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Ballistic Thermal Transport at Sub-10 nm Laser-Induced Hot

Spots in GaN Crystal

Dezhao Huang, Qiangsheng Sun, Zeyu Liu, Shen Xu, Ronggui Yang, and Yanan Yue*

1. Introduction

Ballistic thermal transport at nanoscale hotspots will greatly reduce the

performance of a Gallium nitride (GaN) device when its characteristic length
reaches the nanometer scale. In this work, the authors develop a tip-enhanced
Raman thermometry approach to study ballistic thermal transport within the
range of 10 nm in GaN, simultaneously achieving laser heating and
measuring the local temperature. The Raman results show that the
temperature increase from an Au-coated tip-focused hotspot up to two times
higher (40 K) than that in a bare tip-focused region (20 K). To further
investigate the possible mechanisms behind this temperature difference, the
authors perform electromagnetic simulations to generate a highly focused
heating field, and observe a highly localized optical penetration, within a
range of 10 nm. The phonon mean free path (MFP) of the GaN substrate can
thus be determined by comparing the numerical simulation results with the
experimentally measured temperature increase which is in good agreement
with the average MFP weighted by the mode-specific thermal conductivity, as
calculated from first-principles simulations. The results demonstrate that the
phonon MFP of a material can be rapidly predicted through a combination of
experiments and simulations, which can find wide application in the thermal

management of GaN-based electronics.
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Gallium nitride (GaN) is a third-generation
wide-bandgap semiconductor, with a
promising potential in optoelectronics!!?!
and next-generation power electronics,*-%!
owing to its intrinsic ability!”! to withstand
ultrahigh current and power densities.
However, the design of high-power GaN
devices is strongly affected by the self-
heating,/®?! and accurate thermal manage-
ment is needed to control the temperature
of such devices. Fourier’s law describes
heat diffusion when the characteristic
length scale of thermal transport is much
longer than the phonon mean free path
(MFP). However, if the size of a hotspot
is small enough, it will induce nonlo-
cal (also called quasi-ballistic) transport
phenomena.'*l  Then, non-diffusive
thermal energy phonon carriers will travel
from the source before experiencing col-
lisions, and Fourier's law is no longer
adequate to describe thermal transport at
the nanoscale.!?]

Various experiments have been carried out to study quasi-
ballistic transport phenomena. Goodson et al.'3] used heating
and electrical resistance thermometry to provide experimen-
tal evidence for the unexpected temperature increase resulting
from ballistic phonon transport. In another experiment, Cahill
et al.'* linked the quasi-ballistic thermal transport to variations
in thermal conductivity with the modulation frequency in time-
domain thermoreflectance (TDTR) experiments. Tests on MoS,
thin films!"! showed that more than half of the heat was car-
ried by phonons with MFP longer than 200 nm, which exceeded
the kinetic theory estimation by nearly two orders of magnitude.
The thermal conductivity dependence on the length of silicon
nanowires!!®! exhibits a transition from semi-ballistic thermal
phonon transport at 4 K to fully diffusive transport at room tem-
perature. The energy distribution of heat carriers!'” has also been
probed using ultrafast optical spectroscopy. Balandin et al.l'¥!
showed that the experimentally observed linear decrease of the
thermal conductivity can be explained by the enhanced phonon
relaxation on Si dopants. Minnich et al.l*! used transient ther-
moreflectance experiments to measure the phonon MFP and ob-
served a dependence of the thermal conductivity on the laser di-
ameter.

Siemens et al.?% observed the cooling dynamics of a nanoscale
heat source through an ultrafast short-wavelength experimental
method and showed that Fourier transport can be corrected by
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requiring the length scale of the heat source to be larger than
the phonon MFP. The heat flow can be conceived of as emerging
from a larger location in the substrate that is equal to the size
of the phonon mean free route when it comes from a nanoscale
heat source smaller than the phonon MFP. Johnson et al.l') ex-
perimentally demonstrated that thermal transport in silicon al-
ready deviates from the diffusion model at micro distances at
room temperature. They found the effective thermal conductivity
decrease is related to the transition from the diffusive to the bal-
listic transport regime for the low-frequency part of the phonon
spectrum. Using finite-thickness superlattices with various pe-
riod counts, Luckyanova et al.?!l reported the experimental ob-
servation of coherent heat conduction. Over a temperature range
of 30 to 150 K, the measured thermal conductivity rose linearly
with increasing total superlattice thickness, which is consistent
with a coherent phonon heat conduction process.

