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ABSTRACT

We demonstrate that the thermal boundary conductivity (TBC) between graphene and GaN-based light-emitting diodes (LEDs) can be
manipulated through thermal annealing, which is verified by measuring the acoustic phonons after reflection at the interface. Thermal
annealing affects the interfacial morphology as evaluated by both the Raman spectra and the spatial profile of the graphene wrinkles in
atomic force microscopy. By tracing the phase of ultrafast acoustic oscillations on the basis of the pump-probe scheme, we extract the
phonon reflection coefficient at the interface as a function of annealing temperatures up to 400 °C. Specifically, the phase shift of transient
phononic oscillations at the graphene/LED interface conveys the photoelastic response during the phonon transfer process and can be used
for extracting the interfacial coupling rate, which is strongly enhanced around ~200 °C. By incorporating the heat capacity and the interfa-
cial coupling constants into TBC, along with analytical modeling based on the phonon reflection coefficients, we show that the TBC
increases with the minimized surface roughness of graphene side at 200 °C. This new comprehensive TBC extraction scheme could spark

further discussion on improving the heat dissipation of LEDs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069466

I. INTRODUCTION

In accordance with the need for efficient thermal management
owing to the aggressive downsizing of the devices, graphene has
attracted a great deal of attention as a heat-spreading layer' ™ due to
the remarkable in-plane thermal conductivity () up to 5300 W/mK.”
However, when graphene is supported on a substrate, the ultrahigh x
drops to approximately 600 W/mK possibly because of phononic
leakage and scattering across the interface.” In addition, the thermal
properties of graphene are sensitive to defects, such as vacancies,”
isotropic impurities,” and stacking faults,” which reduce the x of
graphene.

In addition, owing to its inherent stretchability without frac-
ture and weak van der Waals (vdW) coupling, out-of-plane defor-
mations associated with local bending, such as wrinkling,m also
severely affect the heat transfer properties. The wrinkling of

graphene can be controlled by the thermal annealing treatment''
because it is related to the mismatch of the thermal expansion coef-
ficient between graphene and the substrate.'” Recently, thermal
conduction has been studied theoretically in terms of graphene
wrinkling.'>'* Important observations here include that x decreases
owing to an increase in the phonon scattering rate with the degree
of wrinkling. Although some studies have examined the in-plane
thermal transport across the wrinkles in graphene,'” investigations
on the cross-plane thermal transport at the interface between gra-
phene and the substrate are still lacking.

In this study, we demonstrate a novel approach for extracting
thermal boundary conductance (TBC) at the interface between gra-
phene and light-emitting diodes (LEDs) by analyzing the phase
shift of acoustic (AC) phonon oscillations. Phase analysis is incor-
porated into ultrafast acoustics to quantify the phonon reflection
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coefficients from which both vdW coupling constants and TBC
values are successively extracted. As a result, the TBC value from
the 200 °C annealed sample was evaluated to be ~13 times greater
than that of the unannealed sample.

Il. EXPERIMENTAL METHODS

The graphene was grown by chemical vapor deposition
(CVD) on Cu foil and transferred onto GaN-based LED structures
based on the conventional method assisted by polymethyl methac-
rylate (PMMA), as illustrated in Fig. 1. The detailed procedures can
be sequenced as follows: (a) single-layer graphene was grown on
Cu foil using CVD; (b) the graphene on Cu foil was coated with
PMMA as a supporting layer; (c) the graphene on the other side of
the Cu foil was removed by reactive ion etching, and the Cu
foil was then eliminated by (NH,);S;Os; (d) subsequently, the
PMMA/graphene was transferred onto the LED; (e) the PMMA
was dissolved in acetone and then removed; and (f) the graphene/
LED structures were annealed by a rapid thermal annealing system
under N, ambient for 60 min at different annealing temperatures
of 200 and 400 °C.

Thermal annealing can eliminate polymeric residues and
concurrently improve the interfacial coupling between graphene and
the substrate.'” To quantitatively evaluate the annealing-induced
surface morphology on the graphene side, Raman spectroscopy was
first performed using an excitation laser centered at ~514 nm with a
spot size on the order of ~1um. To avoid laser-induced heating and
deformation, the excitation power was kept below 0.1 mW. The
Raman spectrum was mapped over a region of 100 x100um? to
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examine the local strain distribution. The height of graphene was
traced using atomic force microscopy (AFM) to evaluate the surface
roughness and the spatial distribution of wrinkles as a function of
the annealing temperature.

