ORIGINAL PAPER

physica
status
solidi
[+))

Www.pss-a.com

Thermal Boundary Conductance and Phonon Transmission
in Hexagonal Boron Nitride/Graphene Heterostructures

David B. Brown, Thomas L. Bougher, Xiang Zhang, Pulickel M. Ajayan,

Baratunde A. Cola, and Satish Kumar*

Two-dimensional (2D) materials such as graphene and hexagonal boron nitride
(h-BN) have attracted interest as a conductor/insulator pair in next-generation
devices because of their unique physical properties; however, the thermal
transport at the interfaces must be understood to accurately predict the perfor-
mance of heterostructures composed of these materials. Time-domain thermor-
eflectance (TDTR) is used to estimate the thermal boundary conductance (TBC)
at the interface of h-BN and graphene to be 34.5 (+11.6/—7.4) MWm 2K .
The advantage of TDTR is that it does not need to create a large temperature
gradient at the interface of heterostructures, but it has not yet been used for
h-BN/graphene interface. Phonon transmission and TBC at the h-BN /graphene
interface are predicted by two different formulations of the diffuse mismatch
model (DMM) for anisotropic materials. The analysis of phonon transmission
and temperature dependence of TBC establishes the flexural branch in the
ab-plane, and the c-plane longitudinal acoustic branch of graphene and h-BN are

mobility of FETs” channels?”#'% compared
with SiO,. In addition, graphene/h-BN
and  graphene/TMD  heterostructures
showed improved ON-OFF ratio in FET
operation due to quantum tunneling*'?
The thermoelectric properties of graphene/
h-BN heterostructures have also been inves-
tigated."”"® In-plane graphene/h-BN heter-
ostructures possessing unique qualities
which differ from the isolated parent
materials are also a subject of active
research.'>%*!

Different stacking arrangements in
graphene/h-BN vertical heterostructures are
possible, resulting in different electronic
and phononic properties.”*" Heat dissi-
pation from atomically thin 2D layers is

the dominant contributors when implementing both the DMM models. The
methodology developed herein can be used to analyze heterostructures of other

2D materials.

1. Introduction

The isolation of stable, 2D crystals!”! began a revolution in
condensed matter physics and materials science. Graphene, a
2D material made up of a single layer up to a few layers of
sp>bonded carbon atoms, has attracted considerable interest
because of its high intrinsic carrier mobility, mechanical strength,
thermal conductivity, and optical transparency.>® Graphene can
be stacked with other 2D materials such as insulating hexagonal
boron nitride (h-BN) or transition metal dichalcogenides (TMDs)
like molybdenum disulfide (MoS,) or tungsten disulfide (WS,) to
build layered, van der Waals heterostructures.”*! These hybrid
heterostructures introduce compositional and structural diversi-
ties to further enrich the properties and applications of 2D mate-
rials."*"'% For example, h-BN can be used as a promising substrate
for graphene-based field-effect transistors (FETs) and improve the

limited by interfacial transport®*” and
makes them an ideal material system for
the study of interfacial thermal transport.
A fundamental understanding of phonon
transport and estimation of the thermal
boundary conductance (TBC), also known
as Kapitza conductance,?? at the interfaces in 2D material het-
erostructures is critical to the design process to improving heat
dissipation from these devices. Nevertheless, thermal transport
across the interfaces in van der Waals heterostructures is still not
well understood but is required to keep the device temperature
below threshold and enable energy-efficient operation. Also,
interface quality can vary from sample to sample and across
samples based on preparation method, making it difficult to
obtain an intrinsic measurement. Ultimately, proper control
and characterization of the thermal interfaces in layered hetero-
structures are crucial for practical device applications.