By evaluating the thermal conductivities of GaAs/AlAs su-
perlattices with ErAs nanodots randomly dispersed at the inter-
faces, Luckyanova et al.??l further revealed the localization be-
havior in phonon heat conduction due to numerous scattering
and interference events of broadband phonons. The measured
thermal conductivities around ambient temperature rose and
eventually saturated with more superlattice periods, indicating
a change from ballistic to diffusive transport. Ding et al.[?*] uti-
lized a sub-picosecond transient grating approach and observed
the second sound in graphite at temperatures higher than 200 K.
They demonstrated that dispersion relation of the thermal-wave
velocity rises is caused by thermal zero sound, or the thermal
waves brought on by ballistic phonons. Ballistic, diffusive, and
hydrodynamic phonons interact with one another to produce the
results of their experiments.

Chen et al.l**l used the phonon Boltzmann transport equa-
tion (BTE) to show that the effective thermal conductivity of
superlattices in the perpendicular direction is generally con-
trolled by phonon transport within each layer; moreover, mea-
surement of the thermal boundary resistance between different
layers showed!?®! that the ballistic—diffusive equations are a better
approximation to heat conduction at the nanoscale than Fourier’s
law. Because solving the BTE and performing brute-force den-
sity functional theory (DFT) simulations can be computation-
ally expensive and time-consuming, approximate treatments are
necessary to deal with ballistic thermal transport phenomena.
Huang et al.?! found that no clear experimental data strongly
supported the ballistic thermal conduction of Si or Ge at room
temperature. However, experiments on homogeneously alloyed
nanowires provided clear evidence for ballistic thermal conduc-
tion over several micrometers at room temperature. An expres-
sion describing energy transport in both ballistic and diffusive
regimes has also been proposed; for single-walled carbon nan-
otubes in the ballistic—diffusive regime, the thermal conductivity
shows a L* dependence.

Raman thermometry is one of steady state optical
techniques!?’3% used to measure local temperatures with
the relatively high spatial resolution . Near-field thermal mea-
surements based on tip-enhanced Raman spectroscopy represent
a non-contact and reliable optical method to investigate the ther-
mal response of a material. Balandin(3'3?! introduced Raman
thermometry to measure the thermal conductivity of single-layer
graphene; this technique was further applied to a wide range of
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2D materials.33°] Deng et al.[?®! used an ultrafast thermal prob-

ing method to measure the reduction in thermal conductivity
due to size effects, and successfully measured the temperature
and thermal stress in the confined apex region of a nanotip.
Despite these prior studies, a comprehensive understanding of
ballistic thermal transport in GaN is still lacking, and further
studies are needed to probe the characteristic length dependence
of the thermal conductivity. Hence, in this study we use Raman
thermometry for the direct and accurate measurement of tip
heating-induced ballistic thermal transport at sub-10 nm reso-
lution in GaN. We investigate ballistic effects in GaN hotspots
through a combination of optical experiments, electromagnetic
simulations, and density functional theory (DFT) calculations.
Our results can have important implications for overcoming
issues associated with local hotspots, in order to improve the
thermal performance of devices based on GaN.

2. Experimental Section

In the present tip-enhanced Raman thermometry experiments,
a Raman laser was employed as a heating source and focused
on the gold-coated nanotip of an atomic force microscopy (AFM)
instrument. The focused laser beam will generate a highly local-
ized heated region under the gold-coated nanotip as shown in
Figure 1a. A silicon AFM tip (ScanSens, CSGO01 series model)
was coated with a 20 nm-thick gold layer with a 35 nm curva-
ture radius. A bulk a-GaN sample with 4.23 x 2.19 X 0.64 cm?
size was grown by the ammonothermal method.*®! The fabrica-
tion process of the GaN substrate was monitored in situ through
a Staib electron gun to ensure its high quality. The GaN substrate
was first examined by Raman spectroscopy, as shown in the Fig-
ure 1b. The incident laser beam was focused along the normal
direction of the grown GaN film; E, (TO) and A, (LO) were the ap-
parent active phonon modes of GaN in this configuration. The
shift in the E, (TO) phonon mode was used to quantify tempera-
ture increases, due to its high peak intensity. A typical GaN Ra-
man spectrum displayed a characteristic peak centered around
569.8 cm™! at room temperature; this peak showed a gradual red
shift with increasing temperature, as illustrated in the Figure 1d.