To measure the phonon transport at the interface between gra-
phene and the GaN surface, we traced the phase of longitudinal AC
(LA) wavepackets measured via ultrafast acoustics upon UV laser
excitation with a pulse width of ~150 fs and a spot size of 20 um,
similar to our previous work.'”” The periodically strain-modulated
AC transducer layer, comprising eight pairs of 2-nm-thick
Ing15GaggsN quantum wells and 6-nm-thick GaN barriers, was
encased by a 100-nm-thick p-doped GaN layer on top and a
~4-um-thick n-doped layer underneath, all grown along the c-axis.
Differential reflectivity spectra transiently recorded the Brillouin
oscillations in line with LA propagation dynamics from the epicenter
to the graphene side at room temperature under the normal inci-
dence of pump and probe pulses with collinear polarization.
Considering the pump fluence of ~80uJ/cm? at a wavelength of
400 nm, we selectively screened the tensile strains only in quantum
wells. Thus, a LA wavepacket was initiated, preserving the spatial dis-
tribution of multiple quantum wells spanning 56 nm, the initial
phase of which were in good agreement with the displacively gener-
ated tensile strain pulses.”” The phase values after diffusive reflection
at the interface can then be extracted as a function of the annealing
temperature. To cover the two-dimensional distribution of the inter-
facial adhesion strength according to the local variation of graphene
morphology, the phase was extracted from 25 different positions over
an area of 100 x 100 um?.

=

(c) Removal of Cu foil

—=>

(f) Thermal annealing

FIG. 1. Schematic for the transfer process of chemical vapor deposition (CVD)-grown monolayer graphene. (a) Single-layer graphene on Cu foil was prepared. (b)
Polymethyl methacrylate (PMMA) was spin-coated onto graphene on Cu foil. (c) and (d) PMMA-assisted graphene was transferred from the Cu foil to the GaN-based
LEDs. (¢) PMMA was removed. Then, (f) graphene on LEDs is annealed by a rapid thermal annealing system at different temperatures of 200 and 400 °C.
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Ill. RESULTS AND DISCUSSION
A. Surface morphology of graphene

Delamination from the substrate surface is often observed
owing to the spatially non-uniform bonding characteristics between
graphene and substrates.”’ ™’ Thermal annealing can affect the
delamination nature at the interface by changing the vdW coupling
constant, kyqw, accompanied by compressive strain applied to the
graphene side due to the severe mismatch in the thermal expansion
coefficient between graphene (~ — 8 x 107°K~1)** and the LED
side (=5 x 107°K~1).”” Considering the well-established linear
strain dependence of the 2D peak shift in comparison with strain-
free exfoliated graphene,”””*"” we can use the spatial variation of
2D peak positions to contour the strain profiles. In this respect, the
Raman spectra were scanned over the area of 100um X 100um?
near the 2D peak, as shown in Figs. 2(a)-2(c). The contour plots of
the 2D peak, in this way, overview the spatial distribution of the
corresponding compressive strain for each sample. In graphene
after annealing treatment, a region with blueshifted 2D peaks than
before annealing was prominently revealed, which was indicated by
the dark reddish contrast in line with increasing compressive strain.
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Figure 2(d) shows the representative Raman spectra of
graphene on GaN-based LEDs after thermal annealing. In general,
the Raman spectra of graphene on LEDs contained two prominent
peaks, denoted as the G- (=1350cm™!) and 2D-band
(~2680cm™!). The line shapes display the typical features of
single-layer graphene with high crystallinity.”® Notably, in Fig. 2(d),
the 2D peak is blueshifted with the thermal annealing temperature.
The corresponding mean values and the standard deviation of
the 2D peak positions are indicated by scatters and error bars in
Fig. 2(e), where the 2D peak positions were converted into strain
magnitude as indicated on the right side of the y axis. Before
annealing, graphene had a compressive strain of ~0.06%, which
occurred between the graphene and Cu foil during synthesis.'” The
compressive strain of graphene increased to ~0.10% after 200 °C
annealing treatment. The compressive strain did not increase line-
arly with the annealing temperature, and the compressive strain of
graphene in the sample after annealing at 400 °C was saturated
around ~0.11%. Looking at the graphene 2D peak without anneal-
ing in Fig. 2(a) from the perspective of the spatial distribution of
strain, the compressive strain distribution on the order of ~0.06%
was relatively uniform over the entire area, whereas the dark red
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2703 0.148

