermal properties of composite film underneath it. A steady
AC current Iω with frequency ω is generated in the lock-in
amplifier via the internal oscillator and V -to-I convertor, pass-
ing through two probes of the gold wire. The conducting gold
wire is heated, and an oscillating heat flow enters into compos-
ite film. Depending on how fast heat enters into the film, an
oscillating temperature ∆T 2ω together with an oscillating elec-
trical resistance can be measured on the wire via the other two
voltage probes at an oscillation frequency of 2ω . The voltage
oscillation V3ω is eventually realized by combining the heat-
induced resistance R2ω with the current signal Iω , and it is then
detected with the lock-in amplifier on the same voltage probes
to further extract the composite and substrate thermal proper-
ties. To ensure the measurement accuracy, a precise resistance
box is connected in series into the circuit, and the intrinsic
high-order harmonic noise is offset through a differential cir-
cuit. The supplied power remains constant for per unit wire
length.
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Figures 4(c) and 4(d) show the gold wire’s temperature
oscillations against input current’s frequency for samples with
diverse deposition cycles. Experimental data are plotted in
dots in different colors. Thermal characteristics of our sam-
ples can be extracted from the linear-region results based on
an established approximate model,[30,31] where the slope re-
flects the substrate thermal properties while the temperature
oscillation difference is related to composite λz. It is observed
that the ∆T 2ω -logarithmic input frequency dependency devi-
ates from the linear relationship in the high-frequency region,
and this is a result of the gradually reduced thermal pene-
tration depth approaching the film thickness. On the other
hand, a similar phenomenon takes place in the low-frequency
region due to the limited silicon substrate thickness. Fur-
thermore, the linear-region slopes are all constant for tested
composites with diverse values of n, meaning the fixed sub-
strate thermal properties and further attesting our measure-
ment accuracy. The calculated values of λz are 0.060, 0.066,
0.072, 0.069, 0.073, 0.058 W·m−1·K−1 for composite films
with deposition cycles of 1, 2, 3, 4, 6, and 8, respectively,
while the silicon substrate possesses a typical conductivity
value of 129.3 W·m−1·K−1. For comparison, we also mea-
sure the value of λz for pure rGO thin film and MMT thin film
(thickness < 1 µm) by using the same method. The obtained
room-temperature λz value is 0.117± 0.016 W·m−1·K−1 for
rGO and 0.160±0.022 W·m−1·K−1 for MMT, consistent with
the results reported previously.[4,32] Thus the measurement re-
sult accuracy and reliability are verified. Besides, we mea-
sure the values of λz of commercial SiO2/Si wafers with di-
verse SiO2 thickness values of 300 nm and 500 nm, and
the derived values of λz are 130.43± 6.52 W·m−1·K−1 and
1.47±0.12 W·m−1·K−1 for silicon substrate and oxide layer,

respectively. These results also coincide well with the reported
values.[31]

2.4. Thermal conductivity feature analysis

Thickness-related composite in-/cross-plane thermal con-
ductivities are plotted in Fig. 5, where λx and λz values are de-
noted by using solid squares and solid circles, respectively.
λx and λz are kept constant (3.99 ± 0.20 W·m−1·K−1 and
0.066± 0.004 W·m−1·K−1) for composite films with various
thickness values (i.e., various values of deposition cycle n),
meaning that the measured λx and λz values have very high
accuracy. We also obtain the value of λx, 442.5 W·m−1·K−1,
by using the laser flash method in Fig. 2(a). Apparently,
significant difference can be seen between the two methods,
showing that for determining the ultrathin composite film λx,
the 1D steady-state heat conduction method is more accurate
and effective than the laser flash method. These results also
show that the composite films have a highly-anisotropic ther-
mal conductivity, with an anisotropic ratio λx/λz being up
to ∼ 60.5 and independent of n. The obtained anisotropic
ratio also has a high accuracy because the cross-plane ther-
mal conductivity and the in-plane thermal conductivity mea-
suring methods are both reliable. In view of the lack of re-
ports on the thermal properties of ultrathin (< 10 µm) com-
posite films due to the difficulties in accurately evaluating their
temperature variations, we compare our measurement results
with those reported previously on thick composite counter-
parts with a thickness ranging from 10 µm to 10 mm. It is dis-
covered that the measured value of λx (∼ 3.99 W·m−1·K−1)
is a common result for graphene/rGO-contained composite
film,[26,33,34] and the high anisotropic ratio (∼ 60.5) is also
similar to that of MXene/MMT film,[24] demonstrating that
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this proposed hybrid measuring method, instead of conven-
tional laser flash technique, is greatly effective to accurately
determine the anisotropic thermal counductivities of ultrathin
composite films.
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Fig. 5. Plots of thermal conductivity versus film thickness for (MMT/rGO)n
composite.