A micro-Raman spectrometer was used to determine local
temperature increases, based on the linear relationship between
the temperature and the Raman peak frequency of the material.
The detailed setup of the optical alignment for thermal sens-
ing using tip-enhanced Raman thermometry is presented in Fig-
ure la. The sample was fixed on a substrate holder attached to a
three-axis translation stage, making it possible to precisely move
the nanotip in the narrow target area. The laser spot was ~60 um
in diameter at the focal level in the z direction. The location of
the nanotip in the x—y plane was adjusted to focus the laser on
the apex of the tip and heat the GaN substrate.

Additional irradiations on the cantilever or the tip base should
be avoided. The exact location of the laser-irradiated tip was deter-
mined by carefully moving the tip; the intensity of the Rayleigh
scattering signal was used to establish whether the sample was
within the irradiated region. For simplicity, all adjustments were
made by referring to a coordinate system. The Figure 1c displays
a scanning electron microscopy (SEM) image of the tip, show-
ing the probe structure used in the subsequent tip-enhanced ex-
periments. The tip was first moved along the direction of the
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Figure 1. a) Schematic diagram of optical alignment for thermal sensing. The excited Raman signals are received by the spectrometer through the same
optical path. The incident laser beam at 532 nm crosses the tip and heats the GaN substrate through a 50x convex lens. The red region represents
the heating effect induced by the tip. The spiral shows the optical and heat penetration inside the GaN substrate. b) The Raman spectrum of the GaN
substrate and the E;(TO) and A, (LO) were the apparent active phonon modes in this configuration. c) The SEM image of the AFM probe tip with a
radius of 10 nm and a half-cone angle of 20°. d) The gradual red shifts of the GaN Raman peaks with the increasing temperature.

cantilever (x-axis) while keeping its position unchanged in the
other two directions. When the strongest Rayleigh scattering in-
tensity began to appear, the laser was focused on the tip center.
Then, we adjusted the tip along the y-axis and placed it at the spot
where the Raman signal was just detected. The spectrometer and
laser generator were connected to a computer and controlled via
a pre-installed software. The feedback signals were received and
processed using a program implemented in the support software.

3. Results and Discussion

3.1. Raman Calibration Results
Detailed calibration analysis of the GaN substrate was carried
out to analyze the relationship between temperature and Raman

shifts. The sample was placed on a heating stage to heat it at
different temperatures and measure the corresponding Raman
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spectra. Figure 2a shows the linear relationship between the Ra-
man shift corresponding to E;(TO) mode and the temperature.
The observed linear trend of the Raman shifts of GaN can be
attributed to the lattice thermal expansion and contraction due
to temperature changes; in particular, the phonon energies shift
in response to changes in the equilibrium positions of atoms.
Balkanski et al.l’’] presented a theoretical model of the Raman
frequency dependence on the temperature and pointed out that
the frequency and temperature exhibit a linear relationship if the
temperature is under 600 K, due to phonon anharmonic effects.
This relation can be expressed as w = C(T,, — T,) + w,, where w is
the measured Raman shift of a particular mode, T, is the “Raman
peak-independent” temperature, C is a calibration constant to be
determined and w, is the Raman shift at room temperature. The
temperature coefficient of the GaN during its calibration was cal-
culated as —0.014 cm™! K~! in the calibration experiment, which
was in good agreement with previously reported values.'3] The
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Figure 2. a) Linear relationship between Raman peak position and temperature; the slope of the linear fit was used to determine the GaN substrate
temperature. b) Ballistic thermal transport regimes. Ballistic phonon thermal transport will occur when the length of the heat source (L) is shorter than
the phonon MFP. c) Selected spectra of GaN under bare silicon tip irradiated with different laser powers. d) Selected spectra of GaN under gold-coated
silicon tip irradiated with different laser powers. €) Raman shift versus laser power plot. The slope of the fitting line corresponding to the uncoated tip
is almost two times larger than that of the gold-coated tip. f) Comparison of tip-enhanced temperature increases as a function of laser power with and
without Au coating. The gold-coated tip greatly enhances thermal transport under the tip. The error bar is the standard deviation from three different

independent experimental measurements.

obtained temperature coefficient can be further used to measure
local temperature increases in the GaN substrate under a highly
focused hotspot introduced by the gold-coated tip upon laser ir-
radiation.