(c) 400°C annealing

2698 0.119

2693 0.089
2688 0.059

2683 0.030

0.000

2678

0.148 __

1 X

10.119 <

J '§

10.089 ®

oy

] =

10.059 @

1 o

. {0.030 &

I ] o

2678 L L L 0.000 ©

Before 200 °C 400°C

annealing annealing annealing

SL:€€:70 ¥20Z Jequisides G0

FIG. 2. (a) and (c) Raman maps for a 2D-band obtained from graphene on GaN-based LEDs with different annealing temperatures: (a) before annealing, (b) 200 °C
annealing, and (c) 400 °C annealing. (d) Raman spectra with various annealing temperatures, representatively measured at locations marked with asterisks in Figs. 2(a)-2
(c). () The mean values (scatter) and standard deviations (error bars) of the Raman 2D peaks, converted into compressive strain applied to the graphene (y-axis on the
right) for various annealing temperatures.
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region with enhanced compressive strain in Figs. 2(b) and 2(c)
after annealing was found to be somewhat random. In the case of
annealing at 400 °C, the distribution of the compressively strained
region colored in dark red only slightly increased compared to the
case of 200 °C. This saturation trend of compressive strain, which
appears despite the sharp increase in the annealing temperature,
may be a result of strain relaxation due to the wrinkling of
graphene.”””’

In order to inspect the morphological changes of graphene in
relation to the compressive strain formation after the annealing
process, AFM was employed with a scanning area of 5 X 5um? in
Fig. 3. The line profiles of the bare LED sample in Fig. 3(a) and
graphene on LEDs in Figs. 3(b)-3(d) along the solid arrows are
shown in Figs. 3(e)-3(h). As shown in Fig. 3(a), the bare GaN has
a roughness (dgan) of ~0.22 nm, indicating that the surface of
GaN is atomically flat from the pseudomorphic growth. In the case
of graphene before annealing, a height fluctuation of ~2 nm with a
sinusoidal pattern was observed, as shown in Fig. 3(f), which could
be ascribed to the residual stress applied during CVD-growth
on the Cu foil'” or the transfer process using PMMA.'® Compared
to the bare LED shown in shades of green in Fig. 3(f), the area
with the lowest height adheres well to the substrate, while the area
with the higher height indicates delamination from the substrate.
In this case, it can be assumed that the smallest distance h
between the graphene and the LED is the same as the value in the
case where the graphene is sandwiched by crystalline materials to
prevent height fluctuation.”' After the annealing treatment, sharp
wrinkles appeared at quasiperiodic intervals along a certain direc-
tion. As the annealing temperature increased from 200 to 400 °C,
the spatial spacing of wrinkles shortened from ~780 to ~550 nm,

Bare GaN surface

Before annealing

After 200°C annealing
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and the height of the wrinkles increased simultaneously. For
200 °C annealing, the wrinkle height was less than 1 nm with the
surface roughness being minimized. In the sample annealed at
400 °C, the wrinkle height increased significantly to ~4 nm. The
specific surface roughness (gr) of graphene was measured to be
approximately 0.42nm without annealing, decreased to 0.20 nm
at 200°C at first, and then increased to 0.49nm at 400 °C.
Remarkably, the average value of compressive strain for each
sample itself did not directly correlate with surface roughness. This
is because the spatial distribution of strain is not uniform, and
thermal expansion and lattice constant mismatch have a compli-
cated effect on the coupling strength.

B. Characterization of interfacial thermal transport

Ultrafast acoustics, as the most common framework for mea-
suring AC phonon dynamics before thermalization, has been well
established based on the relation between the change in the refrac-
tive index of the medium (An) and the phonon-induced localized
strain (7) in the harmonic regime (17 < 1). Then, the coherent AC
oscillations in the differential reflectivity spectra (AR/R) are
approximated as occos(2zfzt + ¢b,)," > where f3 is the Brillouin
frequency. The residual phase ¢, is preset to 2nkz, by the epicenter
of the AC phonons (z, the center of a quantum well in our case)
and a probe beam wavenumber (k). The amplitude of the transient
Brillouin oscillation is proportional to the amplitude of 7.
Such ultrafast acoustics schemes have recently been employed for
characterizing interfacial properties such as vdW interfaces’”* and
atomically thin interlayers.”*™**
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FIG. 3. Atomic force microscopy images of (a) the GaN substrate and (b)—(d) graphene on the GaN substrate with different annealing temperatures and (b) before anneal-
ing and after annealing at (c) 200 °C and (d) 400 °C. (e)—(h) The line profiles along the line indicated in (a)—(d). ho represents the minimum interfacial separation between

the graphene and the GaN surface.

