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Simultaneous measurement of in-plane and interfacial thermal conductivity
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The thermal properties of bilayer graphene (BLG) play a crucial role in the advancement of its promising
electronic devices. However, the measurement of thermal conductivity using current techniques faces obstacles
due to the low temperature gradient both in plane and across the interface in the sample. Here we present an
approach to simultaneously explore the in-plane and interfacial thermal conductivity of chemical vapor deposited
AB-stacked BLG by utilizing an isotope labeling assisted Raman spectroscopic technique. By applying the
modified heat diffusion model, we acquire the interfacial thermal conductivity of isotopically labeled AB-stacked
BLG of 105 +3MW/(m?K), whereas we find the in-plane thermal conductivity of each layer is reduced
compared with their monolayers. This technique demonstrates strong support for advancing the BLG thermal
engineering research as well as a potential of extending to other two-dimensional systems.
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The thermal properties of bilayer graphene (BLG) have
become an increasingly critical issue, because the stack has
demonstrated unconventional behaviors and plays a signif-
icant role in electronic devices [1-4]. Although extensive
theoretical and simulation studies have been conducted [5-8],
to date there has been little experimental evidence to explore
its thermal conductivity. Actually, there are various meth-
ods for measuring thermal conductivity of two-dimensional
(2D) materials: for example, Pettes er al. utilized a traditional
approach of two micro-resistance thermometers to measure
BLG and reported that its in-plane thermal conductivity (K)
is influenced by the presence of polymeric residues [9]; the
time-domain thermoreflectance (TDTR) method is a more
commonly used method for measuring the interfacial thermal
conductivity (G) for 2D stacks [10-12], although the presence
of the deposited metal layer may impede the out of plane (ZA)
phonons [13,14].

Over the past 10 years, Raman spectroscopy has been
widely used to study the in-plane thermal conductivity of
graphene since the first report of K of over 5000 W/(mK)
by Balandin ef al. [15], followed by a series of works from
Ruoff’s group (Cai et al. [16] and Chen et al. [17,18]). How-
ever, there are currently few works to simultaneously report
K and G for BLG [19,20]. The crucial challenge is that the
Raman spectra signals of these layers which consist of identi-
cal atoms overlap. Therefore, to fully explore the potential of
Raman spectroscopy, it is essential to develop a more effective
system from the view of material design to differentiate the
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Raman signals from the two layers as well as a corresponding
heat diffusion model to depict them.

In this work, we present an approach to simultaneously
measure the in-plane and interfacial thermal conductivity of
isotopically labeled AB-stacked BLG by utilizing an isotope
labeling assisted Raman spectroscopic technique. BLG with a
top layer composed of '>C atoms and a bottom layer of '3C
atoms is synthesized by chemical vapor deposition (CVD),
and their distinctive Raman feedback on featured peaks al-
lows the temperature of each layer heated by the laser be
determined. Based on a modified heat diffusion model, the
G is numerally calculated as 105 =3 MW/ (m?K) and K of
each layer is found significantly reduced compared with their
monolayers. We hope these findings can provide support for
the study of phonons and promote the development of thermal
management for 2D materials.

Preparation details. BLG was synthesized on commer-
cially available 25 um thick Cu foils [#46986, Alfa Aesar
(China) Chemical Co., Ltd.] by the CVD method [21]. After
growing, it was transferred onto an Au-coated SiO,/Si sub-
strate with a series of holes by the acrylate terpolymer-assisted
wet transfer approach [22]. The Au layer was deposited
by physical vapor deposition (PVD) (Discovery-635, Denton
Co., Ltd). BLG was characterized by an optical microscope
(OM) (Olympus BXFM-ILHS, Olympus Co., Ltd.), Micro-
Raman spectroscopy (LabRAM HR Evolution, Horiba Co.,
Ltd.), a scanning electron microscope (SEM) (S-3400 I,
Hitachi Co., Ltd.), and a transmission electron microscope
(TEM) (JEM-2100, Jeol Co., Ltd.). To measure the laser ab-
sorption (o) of respective layers in BLG, monolayer graphene
consisting of 99.9% '2CH, and 99% '*CH,4 was respectively
transferred onto a transparent glass substrate. A power meter
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FIG. 1. Schematic diagram of the measurement setup and characterizations of '2C / *C BLG. (a) Schematic diagram of the measurement
setup. (b) OM image of the BLG. (c) Raman spectra obtained from (b). (d) SEM image of region 3 in (b). (e) Intensity contour of the