The temperature increase in the GaN heating spot is directly
related to the thermal conductivity of the material; as the size of
the tip is only 10 nm in diameter in the apex region, the local-
ized electromagnetic field increase induced by surface plasmon
resonance will create a hotspot enhancing the Raman signals, as
shown in Figure 2b. The results reported in the following can be
explained in terms of ballistic thermal transport phenomena; this
is because the size of the heated region induced in the GaN sub-
strate is close to the size of the tip, and its characteristic length is
much shorter than the typical phonon MFP of GaN. In the bulk
GaN system, most heat is transported via phonons with MFPs of

Adv. Sci. 2022, 2204777 2204777

100-1000 nm at room temperature;!'738 thus, a ballistic behav-
ior obeying Landauer’s formulation for quantum thermal con-
duction is expected. After the laser beam is focused on the GaN
substrate, heat will be generated on both the uncoated and gold-
coated silicon tip systems. However, the gold film covering the tip
can enhance light absorption and thus promote ballistic thermal
transport.

3.2. Raman Probing of GaN Thermal Response
Figure 2c displays seven representative Raman spectra corre-
sponding to the bare silicon tip, collected at laser powers ranging

from 4.5 to 13.8 mW. As the laser power increases, the Raman-
active modes are softened, due to the increased local heating of
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the GaN substrate originating from the laser irradiation, result-
ing in a stronger phonon—phonon scattering. It should be noted
that a laser excitation power up to 13.8 mW will cause no dam-
age to the sample, while the linear dependence of the GaN Ra-
man shift on the temperature is maintained. If the laser power
intensity is decreased to limit the sample heating, this will re-
duce the signal-to-noise ratio of the Raman peak and affect the
comparison. Different laser powers also result in a red shift and
higher intensity of the Raman peaks, as shown in Figure 2d for
the gold-coated silicon tip case, with the plasmon resonance en-
hancement of the Raman signals providing a better spatial ther-
mal resolution. In detail, the increased Raman peak intensity of
the GaN substrate under the gold-coated silicon tip is almost 1.5
times higher than that measured in the bare tip case. The above
observation further clarifies the decreasing trend of the GaN Ra-
man shift with the laser power, as shown in Figure 2e.

The dependence of the GaN peak frequency on the laser power
in the linear region can be described as w = y,(P, — P;) = y,AP,
where y,, is the slope of the Raman shift versus laser power plot
and AP is the laser power difference. The fitted coefficients y,
for the bare and gold-coated silicon tips are —0.0445 and —0.0309
cm™! mW1, respectively. The decreasing linear power depen-
dence indicates that, for the same laser power, the phonon and
thermal energy can be absorbed more efficiently, leading to a
higher local temperature. This underlying trend can be extracted
using the previous temperature-Raman shift calibration. Fig-
ure 2f clearly shows that the temperature of the GaN hotspot in-
creases as a function of the laser power, reflecting the enhanced
energy absorption by surface plasmon resonance. The temper-
ature increase (240 K) induced by the gold-coated tip is much
higher than that (=20 K) generated by the bare silicon tip. More-
over, the fitted temperature coefficients for the gold-coated and
bare tip cases are 3.213 and 1.828 K- mW1, respectively.