The TBC at graphene/h-BN interfaces has been reported
recently.?** 28 Using first-principles atomistic ~Green’s
function (AGF) simulations, Mao et al.**! reported a room
temperature (RT) TBC of 187MWm *K ' for a multilayer
graphene/multilayer h-BN structure. Zhang et al.*® estimated
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the TBC at graphene nanoribbon/h-BN bilayer structure to be
5MW m™*K ' at RT using classical molecular dynamics (MD)
simulations. Yan et al.®! used first-principles simulations to
study the effect of stacking arrangement on TBC for monolayer
graphene sandwiched between layers of h-BN. The RT TBC
values reported in this study ranged from 30 to 50 MW m 2 K™,
The first experimental measurement was performed by
Chen et al.’® using Raman spectroscopy. The reported value
of 7.4 MW m™> K™! was less than most of the theoretical calcu-
lations, which the authors attributed to trapped impurities result-
ing from the transfer process. Recently, Liu et al.’”) measured
TBC at graphene/h-BN to be 52.2 MW m > K ' using the same
Raman technique, whereas Kim et al.*® predicted TBC of
5-10 MW m™2 K" in electrically biased graphene FET on h-BN
substrate.

Variation in TBC values calculated using different atomistic
simulation techniques such as AGF and MD may be expected
due to different assumptions and limitations. However, there
is discrepancy in results even when the same measurement
technique, Raman spectroscopy, is used. Also, the Raman tech-
nique requires a patterning step to form leads to electrically heat-
ing the graphene to create a temperature difference. In this work,
time-domain thermoreflectance (TDTR), which requires only the
deposition of a thin metal film, is used “for the first time” to
estimate the TBC at the interfaces of graphene and h-BN.
Our measured value of 34.5MWm 2K ' lies in between the
previously reported experimental values and also in the range
of TBC predicted by first-principles density functional theory
and AGF-based calculations.*!] We also present phonon trans-
mission and TBC predicted by two formulations of the diffuse
mismatch model (DMM) for anisotropic materials like graphene
and h-BN.

2. Experimental Section

Single-layer graphene (SLG), with some bilayer islands, and
few-layer h-BN grown on Cu foil using separate chemical vapor
deposition (CVD) processes!*” were transferred to the surface of
300 nm thermally grown SiO, (measured using a Nanometrics
Nanospec 3000 reflectometer) using a poly(methyl methacrylate)
(PMMA) polymer support. Prior to transfer to SiO,, the under-
lying Cu foil was etched in FeCls, and, following transfer, the
PMMA was dissolved in acetone and isopropyl alcohol. A sche-
matic of the transfer process is shown in the Supporting
Information. Finally, the samples were annealed at 300°C in
vacuum (5-10 mTorr) to remove residual PMMA“% and improve
conformity to the substrate.*"! Raman spectroscopy data were
acquired using a Renishaw InVia Raman microscope with
180° backscattering geometry and 488 nm Ar* laser, focused
using a 50x objective lens (NA=0.5). X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific
K-Alpha™ spectrometer with an Al Ka monochromatic X-ray
source (1486.6eV). In preparation for thermal measurements,
the samples were simultaneously coated with Au (3 nm Ti adhe-
sion layer) using electron-beam evaporation to serve as thermal
transducers. Schmidt et al.*? showed that inclusion of 5 nm Ti
adhesion layer nearly doubled the TBC at the Al-graphite inter-
face. Therefore, the interfaces considered here were Ti/G/SiO,
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or Ti/h-BN/SiO, despite a Au layer as the thermal transducer.
The sample geometries used in this study are shown in
Figure la—c. The actual film thickness of 77nm (Figure 1)
was measured on a codeposited glass slide using a Veeco
Dimension 3100 Atomic Force Microscope in tapping mode.