3. Conclusions

In summary, we developed a hybrid method of deter-
mining ultrathin composite thermal conductivity , where a
modified 1D steady-state heat conduction approach and a 3ω

method are adopted to accurately assess its λx value and λz

value, respectively. The obtained value of λx and λz are
∼ 3.99 W·m−1·K−1 and ∼ 0.066 W·m−1·K−1, respectively,
meaning the high anisotropic ratio of 60.5 for the tested ul-
trathin composite films. The thermal conductivity result is
thickness-independent and close to that of reported thick com-
posite counterpart, suggesting that the proposed method pos-
sesses a higher measurement accuracy than conventional tech-
niques. This work presents a powerful guidance to measure
the thermal properties of ultrathin composites, paving the way
for developing the high-performance material towards effi-
cient thermal management.

Acknowledgements

Project supported by the National Basic Research Pro-
gram of China (Grant No. 2016YFA0200800), the Strate-
gic Priority Research Program of Chinese Academy of
Sciences (Grant Nos. XDB30000000 and XDB07030100),
the Sinopec Innovation Scheme (A-527), the National
Key Research and Development Program of China (Grant
No. 2021YFA0715700), and the National Science Fund for
Distinguished Young Scholars, China (Grant No. 52125302).

References
[1] Ball P 2012 Nature 492 174
[2] Chu S and Majumdar A 2012 Nature 488 294
[3] Prasher R 2006 Proc. IEEE 94 1571
[4] Renteria J D, Ramirez S, Malekpour H, Alonso B, Centeno A, Zuru-

tuza A, Cocemasov A I, Nika D L and Balandin A A 2015 Adv. Funct.
Mater. 25 4664

[5] Yang W, Zhao Z, Wu K, Huang R, Liu T, Jiang H, Chen F and Fu Q
2017 J. Mater. Chem. C 5 3748

[6] Ma M, Xu L, Qiao L, Chen S, Shi Y, He H and Wang X 2020 Chem.
Eng. J. 392 123714

[7] Pan T W, Kuo W S and Tai N H 2017 Compos. Sci. Technol. 151 44
[8] Hu D, Gong W, Di J, Li D, Li R, Lu W, Gu B, Sun B and Li Q 2017

Carbon 118 659
[9] Zhao D, Qian X, Gu X, Jajja S A and Yang R 2016 J. Electron. Packag.

138 040802
[10] Yan H, Yan J and Zhao G 2019 Chin. Phys. B 28 114401
[11] Chen Q, Yan X, Wu L, Xiao Y, Wang S, Cheng G, Zheng R and Hao Q

2021 ACS Appl. Mater. Interfaces 13 5435
[12] Li Q, Ma W and Zhang X 2016 Int. J. Heat Mass Transfer 95 956
[13] Liu J, Wang H, Hu Y, Ma W and Zhang X 2015 Rev. Sci. Instrum. 86

014901
[14] Lee B, Lee J S, Kim S U, Kim K, Kwon O, Lee S, Kim J H and Lim D

S 2009 J. Vac. Sci. Technol. B 27 2408
[15] Zhang Y F, Wang L, Heiderhoff R, Geinzer A, Wei B, Ji Y, Han X D,

Balk L and Zhang Z 2012 Chin. Phys. B 21 016501
[16] Xu X, Pereira L F, Wang Y, Wu J, Zhang K, Zhao X, Bae S, Tinh Bui

C, Xie R and Thong J T 2014 Nat. Commun. 5 3689
[17] Smith B, Vermeersch B, Carrete J, Ou E, Kim J, Mingo N, Akinwande

D and Shi L 2017 Adv. Mater. 29 1603756
[18] Takahashi C, Shirai T and Fuji M 2013 Mater. Chem. Phys. 141 657
[19] Stobinski L, Lesiak B, Malolepszy A, Mazurkiewicz M, Mierzwa B,

Zemek J, Jiricek P and Bieloshapka I 2014 J. Electron Spectrosc. Re-
lat. Phenom. 195 145

[20] Yu X, Zhang B, Zhao S, Kao Z, Yang S and Liu X 2018 ECS J. Solid
State Sci. Technol. 7 M153

[21] Hsieh C T, Lee C E, Chen Y F, Chang J K and Teng H S 2015
Nanoscale 7 18663

[22] Xu Y, Kraemer D, Song B, Jiang Z, Zhou J, Loomis J, Wang J, Li M,
Ghasemi H, Huang X, Li X and Chen G 2019 Nat. Commun. 10 1771

[23] Zhuang Y, Zheng K, Cao X, Fan Q, Ye G, Lu J, Zhang J and Ma Y
2020 ACS Nano 14 11733