The temperature increase in the uncoated silicon tip case
mainly derives from the heating effect of the Raman laser, and
can be approximately estimated through the simple heat con-
duction model.?”) The temperature rise in a small region of a
semi-infinite medium under a constant heat flux can be calcu-
lated as 6, = 2 - &2 where k is the thermal conductivity of the
material, g, isthe constant heat flux, a is the spot radius, and
0, is the temperature increase in the small region after thermal
equilibrium. The laser spot radius is ~30 um and the constant
heat flux can be calculated from the heating power (13.8 mW)
of the incident laser. The thermal conductivity of single-crystal
GaN at room temperature is 253 W m™! - K~1. The tempera-
ture increase predicted from the heat conduction model is 22 K,
which is close to that (21 K) estimated from the Raman experi-
ments. Hence, heat transfer in the limited region below the bare
tip follows the standard diffusive thermal transport mechanism;
however, whether the anomalous temperature increase in the re-
gion below the gold-coated tip originates from ballistic thermal
transport remains an open question.

3.3. Electromagnetic Simulations of Tip—Substrate System
The observed temperature increase in the sub-10 nm region mo-

tivated us to simulate the distribution of the electric field and the
temperature rise at the tip-enhanced nanoscale heating spot. Fig-
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ure 3a shows the simulated gold-coated tip and GaN substrate
system under 532 nm laser irradiation at the incident angle ()
of 20°. Because the surface plasmon resonance is sensitive to sev-
eral properties, such as excitation wavelength, material character-
istics, polarization of the incident laser and the laser shape, hence
the careful selection of the input parameters is crucial. The model
used in the simulation consisted of a silicon tip with a sharp end
tangent to a hemisphere and was covered by an approximately
20 nm-thick gold coating. A 100 nm-thick silicon substrate was
placed normally under the tip. The geometry of the tip was as fol-
lows: half taper angle 6 = 10°, apex radius r; = 30 nm, r, = 50 nm,
and length L = 300 nm. Maxwell’s equations were solved by the
finite difference time domain (FDTD) method across a rectan-
gular computational domain with 600 x 600 x 800 nm? dimen-
sions, containing the tip, substrate and a vacuum region around
the tip/substrate system.

To prevent reflections at outer boundaries, the perfectly
matched layer (PML) technique was applied to the domain. A po-
larized plane wave was irradiated along the x direction on the tip
at an angle 0 with respect to the tip axis. The incident electric
vector E, had an amplitude of 1 V m~!. At 532 nm (wavelength of
the laser used in the experiment), the dielectric functions of gold
and silicon arel® ¢, = —4.2854 + 2.3292i and e, = 5.8254 —
0.4070i, respectively. When a polarized laser illuminates the tip,
the z-component of the polarized electric field drives the free elec-
trons in the near-surface region of gold and confines them to the
end of the tip apex. As a result, a strong electric field is generated
under the tip apex. Cross-section views of the electric field dis-
tributions in the bare tip—substrate and coated tip—substrate sys-
tems are shown in Figures 3b,c, respectively. Because the tip can
be effectively excited using a longitudinal wave, the electric field
magnitude around the contact point region of the gold-coated
tip is greatly enhanced; in contrast, the other region of the gold-
coated tip—substrate system shows a low electric field enhance-
ment. The observed intensification of the electric field may origi-
nate from surface plasmon resonance, due to the presence of the
thin gold layer on the tip. The electric field enhancement at the
junction between tip and substrate can also be seen in Figure 3c.