TDTR has become a widely used technique to measure the
thermal conductivity of thin films and substrates as well as
TBC.**" Briefly, TDTR is a pump-probe optical technique,
which uses a modulated laser beam (pump) to heat the surface
of a sample and an unmodulated beam (probe) to measure the
change in optical reflectivity of the surface. Modulation of the
pump beam allows the signal to be measured using lock-in
amplification. The experimental data were fit to a thermal
model*® to extract the thermal properties of interest. In the two-
color TDTR setup used in this study, described previously,!**>"!
the output of a Spectra Physics Ti:Sapphire (4=800nm,
40 n] pulse™) laser with ~150fs pulse width and a repetition
rate of ~80 MHz was split into two beam paths (pump and
probe) where the pump beam was modulated at a frequency
of 8.8 MHz, then frequency doubled using a BiBO crystal
The pump and probe struck the surface concentrically at a
normal angle of incidence and were focused to 1/e* radii of
~5 and ~3pm, respectively, using pump and probe powers
of 10 and 4 mW, respectively. The arrival time of the probe
was delayed up to 5ns relative to the pump by adjusting its
optical length using a double-pass mechanical delay stage to map
the decay of the thermoreflectance signal. Monte Carlo (MC)
simulations were used to determine uncertainties associated
with TBC estimation.

Crude models, such as the acoustic mismatch model
(AMM),[SI’”] DMM,P*38 and similar variations like the
maximum transmission limit (MTL)P%% and radiation limit
(RL),1*"** are popular for calculation of TBC. The main differ-
ence between these crude models is the calculation of the

a b c

(a) 77 nm Au (b) 77 nm Au © 77 nm Au

Graphene h-BN Graphene h-BN
300 nm SiO, 300 nm SiO, 300 nm SiO,

e

Figure 1. The samples used in this study are CVD-grown a) graphene,
b) h-BN, and c) h-BN/G. Samples were coated with a Au thermal trans-
ducer (3 nm Ti adhesion layer) for TDTR measurements. The interfaces are
considered as Ti/G/SiO, or Ti/h-BN/SiO; in accordance with studies by
Schmidt et al.*? where a 5 nm Ti adhesion layer nearly doubled the TBC at
the Al-graphite interface. d) An optical microscope image (x20) showing
a ~0.5 x 0.5 mm? area on the surface of h-BN/G sample.
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transmission at the interface. The AMM assumes specular reflec-
tion at the interface, which is valid only at small temperatures
(T'< 30K) when the long-wavelength phonons dominate heat
transfer.”* The aims of MTL and RL are to set upper limits
to the phonon transmission and, thus, the TBC. The MTL allows
perfect transmission from one side of the interface®® and is only
limited by the need to satisfy the laws of thermodynamics. In a
similar way, the RL assumes that phonons from one side of the
interface have a transmission of 1.

The original derivation of the DMM presented by Swartz and
Pohl®* assumed diffuse, elastic scattering of phonons at the inter-
face of two materials. A later study by Stoner and Maris!®!! showed
that the elastic assumption under-predicts the TBC compared with
experimental measurements. More recent work has considered
phonon dispersion,”®* interfacial mixing,*® surface roughness,*”)
and inelastic scattering®® with varying amounts of success.
Nevertheless, the DMM remains a useful tool for capturing trends
in phonon transmission across interfaces and because of its sim-
ple implementation. An isotropic phonon dispersion is generally
assumed, but this assumption is not acceptable in the highly
anisotropic, 2D graphene and h-BN. Duda et al.l®® accounted
for this anisotropy and calculated TBC at a metal/graphite inter-
face using an effective 2D Debye density of states (DOS),
Dyp (@) = @/(2m2d), where w is angular frequency, v is the
phonon group velocity, and d is the interlayer spacing for graphite.

More recently, Chen et al.l%% showed that this 2D DMM model
greatly over-predicts the TBC and presented a new DMM model

=

2D 1
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1600 2000 2400 2800 3200
Raman Shift (cm™)

Intensity (a.u.)