~1525 cm™!' Raman peak scanned from (d).

was respectively placed above and below the graphene/glass
to measure Pypove; and Prejow1, and the measurements of Pypoye2
and Pyeow2 Were also recorded without graphene covering. «
was calculated as o = Pabovel_Pbelov}J)Ib_ z]nboveZ_PbeIOWZ )

Experimental setup. To eliminate phonon inhibitions
caused by the substrate, a Si0O,/Si substrate with patterned
holes was fabricated (Fig. S1 in the Supplemental Material
[23]), and a 150 nm thick Au layer was coated as the heat
sink [Fig. 1(a)]. A 532-nm laser focused on the center of
the suspended BLG was used as a heating source, and the
generated heat caused a redshift of the Raman peaks in the
spectrum [24]. For homogeneously layered 2D materials, the
Raman spectra from the two layers are overlapped, making
the acquirement of temperatures in each layer a challenge.
However, for our BLG sample, 13 atoms are introduced to the
bottom layer [21], whose greater weight leads to a pronounced
redshift of Raman peaks compared to the top layer, which
makes it possible to simultaneously analyze the in-plane and
interfacial thermal conductivity of BLG [25].

Figure 1(b) presents an OM image of BLG on the
Au-coated SiO,/Si substrate, and Raman spectroscopy was
employed as shown in Fig. 1(c). The peak shapes and inten-
sity ratios of regions 1 and 2 indicate these are monolayer
graphene (MLG) [26], but graphene in region 3 exhibits sig-
nificant Raman fingerprints of AB-stacked '>C/'*C BLG
[27]. The Raman peaks in bilayer graphene are not a simple
summation of the monolayer spectra, particularly in the case
of the 2D peak, which arises from the double resonance of iTO
phonon modes in the two layers [27]. Moreover, the introduc-
tion of isotopes results in a difference in the phonon energy,

resulting in the 2D peak actually decomposing into eight com-
ponents as shown in Fig. S2 [23]. The SEM image in Fig. 1(d)
further confirms the double layer nature, and Fig. 1(e) also
indicates its uniformly high quality both over the hole and
around it. In the following study, only AB-stacked '>C / 3C
BLGs with morphological and spectral characteristics similar
to those in region 3 were measured.

Thermal measurement. To acquire the temperature of each
layer under different laser powers as shown in Fig. 2(a), it
is necessary to perform a temperature calibration by placing
samples on a heat stage (Fig. S3) [23]. The calibration results
are shown in Fig. 2(b), and the temperature coefficients (x7)
for the '2C top layer as —0.311 & 0.02 cm™! /K and for the 13C
bottom layer as —0.288 £ 0.03cm™! /K were derived using
a first-order linear fit [28]. To fulfill the requirement of the
heat diffusion model derived later, the calibration using the
other two objective lenses was performed, and the measured
methodology of the beam waist radii for the lasers through
three lenses is shown in the Supplemental Material [23].
Figure S4 and Table S1 show the three measured beam waist
radii. After obtaining xr in Fig. 2(b) [23], the temperature
of each graphene layer (7},) under different laser powers in
Fig. 2(c) can be determined using the following equation,

Wy — Wy
Tm - Tr + —,
AT
where T; and o, are the corresponding temperature and Raman
peak position at room temperature, and T,, and w,, are the
corresponding temperature and Raman peak position under
the measured power, respectively. Figure 2(d) displays the
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FIG. 2. Raman G peak shifts of AB-stacked '>C / *C BLG. (a) The '>G and '*G peak positions for BLG excited by different laser powers.
(b) The '2G and 3G peak shifts of BLG during the calibration process. (c) The '>G and '*G peak shifts and (d) measured temperatures of BLG

under different laser powers and objective lenses.

corresponding local temperatures of each layer in the BLG
and the differences obtained by different objective lenses
can be attributed to the varying effective heating areas [19].
The analysis of the full widths at half maximum (FWHMs)
(Fig. S5 [23]) and the peak positions of the G peaks (Fig.
S6) in the Supplemental Material reveal the “additional” strain
during the measurements is approximately one order of mag-
nitude smaller than the measured value [23]; any “additional”
doping effect has also been taken into account.