J. Appl. Phys. 130, 244303 (2021); doi: 10.1063/5.0069466
Published under an exclusive license by AIP Publishing

130, 244303-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

From an analytical perspective, the AC transport at the
interface is still almost imperceptible from the amplitude of AR/R,
which already exhibits various complex effects with thermalization
and probe wavelength absorption over time. In contrast, however,
the phase of AR/R clearly represents the temporal evolution of the
AC component as long as the associated AC wavepackets consist
of a bipolar strain composition with 7y from QW and 7¢ after
reflection.”” When 7~ and 7¢-guided photoelastic modulations are
superimposed on AR/R, additional composition-dependent phase
modulation ¢c/r appears. Thus, AR()/R = AT™R(t)/R + A™R(t)/
R oc cos(2zfpt + ¢y + dc/r). Here, the bipolarity-induced phase
component, ¢¢r, is formulated as

. sin(2nk(zc — z1))
cos(2nk(zc — z1)) — (nc/n) "1

¢c/r = tan” (1)

where the amplitudes of 7 and 5 are incorporated into the phase
modulation (further mathematical details can be found else-
where’®). Interestingly, the smaller value of ¢ /ny, extracted from
¢c/1> implies more efficient phonon transport from the LED to
graphene, in addition to the surface scattering rates. Equation (1),
in this way, shows that the phase of the ultrafast acoustics involves
the previously belittled characteristics of interfacial phononic
transport.

To evaluate the phonon transport from GaN to graphene for
each sample with different annealing temperatures, we carefully
traced the phase of AR/R near the surfacial reflection point in
Fig. 4. At zero time delay, the pump beam excites only the InGaN
MQWs in the GaN-based LED structure, which then launches
the LA wavepacket with the same amplitudes via piezoelectric
screening,'” as illustrated by the reddish rectangular pulse trains in
Fig. 4(a). The propagation routes of AC wavepackets, as depicted
by black arrows, descend toward the n-GaN side or ascend toward
the graphene side in the time range of 0 < t < tz. The ascending
AC pulse trains travel through the ~100-nm-thick p-GaN layer,
and the reflection at the graphene interface occurs with a
period from ~17.7 to ~26.0 ps, considering AC velocity (vac) of
~8nm/ps in GaN" and the spatial width of AC wavepackets
(58 nm). The central reflection time (fz) was set to be approxi-
mately ~21.6 ps, which was further indicated by a straight vertical
line within the yellow shade in the transient differential reflectivity
spectra of Fig. 2(b). After the reflection, the strain sign of AC wave-
packets is reversed to have 7, possibly with reduced magnitude by
the amount of phonon transfer into the graphene side. In this
manner, the bipolar compositions are established with zc — zr
fixed for Eq. (1). For bare GaN, a surface with an atomically flat
surface acts as a perfect mirror to set nc/np to 1, but a realistic
Scan value should decrease n¢/np via Kapitza diffuse scattering.”'
On the other hand, in the case of the graphene/GaN interface, AC
packets from the transducer layer (771) can be partially transmitted
to the graphene side depending on the interfacial bonding charac-
teristics, and the rest are reflected and overturned to form 7c in
our photoelastic detection scheme. For simplicity, by setting the
detection range of ¢c;y much shorter than the phononic scattering
time (x~200ps for 1 THz in the case of doped GaN"*), the
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FIG. 4. (a) Schematic diagram of the propagation of acoustic phonon wave-
packets in the time range before and after reflection (tz). (b) Oscillatory parts of
the differential reflectivity spectra for different annealing temperatures. The
experimental data (scatters) were fitted to cosine waves (solid lines) to extract
¢, after surface reflection (t > tg). (c) Trace of ¢,y values after reflection
due to the annealing temperature change. (d) Proportion of oppositely strained
components (nc and nr), extracted from ¢ 7.

amplitude of initially descending 7y could be adequately presumed
to be invariant within the mean free path.*>*’

The obtained oscillatory parts of AR/R for bare GaN-based
LEDs and graphene on LEDs with different annealing temperatures
are shown in Fig. 4(b). The transient Brillouin oscillations, originat-
ing from the photoelastic reflections of the probing laser beam off
from the AC wavepackets, were clearly demonstrated with well-
defined phases. Near t = fg, indicated by the yellow shade, the
signal was suppressed because a complex mixture between the
partial tensile component before reflection and the compressively
deformed portion immediately after reflection constantly changes
the strain composition over a rather wide packet width. This indi-
cates that the surface reflection of the AC wavepacket is in progress.
The reflection time-domain of the AC wavepacket was estimated to
be ~7.8 ps, which is in good agreement with the spatial extent of
the AC wavepacket.