196 194 192 190 188 186
Binding Energy (eV)

184

Www.pss-a.com

using an anisotropic Debye dispersion (w? = v%,k%, + v2k2,
where k%, = k% 4+ k?) referred to here as anisotropic-DMM
(A-DMM), where the subscripts pertain to graphite ab- (i.e.,
basal) and c-axis. The metal/graphite TBC results by Chen
et all®) showed the model still over-predicts the TBC at
metal/graphite interfaces when compared with experiments.*?
An update to the A-DMM reported by Li et all® attempts to
resolve any discrepancy caused by input parameters and uses
a piecewise (PW) linear approximation for the flexural (ZA)
branch. Herein, this model is referred to as the piecewise aniso-
tropic-DMM (PWA-DMM). More details on the DMM models as
well as input parameters are given in the Supporting
Information. We implemented both anisotropic DMM models
here to calculate the TBC at Ti/G, Ti/ h-BN, and h-BN/G
interfaces.

3. Results and Discussion

The optical microscope image in Figure 1d shows a 1 x 1 mm?
area of SiO, coated with mostly SLG and h-BN. Figure 2a-b
shows the Raman spectra from the sample used in this study.
The graphene sample (Figure 2a) with G peak at 1592 cm™*
(E2¢ mode near the I point) and 2D peak at 2703 cm ™' (A, mode
near the K point)®” and intensity ratio I(2D)/I(G) ~ 2.2 shows
our sample is single layer; however, the shift in peak positions
and reduced I(2D)/I(G) ratio suggests some p-type doping!®®”%

(b) —r——r——r——r——

1370 cm™ 1

" L A L A A A A " A "

1300 1325 1350 1375 1400 1425 1450
Raman Shift (cm™)

(d) hd v b L) b L) M L] b L] b L) g

406 404 402 400 398 396 394 392
Binding Energy (eV)

Figure 2. a) Graphene and b) h-BN Raman spectra. The intensity ratio /(2D)/I(G) ~ 2.2 in (a) indicates graphene sample is single layer.
High-resolution XPS spectra for h-BN samples showing c) B and d) N peaks at 191 and 398 eV, respectively. From the XPS data, we determined that

the stoichiometry of our h-BN sample was 1.17:1 (B:N).E”
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previously attributed to residual PMMA.”Y The D peak at
1356cm™" arises from disorder in the graphene layer.
Figure 2b shows that the peak in h-BN Raman spectrum blue
shifted to ~1370 cm™", corresponding to the in-plane E,g mode,
compared with the characteristic peak at ~1366 cm™" for bulk
h-BN.”? This shift could be caused by stress in the film resulting
from the growth process, substrate/interlayer interaction, or crys-
tallite size.”>”7*) A comparison of the graphene and h-BN/
graphene Raman spectra (not shown) did not display new peaks
in the range of 1200-3200 cm™" which would suggest coupling
between the 2D layers.”*7°! There was simply peak broadening
around 1360 cm ™! as a result of the h-BN layer. A more extensive
Raman study may reveal shear or layer-breathing modes at lower
frequencies. The high-resolution XPS spectra in Figure 2c,d,
respectively, show B and N peaks at binding energies of 191
and 398 eV, respectively. From the XPS data, the stoichiometry
of our h-BN sample was 1.17:1 (B:N).5

The TBC at Ti/G/SiO, and Ti/h-BN/SiO, interfaces was
30.6 (+6.2/—4.2) and 33.7 (+9.8/—5.3) MW m 2K !, respectively.
The TBC at Ti/h-BN/G/SiO, interface was 183 (+4.0/
—27)MWm *K ' The TDTR signals for these samples are
shown in Figure 3a. The total interfacial thermal conductance
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Figure 3. a) TDTR signal comparisons for three samples used in this
study. b) Summary of TBC results from TDTR measurements and thermal
resistor network. Ti/G/SiO,, Ti/h-BN/SiO,, and Ti/h-BN/G/SiO, values
measured using TDTR. Error bars were calculated using an MC method.“*!
G/SiO, and h-BN/SiO, data taken from previous studies,®®*%
respectively. Ti/G, Ti/h-BN, and h-BN/G TBC values estimated using
series resistance approximation.
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per unit area can be ascribed to the metal/h-BN/G/SiO, interfa-
ces acting in series, as in the case of a thin-film sample between
two solids.®!) We, therefore, use a 1D thermal resistance network
to estimate the TBC at h-BN/G interface. This method was used
previously®2#¢ where the heat transport across metal/G/SiO,
and metal/G/metal interfaces was treated as the resistance of
the decoupled metal/G and G/SiO, (or G/metal) interfaces
acting in series. Zheng et al®® reevaluated this analysis
recently, suggesting that long-wavelength phonons may
traverse both interfaces through a process similar to the heat
transport in superlattices.®”’ Nevertheless, we apply the
method here in the following manner. Using the relationship
1/TBCTi/G/SiOZ = 1/TBCT1/G + ]-/TBCG/SiOZ’ we can determine
TBCri/g. Similarly, the TBCg/sio, term in this equation can
be replaced by TBCy,_pyysio, to determine TBCr;p_pn. The ther-
mal conductance of the h-BN and SLG layers was much greater
than the interfacial TBC and was therefore neglected.