The electric field distributions around the contact point region
for the bare tip- and gold-coated tip—substrate systems are shown
in Figure 4a,b. The enlarged view of the contact point shows that
the enhanced electric field only exists in a small region with a ra-
dius of less than 10 nm. While most of the electromagnetic wave
goes around the tip, a small portion still penetrates the gold coat-
ing and even into the silicon core. It can be found through electro-
magnetic field simulations that the electromagnetic field inten-
sity was enhanced by a factor of 80 in the local region. The strong
coupling between the tip and the substrate leads to stronger Ra-
man enhancement. However, the bare tip, which has no gold
coating, has a weaker equipartition excitation effect with the laser,
and the local electromagnetic field intensity is enhanced by a
factor of about 39 in the contact with the substrate. When light
passes through the absorbing medium, the local heat generation
rate is proportional to the square of the electric field strength,
Gioc ® B2 Under the same conditions, the electromagnetic field
strength between the gold-coated tip and the substrate is stronger
than that of the bare tip, and the local heat generation rate of the
gold-coated tips can be increased by 6400 times, while that of the
bare tip can only be increased by 1521 times, correspondingly
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Figure 3. a) Schematic diagram of tip—substrate simulation model. The tip
with a silicon core is coated with a 20 nm-thick gold film. The incident angle
of the irradiating laser is 20°. b,c) Front view of electric field distribution
around the bare (b) and gold-coated (c) tip in the y = 0 plane. A strongly
enhanced electric field is observed around the tip-substrate contact area,
with an asymmetric distribution around the tip.
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increasing the GaN substrate temperature higher, which is con-
sistent with the experimental phenomenon. In the experiment,
the intensity and peak position of the Raman signal of GaN sub-
strate were collected by irradiating both tips with the same power
of 532 nm laser. The Raman peak intensity of GaN substrate un-
der the gold-coated silicon tip is nearly 1.5 times higher than
that of the bare tip in the same case. This shows the silicon tip
with gold-coating has stronger plasmon resonance-enhanced Ra-
man signal and provides better spatial thermal resolution. The
top views of the electric field distributions for the bare and gold-
coated tip—substrate systems in Figure 4a,b show that the en-
hanced field in the GaN substrate rapidly declines around 10 nm
and gradually decreases above 20 nm. The absorption zone has a
nearly hemispherical shape with a diameter of 10 nm, in which
the laser radiation is absorbed and converted into thermal en-
ergy; the local temperature of the substrate will then show a cor-
responding increase.

3.4. Thermal Analysis in the Sub-10 nm Region

The distributions of the absorbed light and converted thermal en-
ergy were calculated with an incident intensity I, of 4.9 X 10 W
m~2, corresponding to that of the laser available in our lab. In
the following, the heat generated in the silicon surface was cal-
culated at this moderate intensity, which is equivalent to E, =
6.1 X 10* V m~'. The relation between intensity and normalized
electric field“! is T = 0.5nec,E*. Based on the Poynting’s theo-
rem, when light passes through the absorbing medium, the lo-
calized heat generation rate gy is given by the equation!*?*l g, =
0.5¢,0Im[e(w)]E,. %, where ¢, is the vacuum permittivity, w is the
angular frequency of the incident wave, Im[e(w)] is the imaginary
part of the dielectric function of Si at the incident frequency and
E,,. is the normalized local electric field. Figure 4c,d shows the
distribution of the heat generation rate around the contact point
region inside the GaN substrate for the bare and gold-coated tips
under irradiation with the 532 nm laser. The hemi-ellipsoidal dis-
tribution of the thermal energy density is consistent with the elec-
tric field distribution in Figure 4a,b, reaching its maximum of ~
6 X 10> W m~3 at the contact point and then dropping dramat-
ically inside the GaN substrate. The asymmetric distribution in
the x-direction can be attributed to the uneven distribution of the
tip-induced optical enhancement, due to the asymmetric illumi-
nation relative to the cone axis.[*¢] Thus, a deeper penetration
into the GaN substrate results in a more dramatic drop in the
heat generation rate. The heat penetration depth along the z-axis
is around 2 nm, while the lateral penetration depth along the x-
axis is around 6 nm. The lateral and vertical sizes of the optically
induced heated region are as small as 6 and ~2 nm, respectively.
The energy absorption concentrated near the tip—sample contact
point will be dissipated inside the GaN substrate.

The overall physical process could be very complex if the
generated heat transfers from the tip to the GaN substrate for
this tip-substrate setup. Since the substrate is beneath the tip,
there might be radiative heat transfer between the tip and sub-
strate. However, the solid—solid conduction and the air conduc-
tion should dominate the thermal transport while the thermal
radiation contribution is small when compared with the direc-
tion of the solid—solid conduction and the air conduction.!*”) The
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Figure 4. a,b) Top view of electric field distribution in GaN substrate for

bare (a) and gold-coated (b) tip. c,d) Thermal energy distribution inside GaN

sample induced by bare (c) and gold-coated (d) tip. e,f) Temperature distribution of bare- and gold-coated tip-enhanced heating. The thermal energy
leads to a highly localized temperature increase in the GaN sample, and gradually decreases as the penetration depth increases.