After reflection (¢t > tg), as the bipolar packets (consisting of
nc and 77) propagate in the same direction, ¢¢,r can be extracted
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after subtracting ¢, from the total phase values, as displayed by the
scatterplots in Fig. 4(c). To typify locally varying bonding proper-
ties, disclosed above based on Figs. 2 and 3, we scanned the ¢¢;r
values over the graphene surface at 20 different positions. The open
squares in Fig. 4(c) represent the average values of ¢/ from dif-
ferent positions. The average of ¢/ for LEDs with graphene was
then compared to the ¢/ average for bare LEDs. Both the LEDs
before and after annealing at 400 °C showed a slight decrease in
¢c/r compared to the bare LEDs, but the 200 °C annealed sample
was significantly decreased in ¢c,r. As expected from the measure-
ments of ¢, the strain amplitude ratio of 7¢/ny was the lowest
with 200 °C annealing, as shown in Fig. 4(d). The strain amplitude
ratio of 7¢/ny represents the phononic reflection coefficient .

The above results suggest that the vdW bonding properties at
the graphene/GaN interface affect interfacial phonon transfer.
In particular, the importance of controlling nanoscale wrinkles was
revealed through the reduced amplitude of the AC wavepacket (1¢)
in the 200 °C annealed sample. In its simplest form, the interfacial
transmission of AC wavepackets can be formulated based on the
AC mismatch model (AMM), which has been applied to a perfectly
welded contact™ or the van der Waals contact.”” However, because
the AC phonon velocity of monolayered graphene cannot be
defined along the surface normal direction, the interfacial transport
in our structures cannot be intuitively outlined by relying solely on
conventional AMM. To properly formulate acoustic phonon trans-
port at the interface, previous studies have noted that the heat
transfer at the interface between graphene and the supporting sub-
strates is dominated by flexural AC (ZA) phonons (ie., atomic
vibrations along the out-of-plane direction).>”""! In terms of the
ZA phonon coupling, we represent 7c/nr based on frequency-
specific evolution as

_Nc _ jow (@) - p - e At/t2a(®) Jgy
it f(;o Tir(w)dw

, ()

where p is the well-known specularity parameter’>”’ and

¢ 1676’ which reveals the dependence on both @ and Sga.
Within the integration, 77y denotes the Fourier transform of 7 gen-
erated from a 2-nm-thick QW within the transducer layer via dis-
placive piezoelectric screening. Another term of e~/ in the
numerator of Eq. (2) represents the spectral attenuation via the
coupling between the LA phonon in the GaN side and the ZA
phonon in graphene. In our case, the value of At was set to ~0.25
ps, corresponding to the temporal width of the AC wavepacket
from a single QW. The phonon coupling rate between the LA
phonon in GaN and the ZA phonon in graphene is written as™”*

_ Ry . .
7,4 (0) = %%%, where o is the phonon frequency, Dgr (@) is

the phonon density of states (DOS) of graphene, and mggr and
mgan are the average weights of atoms on the graphene surface and
Ga atoms on the GaN surface, respectively. Here, the ZA phonon
coupling rate at the interface, 7;;(w), is linearly proportional to
Dgr(w), whereas kyqw is the coupling constant, representing the
interaction strength between GaN and graphene.