The TBCg/sio, and TBCp_pn/sio, values were previously
reported for SLG [~83 (+6.2/—5.5) MW m~* K |¥ and mono-
layer h-BN [~63 (+28/—15) MW m ™2 K™ 'J®¥ using the 3w tech-
nique. Using these values, the resulting TBCr;/ and TBCry/,_gn
are 485 (+8.5/—14.3) and 73.3 (+10.7/—2.9)MWm *K |,
respectively. The uncertainty bounds were determined using
the upper/lower limits from the MC simulations for Ti/G/SiO,
and Ti/h-BN/SiO, interfaces. We use these values and formulate
a new relationship, 1/TBCrin_pn/c/sio2 = 1/TBCrijn—pn +
1/TBCy_pn/c + 1/TBCq/si02, and estimate TBCy_gy/c to be
34.5 (+11.6/—7.4MWm 2K '. The TBC values are summa-
rized in Figure 3b. When compared with previous values in litera-
ture, our TBC value is greater than 7.4 MW m 2K~ reported by
Chen et al®® and 5-10 MW m 2K reported by Kim et al.*®
However, our value is less than 52.2 MW m™>K™! reported by
Liu et al’” which we attribute to surface roughness resulting
from the CVD growth process and PMMA residue following
the transfer process. Our value is also in the similar range as
TBC (30-50 MW m~2 K™ ?) for different lattice stacking configura-
tions predicted using first-principles AGF simulations."

The DMM does not consider the quality of the interface
(e.g., bonding, roughness), which varies from sample to sample;
therefore, we hold a;, constant and determined its value for each
interface by fitting both DMM models to our RT TDTR measure-
ments (Table 1). As a result, only the phonon irradiation from
material 1 (e.g., Ti in the case of Ti/G and Ti/h-BN interface)
needs to be considered.®* Thus, when utilizing the fitted values,
12,6 the A-DMM and PWA-DMM models differ from each
other, and from the original DMM (Equation S2, Supporting
Information), only when considering the h-BN/G interface.
The a5 values shown in Table 1 are very insightful. As
expected, aqy5: for the Ti/G and Ti/h-BN is identical for the
A-DMM and PWA-DMM models. They are also similar order

Table 1. Fitted phonon transmission coefficients, a1, 6, used in DMM
analysis determined by fitting to RT TDTR data.

Interface A-DMM! PWA-DMM“6!
Ti/G 0.05424 0.05424
Ti/h-BN 0.08016 0.08016
h-BN/G 0.02494 0.2287
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of magnitude (~10 %) as a, g at metal/graphite interfaces!**?

reported in previous studies. We must point out that Schmidt
et al.*? assumed a sine-type (or Born-von Karman)® dispersion
for metals and effective 2D Debye DOS!®”! in graphite. Also, the
velocities of each phonon polarization were lumped into a single,
average velocity. Koh et al.®? used a linear (Debye) dispersion for
Au. ay, g for h-BN/G interface predicted by the PWA-DMM was
nearly an order of magnitude larger than the value predicted by
the A-DMM (see Table 1). The reason for this discrepancy is
discussed in the following paragraphs.