Heat diffusion model. After determining the individual tem-
peratures of each layer in BLG, a modified heat diffusion
model to obtain G and K was developed. When a laser beam
is focused on the center of the suspended BLG, both layers
experience a temperature increase due to the laser absorption.
The laser absorption values () of the '>C top layer and the
13C bottom layer are 3.8% and 2.4%, respectively, which is
assumed to be independent of the temperature [29]. Neglect-
ing the heat convection and radiation to the environment, the
temperature distribution within the BLG is

1d dT12 8 q12
(=) - T -y 22 =0,

rdr (V dr ) ]’lK]z( 12 13)+ K12

1d/ dh; 8 q13
(=) - T T+ 2 =0, 2
dr (7’ i ) h/q3( 13— Ti2) + o 2

where r is the radial distance from the center of the laser
beam, T is the temperature of graphene, g is the overall inter-
facial thermal conductivity, « is the overall in-plane thermal
conductivity, 2 = 0.335 nm is the thickness of MLG, and ¢
is the volumetric heat from the laser. The subscripts of “12”
and “13” represent the variables of the '>C top layer and
the 13C bottom layer, respectively. The influence of the air
disturbance around graphene on the results is neglected, as
discussed in detail in the Supplemental Material [23]. The
detailed solution of Eq. (3) can be found in the Supplemental
Material [23], and the temperature distribution of each layer is
written as

__ 8 M — q12 dZ
Tl2(r)=/f( hp*iciy - [72K13) dz 4+ C,

T13(r) = / '[ (_ hpfklzj‘j B Pgil:l} )dZ

dz + G, 3)

where C; and C, are constants that can be solved by the
boundary conditions of Ty;|,—g = T; and Ti3|,—g = T, where
T. represents the room temperature, in which R is the ra-
dius of the hole. For the discussion on the reliability of this
boundary condition assumption, please refer to the Supple-
mental Material [23]. Variables z, p, and r follow the relation

g(K12+K13)]0'5
hiak13

of z=[ r = pr, and M denotes the temperature
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difference between the two layers. Therefore, for the mea-
sured temperature values each layer can be expressed as

Jo¥ Tizexp (—%)zdz

o exp (—%)zdz

Tiom =

fOZR T13 exp (—%)Zdz

Ti3m =
ZR zz
o SXp (— g)ZdZ

, “

where zo = pro, where ry is the radius of the laser beam, and
ZR = PR.

We define the measured differential thermal resistance as
AR, = % where Q is the total heat from the laser on

each graphene layer; R;,, = %TQ"‘ instead of Ry, = 2 was used

to avoid the measured errors. Then Ry, can be experimentally
derived using

AR, = 0Tiom dwiz  0Ti3m dw13
dwyp 90 dwiz 90
= x12p(xi2m) ™" = xuzp(rism) ™ (5)

where xop and xi3p are the power coefficients for the 2c top
layer and '*C bottom layer shown in Fig. 2(c), respectively,
and xjor and i3t are their temperature coefficients shown in
Fig. 2(b). g and « can be solved after substituting Eq. (5) into
AR, = % following Eq. (4). In particular, for the three
unknowns (k1, k2, and g), three values of ARy, are necessary,
which can be obtained by varying the objective lenses with
different ry.

It should be noted that the calculated g, «1, and «; are the
overall values based on the whole temperatures measured in
Fig. 2, but the value of g is considered to be the G value of the
interfacial thermal conductivity between graphene layers as a
constant according to the previous works [16,30]. However,
the values of K and K, are generally temperature dependent
[28,31]; their values are not directly equal to k; and k,. Their
corresponding values at different temperatures need to be
obtained based on different laser powers with the assistance
of obtained G.

Discussion of G and K. Substituting the data in Fig. 2(d)
into the equations above, G of 105 £ 3 MW /(m? K) was ob-
tained, which is in agreement with the previous simulation
results [28,32-38]. Figure 3 presents the comparison of the
G values of various 2D/2D interfaces. It is evident that the
extracted G value of the '2C / 3C BLG falls within the range
of existing values, validating the constructed model above.