In the process of comparing the experimentally measured
phonon reflection coefficient from Fig. 4(d) with the calculation
results based on Eq. (2), kyaw involved in 7} could be extracted by
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setting it as a variable parameter. Note that we used Dgg for per-
fectly flat graphene for all samples, which allows only
kyaw-mediated 7,4 as a function of frequency. The phonon DOS of
graphene (Dgg) is shown in the inset of Fig. 5(a) (see the Appendix
for more details regarding the calculation of DOS). According to
the variable parameter of kyqw, the AC spectral line shape can be
reproduced, as shown in Fig. 5(a). The yellow solid line in Fig. 5(a)
corresponds to 7jr, which originated from the Fourier transform
of the temporal AC distribution of ny. The diamond scatters in
Fig. 5(a) indicate 7j for bare GaN after reflection, which exhibits
reduced high-frequency components compared to 77y due to the
Kapitza surface scattering. The calculated 7nc/ny for bare GaN
based on Eq. (2) agreed well with the measured value of n¢/nr in
Fig. 4(d) based on dg,n, which demonstrates the usefulness of the
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FIG. 5. (a) Estimated spectra of AC wavepackets (7;c) for samples of bare GaN
and GaN with graphene after annealing at different temperatures. 7 for each
sample is indicated by scatter compared to the broader spectrum of 77 (yellow
solid line). The inset shows the phonon density of states for graphene (Dggr)
and GaN (Dgan). (b) The flexural acoustic (ZA) phonon coupling rate at the
interface (74 ) as a function of frequency for graphene on GaN after annealing
at different temperatures. The inset shows the coupling constant (kqw) for the
graphene/GaN interfaces, estimated based on Eg. (2).

SL:€€:70 ¥20Z Jequisides G0

J. Appl. Phys. 130, 244303 (2021); doi: 10.1063/5.0069466
Published under an exclusive license by AIP Publishing

130, 244303-6


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

phase detection routines in terms of surface scattering. Presuming
that spectral attenuation from surface diffuse scattering should be
applied equally for all samples, the ZA phonon coupling rate can
be inspected by analyzing the constituting components of 7 in the
spectral domain after interfacial phonon transfer.

We subsequently reproduced the 7 spectra for different
annealing temperatures with the variable parameter of kyqw, as
indicated by the squares (unannealed sample), triangle (200°C
annealed sample), and circle (400 °C annealed sample) in Fig. 5(a).
For the samples with graphene, the attenuation up to ~500 GHz in
Tic was noticeable compared to that of bare GaN, which reveals the
coupling role of the low-frequency components of the ZA mode.
The spectral line shapes were distinguished according to different
annealing temperatures, which exposed the kyqw dependence in
7,4. The quantified kyqw at the graphene/GaN interfaces with dif-
ferent annealing temperatures is displayed in the inset of Fig. 5(b).
In the sample without annealing, the value of kyw Wwas
~0.27 N m~!, which is the smallest value among the samples. The
kyaw value for the sample after annealing at a temperature of
200°C was significantly increased to ~1.03Nm™'. Accordingly,
the largest graphene-induced attenuation of 7. was observed for
the sample annealed at 200 °C. However, when the annealing tem-
perature was increased to 400 °C, 7j; exhibited a similar spectrum
to that of the sample before annealing by decreasing kyqw
(=~0.33N'm™!). In this manner, our approach based on the spectral
evolution of 7. with different annealing temperatures has impor-
tant implications for the interfacial properties.

Previously, Chen et al.” quantified the kyqw of 0.12N m™ for
the unannealed graphene/GaN interface that was fabricated by the
PMMA-assisted transfer method, whose value was ~2 times
smaller than our minimum value without annealing. Such a devia-
tion in kyw has also been found in graphene/SiO, interfaces,
which have been extensively investigated; Ishigami et al.”® measured
the kyqw of 04N m™! in the context of adhesion energy measure-
ments of graphene on SiO,. In contrast, Yasaei et al.”” reported a
much larger kyqw value of 225N m~ for graphene/SiO, from the
Ti/graphene/SiO, interface. The value of kyqw from Yasaei et al”’
is similar to the follow-up calculations™ for graphene/a-SiO, with
perfectly flat graphene and a-SiO, surfaces.

Typically, kyqw is formulated as a function of the separation
distance (hy) between the perfectly flat graphene and the sub-
strate:*" kyqw o< —%(},’1—‘))5 +§(%)H. However, it was not possible
to directly examine the influence of the lateral distribution in /o on
kvaw here. Alternatively, we estimated kyqw values averaged over
the spot size of an ultrafast acoustics scheme for graphene with
non-uniform morphology on the substrate. Accordingly, this
spatial irregularity of the interfacial bonding could possibly lead to
uncertainty in kygw in our estimation. Considering the surface
roughness of the substrate’® or the morphology of the graphene
layer,”” the planar mapping of k.w between graphene and GaN
can be further pursued in terms of the spatially inhomogeneous
adhesion between graphene and GaN elsewhere.