The ratio of aj,, calculated using phonon irradiation
(Equation S3 and S4, Supporting Information) and the relation-
ship a;, = H,/(H; + H,), to a1, 5 values in Table 1 is shown in
Figure 4a. While Li et al.** made an elastic assumption in deter-
mining ay,(w), we assume inelastic scattering!®” in accordance
with the A-DMM model when computing a;,(T), allowing
phonons of all frequencies in h-BN and graphene to participate.
For the h-BN/G interface, a;, is expected to be close to 0.5 for
both models due to the similar vibrational properties of graphene

(@) 100 T

] h-BN/G
TilG
_ 0fF Ti/h-BN ;
S p—" )
3 [ y
~ N E
S TrszEmemes===wmw
- 1
y
01 PO T P T R N T R

50 100 150 200 250 300 350 400 450 500

(b)

-l il
[ TL2
01F 1
N [ )
@0.01!5\_ TA _ 1
N T T T ST :

1E-3 & — i
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Temperature (K)

Figure 4. a) Ratio of transmission coefficients, aiz/a124, for A-DMM
(solid lines) and PWA-DMM (dashed lines), where ay; is calculated from
phonon irradiation (Equation S3 and S4, Supporting Information) and the
relationship ay, = H,/(H; + H;) and aq25 is determined from RT TDTR
data. The ratio /a5 depends weakly on temperature above 200 K.
b) The transmission coefficients, a;,;, of different phonon branches
(TA, TL1, TL2) as a function of temperature highlight the importance
of the TL2 branch to the total transmission ay, for h-BN/G interface.
Here, solid lines are for A-DMM and dashed lines for PWA-DMM.
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and h-BN.%92 The graph of a;,/a1, g in Figure 4a shows a weak
temperature dependence above 200K for both the A-DMM
model (solid lines) and PWA-DMM (dashed lines). The discrep-
ancy between a;; and a5 was much larger for A-DMM
compared with the PWA-DMM model. RT ay,/aq,4 for Ti/G
and Ti/h-BN interfaces are 14.9 and 7.27, respectively, using
the A-DMM model, whereas there is much better agreement
for the PWA-DMM (1.36 and 1.55 for Ti/G and Ti-h-BN,
respectively).

The high ay,/a1; 5 ratio for the A-DMM for Ti/G and Ti/h-BN
interfaces arises from the much higher phonon irradiation in
graphene and h-BN compared with the PWA-DMM. The phonon
irradiation is proportional to v,;?; thus, the assumption of a
constant v,, for TL2 branch, which contributes most to the irra-
diation, %% regults in a much higher calculated a;, value for
A-DMM model. This is the phonon-focusing®®! effect whereby
cross-plane TBC can be increased with a reduction in in-plane
phonon velocity. The same is true for h-BN/G interface where
a12/a12.6: was 30.3 and 1.57 for the A-DMM and PWA-DMM
models, respectively. The transmission coefficient for each pho-
non branch, a,, is shown in Figure 4b and further reinforces
the importance of the TL2 branch.

Finally, the TBC predicted using a;, g is shown in Figure 5
along with TBC for Ti/G, Ti/h-BN, and h-BN/G from our
TDTR results. Various literature results for h-BN/G,1>373
metal/G,®*>#%°* and metal/graphite!*? interfaces are also shown
for comparison. The discrepancy between h-BN/G results for the
A-DMM and PWA-DMM models at low temperatures arises
from the assumption of constant a;,. The phonon characteristic
wavelength varies as T~ ', resulting in higher a;, at low temper-
atures where the phonon characteristic wavelength is much

L ——
S O "=~ TilGraphite  {
100 AlIO-G o 4
o | Pd/G o
. o he
2 i - ]
=3 5 8, Ag/G o h-BN/G
O - -—
E / A TiiG
* / \h-BN/G .
Y h-BN/G —»
a2 & 2 0 2 & . 0 . 0§ . 1 . ) .