It is noted that the G value of the '2C / '*C BLG is higher
than that of other 2D heterostructures (shown in yellow)
but lower than the simulated values of multilayer graphene
or graphite (shown in red), which is explained as follows.
The acoustic mismatch model (AMM) indicates that G is
proportional to the product of phonon transmission Trans.
at the interface, the overlap of the phonon density of states
PDOS,yeriap between the two materials, and the derivative %
of Bose-Einstein distribution function f with respect to the
temperature 7, near the room temperature [39].

350 7 2D heterostructure Rg,f. [38]
ol e é
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FIG. 3. Comparison of the interfacial thermal conductivity of
different 2D/2D interfaces.

Therefore, G can be represented by

d
G o Trans. X PDOSoyeriap X %, (6)
where Trans. is given by the density mismatch between the

two materials as Trans. ~ min(%, %) in which p is the mass

density, PDOSyertap X % can be derived from the curves
of phonon density of states, and PDOS is further given by
PDOSzA = 1/[4n (U/p)l/z] in 2D materials in which o is the
flexural rigidity. As shown in Table S2 [23], the normalized
G values of '>C MLG and '3C MLG are the highest because
of their identical atomic and electronic structures [40,41]. On
the other hand, it has been reported that G increases with the
number of graphene layers [28,39], which agrees well with the
lower G observed in '2C / 3C BLG compared with the multi-
layer graphene or graphite. In order to express the anisotropic
thermal property later, the G is artificially rewritten as k; of
~0.1 W/(mK) based on the relation G = k; /Nd [42], where
Nd = 0.69 nm is the total thickness of BLG [43].
Furthermore, the temperature-dependent K of each layer in
12¢ /3¢ BLG were derived based on G, as shown in Fig. 4.
For comparison, '2C and '3C MLG were also measured. It is
important to clarify that the lower K of the '*C layer compared
to the '2C layer is reasonable here, as the '*CH, precursor has
a higher isotope doping level (as described in the Preparation
details), which shortens the phonon lifetime in the resultant
13C graphene [18]. As expected, all K values decrease with
increasing temperature due to the enhanced umklapp scat-
tering of phonons [30], and this is also the reason why K
needs to be further derived based on the constant G mentioned
above. However, the >C top layer and the '*C bottom layer in
12C /B¢ BLG exhibit weaker temperature dependence and
lower K values compared to the MLGs, probably due to a
shortened phonon lifetime caused by more phonon scatter-
ing channels in BLG [44,45]. The declines in the individual
layers of '>C /3C BLG show slight variations (e.g., the de-
crease percentages of '2C and '3C layers around T ~ 350 K
are 20.7% and 31.1%, respectively), indicating the potential
for individual control of K through the coregulation by van
der Waals forces and isotopes in BLG. These findings are
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FIG. 4. The in-plane thermal conductivity of suspended CVD
graphene, including '2C MLG, *C MLG, and individual layers of
2Cc /PCBLG.

interesting and deserve further study in the future. The overall
thermal conductivity anisotropy ratio p = k/k, between the
in-plane thermal conductivity (k) and the interfacial thermal
conductivity (k) is on the order of 10*, highlighting the sig-
nificant potential of BLG in the field of thermal management.

Conclusion. We present a unique approach to simul-
taneously investigate the interfacial and in-plane thermal

conductivity of AB-stacked BLG by isotope-labeling Ra-
man spectroscopy. The results demonstrate that isotopically
labeled AB-stacked BLG has remarkably high interfacial
thermal conductivity, which is attributed to the excellent crys-
tal lattice match between the two layers. Interestingly, the
in-plane thermal conductivity of each layer in isotopically
labeled AB-stacked BLG is significantly reduced compared
to its monolayers, and the extent of reduction varies with each
layer, indicating the potential for individual control of in-plane
thermal conductivity. The thermal conductivity anisotropy ra-
tio of isotopically labeled AB-stacked BLG is found to be on
the order of 10*, highlighting its prospect for thermal man-
agement applications. We expect this thermal measurement
method as well as the corresponding heat diffusion model can
be extended to more 2D systems and help in understanding
the phonon mechanisms of 2D materials.
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