According to the extracted kyqw values, we estimated 15,{ as a
function of frequency for different annealing temperatures, as
shown in Fig. 5(b). The decreasing tendency in 7, is mainly due
to the dependence on w2, whereas 7, was suppressed abruptly
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above the cutoff frequency of Dgr #s52 THz. The estimated 7}
clearly conveys the quadratic dependence of kyqw, suggesting that
the phonon transfer rate from GaN to graphene can be increased
with the improvement of the interfacial bonding properties. Even
though Dgp is another key parameter determining 7}, the effect of
wrinkling on Dgr of graphene has been known to be insignificant
below 2230 THz"” and thus is reasonably negligible in the thermally
important frequency bands.

Using the estimated 7,5, we then evaluated the thermal boun-
dary conductance (TBC) of the graphene/GaN interface, which can
be expressed as’  G(T)= [, hwt;\(@)Dgan() de.
Figure 6 demonstrates TBC values at 300K as a function of kyqw,
indicated by the gray solid line. It can be seen that TBC increases
with quadratic dependence on the coupling constant (ockZy,).
The values of TBC according to kyqw for the graphene/GaN inter-
face with different annealing temperatures were then represented as
scatters. The TBC at the graphene/GaN interface before annealing
was estimated to be ~0.65 MW K~! m~2. After thermal annealing,
TBC was increased to ~8.61 MWK !'m=2 (for 200°C) and
~0.86 MW K~ m™2 (for 400 °C), respectively. Notably, the TBC
after annealing at 200°C was significantly increased to
~8.61 MW K ' m™? compared with the sample before annealing.
On the other hand, the TBC for the sample after annealing at
400 °C was reduced back to the value similar to the sample without
annealing due to the occurrence of delamination underneath the
wrinkle.

Because of the lacking reports on TBC at the graphene/GaN
interface, our TBC values were instead compared with TBC values
for graphene/SiO,, as summarized in Table I. In general, the TBC
values for the graphene/GaN interface in our estimation were rela-
tively low compared to the reported values for graphene/SiO, inter-
faces, which could be ascribed to the difference between the specific

15
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°
c = L
3 =
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23
= ©
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FIG. 6. Thermal boundary conductance calculated at 300 K according to the
coupling constants (k.,qw) for the graphene/GaN interface with different anneal-
ing temperatures.
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TABLE I. Measured thermal boundary conductance (TBC) between graphene and substrates at 300 K.
Interface Materials TBC (MW K 'm™)

This work before annealing Graphene/GaN Graphene/GaN 0.65
This work after annealing at 200 °C Graphene/GaN Graphene/GaN 8.61
This work after annealing at 400 °C Graphene/GaN Graphene/GaN 0.86
Judek et al.®’ Graphene/SiO, Graphene/SiO,/Si 1.7
Freitag et al.” Graphene/SiO, Graphene/SiO, 23.8
Vaziri et al’.(’2 Graphene/SiO, Graphene/SiO,/Si 27
Mak et al.”’ Graphene/SiO, Graphene/SiO, 50
Yang et al.”' Graphene/SiO, Au/Ti/graphene/SiO, 42
Chen et al.”” Graphene/SiO, Au/SiO,/graphene/SiO,/Si 83.33-178.57
Zhao et al.”® Corrugated graphene/SiO, Graphene/SiO, 340x 107°

heats of the substrates derived from the phonon DOS. Interestingly,
the TBC of 1.7MWK ™ !'m™ for the graphene/SiO, interface
reported by Judek et al°' was similar to our estimation for the gra-
phene/GaN interface after annealing at 200°C. Notably, Chen
et al” reported a much larger TBC of 83.33-178.57 MW K~! m~2
for the graphene/SiO, interface, which was measured from the
graphene embedded between SiO, layers. This embedded struc-
ture could have minimized the delamination character of the gra-
phene layer, which concomitantly maximized kyqw. Another
possibility is that adhesion of graphene could be improved by
annealing, which is inherently involved in the fabrication of the
SiO,/graphene/SiO, structure. In clear contrast to the measured
TBC values for graphene layers with minimal delamination from
the substrate surface, Zhao et al.°® reported an extremely low TBC
of ~340 x 107 MW K! m™2 at the corrugated graphene/SiO,
interface, where the large areas of graphene are poorly in contact
with the surface of SiO,. The large deviation of the TBC in the
graphene/SiO, derivatives is, therefore, reasonably attributed to
the interfacial property. In this regard, the TBC values at the
interfaces between various 2D materials and substrates, including
the graphene/GaN interface, can be further corroborated by iden-
tification of interface-related parameters such as interfacial sepa-
ration and adhesion energy.