50 100 150 200 250 300 350 400 450 500
Temperature (K)

Figure 5. Comparison of TBC for Ti/G (filled red square), Ti/h-BN (filled
blue circle), and h-BN/G (filled green triangle) interfaces from this work.
DMM results from this work are plotted as solid (A-DMM) and dashed
lines (PWA-DMM). TBC values at Ti/G, Ti/h-BN, and h-BN/G interfaces
are estimated assuming series resistances. The DMM results were
calculated using aj26 values in Table 1. Also shown are previously
reported values of h-BN/G TBC from studies by Chen et al.*® (open left
purple triangle), Liu et al.?”! (open purple diamond), and Kim et al.®
(open purple trapezoid) using Raman spectroscopy. For further compari-
son, TBC for various metal/G [Al/O-G (open black square),®¥ Pd/G
(open up black triangle),® and Ag/G (open right black triangle)®
and Ti/graphite (open gray circles)*? interfaces are also shown.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[J))

www.advancedsciencenews.com

larger than surface roughness, leading to decreased scattering.**!

This behavior is captured by the PWA-DMM model but not
A-DMM. Interestingly, the TBC at h-BN/G interface is constant
above 200 K for both models. TBC is expected to increase below
the Debye temperature,®***! which is greater than 1000 K¢ for
both h-BN and graphene.

The observed trend with temperature may be a result of the
ZA branch in ab-axis and LA branch in c-axis (i.e., TL2 branch),
being the dominant contributor to TBC for both A-DMM and
PWA-DMM models. The maximum frequency of vibrations
(Table S1, Supporting Information) for the two branches corre-
sponds to Debye temperatures of 764 and 174 K, respectively, but
the contribution from both remains constant above 200 K.
Zhang et al.’® used MD simulations to show increased TBC
from 200 to 700 K which the authors attributed to contributions
from high-frequency phonons at elevated temperatures. Our
implementation of the DMM only includes the contributions of
acoustic phonons which are the dominant heat carriers in the
h-BN/G material system**®! due to the large DOS for ZA
phonons at low frequencies.”'#297% Frequency-dependent
phonon transmission and TBC reported by Yan et al.*" have
revealed this fact in vertically stacked h-BN/G/h-BN interfaces
with the large DOS mismatch resulting in smaller transmission
at high frequencies. In-plane modes have larger contribution for
smaller interfacial separation distance. Inelastic phonon pro-
cesses which occur at elevated temperatures'® may not be
accurately captured by the DMM model. The low-frequency
out-of-plane modes are major contributors to the thermal
conductivity of superlattices composed of in-plane h-BN/G
heterostructures as well and are greatly influenced by the period
and overall length,[1*-10¢]

4. Conclusion

We have estimated the TBC at h-BN/G interface using a series
thermal resistor network coupled with TDTR measurements at
Ti/G/SiO,, Ti/h-BN/SiO,, and Ti/h-BN/G/SiO, interfaces. As h-
BN and graphene have similar physical structures and acoustic
properties, the h-BN/G TBC may be increased by improving
sample quality. We compare phonon transmission using two
forms of the DMM for anisotropic materials. The A-DMM model
predicts a higher phonon irradiation, thus higher transmission
coefficient due to the assumption of constant velocity of the ZA
mode across the entire first Brillouin zone (FBZ). The PWA-
DMM model uses two different phonon velocities, near the cen-
ter and at edge of the FBZ, resulting in better prediction of pho-
non transmission. The phonon transmission and temperature
dependence of TBC confirm the ZA branch along the ab-axis,
and the LA branch along the c-axis of graphene and h-BN
are the dominant contributors when implementing both the
A-DMM and PWA-DMM model. This methodology can be
extended to other 2D heterostructures to analyze the TBC at
the interfaces of 2D layers.
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