[24] Li L, Cao Y, Liu X, Wang J, Yang Y and Wang W 2020 ACS Appl.
Mater. Interfaces 12 27350

[25] Song N, Jiao D, Cui S, Hou X, Ding P and Shi L 2017 ACS Appl. Mater.
Interfaces 9 2924

[26] Song N, Jiao D, Ding P, Cui S, Tang S and Shi L 2016 J. Mater. Chem.
C 4 305

[27] Tian X, Itkis M E, Bekyarova E B and Haddon R C 2013 Sci. Rep. 3
1710

[28] Qiu L, Zheng X, Yue P, Zhu J, Tang D, Dong Y and Peng Y 2015 Int.
J. Therm. Sci. 89 185

[29] Zheng X, Yue P, Li S, Wang L, Yang X and Chen H 2018 Rev. Sci.
Instrum. 89 084904

[30] Yamane T, Nagai N, Katayama S I and Todoki M 2002 J. Appl. Phys.
91 9772

[31] Lee S M and Cahill D G 1997 J. Appl. Phys. 81 2590
[32] Tiwari A, Boussois K, Ali B N, Smith D S and Blanchart P 2013 AIP

Adv. 3 112129
[33] Gong J, Liu Z, Yu J, Dai D, Dai W, Du S, Li C, Jiang N, Zhan Z and

Lin C T 2016 Composites Part A 87 290
[34] Ding P, Zhang J, Song N, Tang S, Liu Y and Shi L 2015 Compos. Sci.

Technol. 109 25

108102-6

http://dx.doi.org/10.1038/492174a
http://dx.doi.org/10.1038/nature11475
http://dx.doi.org/10.1109/JPROC.2006.879796
http://dx.doi.org/10.1002/adfm.201501429
http://dx.doi.org/10.1002/adfm.201501429
http://dx.doi.org/10.1039/C7TC00400A
http://dx.doi.org/10.1016/j.cej.2019.123714
http://dx.doi.org/10.1016/j.cej.2019.123714
http://dx.doi.org/10.1016/j.compscitech.2017.07.015
http://dx.doi.org/10.1016/j.carbon.2017.04.005
http://dx.doi.org/10.1016/j.carbon.2017.04.005
http://dx.doi.org/10.1115/1.4034605
http://dx.doi.org/10.1115/1.4034605
http://dx.doi.org/10.1088/1674-1056/ab48dc
http://dx.doi.org/10.1021/acsami.0c20551
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.12.065
http://dx.doi.org/10.1063/1.4904868
http://dx.doi.org/10.1063/1.4904868
http://dx.doi.org/10.1116/1.3259911
http://dx.doi.org/10.1088/1674-1056/21/1/016501
http://dx.doi.org/10.1038/ncomms4689
http://dx.doi.org/10.1002/adma.201603756
http://dx.doi.org/10.1016/j.matchemphys.2013.05.051
http://dx.doi.org/10.1016/j.elspec.2014.07.003
http://dx.doi.org/10.1016/j.elspec.2014.07.003
http://dx.doi.org/10.1149/2.0091810jss
http://dx.doi.org/10.1149/2.0091810jss
http://dx.doi.org/10.1039/C5NR04993H
http://dx.doi.org/10.1039/C5NR04993H
http://dx.doi.org/10.1038/s41467-019-09697-7
http://dx.doi.org/10.1021/acsnano.0c04456
http://dx.doi.org/10.1021/acsami.0c05692
http://dx.doi.org/10.1021/acsami.0c05692
http://dx.doi.org/10.1021/acsami.6b11979
http://dx.doi.org/10.1021/acsami.6b11979
http://dx.doi.org/10.1039/C5TC02194D
http://dx.doi.org/10.1039/C5TC02194D
http://dx.doi.org/10.1038/srep01710
http://dx.doi.org/10.1038/srep01710
http://dx.doi.org/10.1016/j.ijthermalsci.2014.11.005
http://dx.doi.org/10.1016/j.ijthermalsci.2014.11.005
http://dx.doi.org/10.1063/1.5035107
http://dx.doi.org/10.1063/1.5035107
http://dx.doi.org/10.1063/1.1481958
http://dx.doi.org/10.1063/1.1481958
http://dx.doi.org/10.1063/1.363923
http://dx.doi.org/10.1063/1.4836555
http://dx.doi.org/10.1063/1.4836555
http://dx.doi.org/10.1016/j.compositesa.2016.05.010
http://dx.doi.org/10.1016/j.compscitech.2015.01.015
http://dx.doi.org/10.1016/j.compscitech.2015.01.015

	1. Introduction
	2. Results and discussion
	2.1. Material characterization
	2.2. In-plane thermal conductivity measurement
	2.3. Cross-plane thermal conductivity measurement
	2.4. Thermal conductivity feature analysis

	3. Conclusions
	References