C. Implications of thermal boundary conductance on
a macroscopic scale

The reduced surface temperature of electronic' and optoelec-
tronic devices’ using graphene-based heat-spreading layers sug-
gested that graphene can enhance the heat dissipation efficiency
even though a complicated limitation should be imposed due to
different heat dissipation channels through the substrate or thermal
emission.”” This heat dissipation role of graphene, which has been
repeatedly revealed through macroscopic temperature changes, also
implies that the macroscopic prediction by Fourier’s law may relate
to the adhesion properties between graphene and GaN substrates
measured in the ballistic phonon transport regime. However, the
lack of a compelling link between ultrafast coherent phonon trans-
port and macroscopic concepts based on scattered particles and dif-
fusion probably impinged the most significant limitation to the
thermal manipulation of AC phonons. Even when heat diffusion is

more relevant for the detection of the temperature distribution, the
thermal carriers are mainly AC phonons near a few THz. Because
phase-sensitive ultrafast acoustics can measure phonon reflection/
transmission as a function of their interfacial coupling properties, it
will offer a deeper understanding of heat dissipation at the nano-
scale as far as the detection scheme for thermally important
phonon spectra can be included. In this context, our results for
TBC at the graphene/GaN interface demonstrated that thermal
annealing can significantly affect macroscopic thermal manage-
ment,”® as well as the coherent phononic transport in the ballistic
regime represented by the phase shift of AC oscillations at the
interfaces.

Intriguingly, ultrafast acoustics measurement techniques have
not been fully combined with advances in the thermal conductivity
measurement based on time-domain thermoreflectance,”” under-
stood in the context of the spectral contribution of thermally
important phonon branches. As this sort of integration of different
phononic measurements would be able to present complementary
aspects of the phonon transport pathways, it could possibly hint at
a comprehensive relevance between coherent phonon transport at
scales smaller than the phonon mean free path’®"’ and macro-
scopic phenomena based on phenomenological parameters such as
thermal conductivity and temperature gradient. Such a multidisci-
plinary understanding could then be useful in enhancing the per-
formance of heat dissipation systems, thus improving the efficiency
of small-scale devices that possess issues regarding waste heat gen-
eration by suitably channeling the phononic transfer rates.

IV. CONCLUSIONS

In conclusion, we demonstrated that the TBC at the interfaces
of graphene/LEDs can be enhanced by the application of annealing
treatments. The phase shift of the AC phonon oscillations in the
differential reflectivity spectra was measured as a function of the
thermal annealing temperature. Analysis of the corresponding
reflection coefficients revealed that AC phonons originating from
the quantum wells of the LEDs were most efficiently transferred to
the graphene layer after annealing at 200 °C. Our model quantita-
tively extracted the annealing dependence of the vdW coupling
constants based on the phonon reflection coefficient, which
exposed the contribution from broad flexural phonon branches to
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TBC enhancement in the 200 °C annealed sample. Our study sheds
new light on the promising role of thermal annealing in improving
the interfacial heat transfer rate.
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APPENDIX: CALCULATION METHOD OF PHONON
DENSITY OF STATES

We performed molecular dynamics simulation using the
graphics processing units molecular dynamics (GPUMD)
package’ to calculate the phonon DOS of graphene and bulk GaN.
The structure size of graphene was set as 12.546 x 21.726 nm?
(x X y), and the periodic boundary condition was applied to the
in-plane directions. The bulk GaN was built with a size of 4.18 x
7.24 x 5.24nm> (x X y x z). The Tersoff-type potentials’"’* were
used to describe the covalent C-C bond of graphene and Ga-N of
GaN. The simulation system of graphene was equilibrated for
1 ns, which allowed perfectly flat graphene without strain and
wrinkle. The structure was simulated for 20 ns with a time step of
0.5 fs. The phonon DOS [D(w)] was calculated from the Fourier
transform of the velocity autocorrelation function, which is given

— =
as D(w) = L M, where o is the frequency, (V' (¢) -
(@) 3NkBTJ<7(0)_7(O)) quency, (V(t)

V'(0)) is the velocity autocorrelation function, N is the number of
atoms, kp is the Boltzmann constant, and T is the absolute
temperature.
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