focused laser beam will produce a highly localized hot zone under
the gold-coated nanotip in our experiment. The largest incident
laser intensity I, is 4.9 X 10° W m~2 and is used in our experi-
ment, the temperature increase of the tip apex region is roughly
estimated to be less than 10 K. And the temperature rise of the
heated region under the tip is ~40K for the gold coated tip and
~20K for the uncoated tip, thus the temperature rise from the
substrate region is much higher than the gold coated silicon tip.
And the thermal resistance of the GaN substrate, calculated as

Adv. Sci. 2022, 2204777

1/(2zrk.q), where r is the radius of the heated spot (5 nm) and
k.q is the local thermal conductivity and is ~1.77 x 10° K WL,
Moreover, the thermal contact resistance between tip and sub-
strate, calculated through molecular dynamics simulations (see
Supporting Information for more information), is ~7.04 x 10® K
W1, hence a large amount of heat flows from the heating region
to other regions of the GaN substrate, rather than from the sub-
strate to the tip and the thermal radiation effect can be generally
ignored.
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Figure 5. a) Temperature in the heated region as a function of MFP length, evaluated through electromagnetic field simulations. Unknown MFPs can
then be predicted based on the experimentally observed temperature. b) Predicted MFP length as a function of the heated region temperature in the
GaN substrate and the error bar is obtained through three Raman experiments. c) BTE-calculated MFP length of each phonon mode in the first Brillouin
zone of GaN at 300 K. d) Cumulative thermal conductivity as a function of phonon MFP length at 300 K.

As shown in Figure 4e,f, the length of the heated region is
much shorter than the phonon MFP of the GaN substrate; hence,
such nanoscale hotspot will not follow the classical Fourier’s law
of heat conduction in the diffusive regime, due to the failure of
the gold coated tip—substrate system to reach thermal equilib-
rium in such a small space. The size of the generated hotspot is
around 10 nm, and the induced temperature with the 13.8 mW
irradiating laser is higher than 330 K. Taken together, the present
experimental and simulation results shows that ballistic thermal
transport can induce the highly localized heating observed in the
GaN substrate. Note that, our experimental setup looks similar to
the Scanning thermal microscopy (SThM) but the measurement
principle is quite different. The overall physical process could be
very complex“®#] if the generated heat transfers from the tip to
the GaN substrate for the Scanning thermal microscopy (SThM).
However, the focused laser beam will produce a highly localized
hot zone under the gold-coated nanotip in our experiment. The
largestincident laser intensity I, is 4.9 X 10° W m~2 and is used in
our experiment, the temperature increase of the tip apex region
is roughly estimated to be less than 10 K.’% And the temperature
rise of the heated region under the tip is 240K for the gold coated
tip and ~20K for the uncoated tip, thus the temperature rise from
the substrate region is much higher than the gold coated silicon
tip.

A tiny portion of the total heat flow from the thermal probes to
samples is contributed by heat transfer through the water menis-
cus. 1% to 6% of the heat flux through contact passes through
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the meniscus and the thermal conductance through the water
meniscus is around 0.40 + 0.02 uW K~! in the case of the Wol-
laston wire probe at 65 °C.[*°1] The heat transfer mechanism
through the water meniscus was found to be strongly dependent
on the probe temperature, where the water film almost disap-
pears above an average probe temperature of 120 to 150 °C. Fur-
thermore, the study by Assy et al.*] showed that in the case of a
standard scanning thermal microscope Wollaston probe, the heat
transfer through the water meniscus does not dominate the ther-
mal interaction between the probe and the sample, regardless of
the probe temperature.

3.5. MFPs of GaN at Sub-10 nm Hotspot

As shown in Figure 5a, a predictive model of phonon MFPs
was established by systematically varying the phonon MFP and
comparing the corresponding changes in the temperature distri-
bution in the heated region with the experimental values. The
phonon MFP of a new material can thus be predicted based
on the simulated temperature changes in the heated region,
as shown in Figure 5b. In general, higher temperature leads
to smaller phonon MFP, which is intuitively true considering
that higher temperature means stronger phonon-phonon scat-
tering. Note that the temperature measured through Raman ex-
periments includes only the average temperature increase from
the heated region, and the temperature estimated from the
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simulation shows a smooth distribution in this region. The sim-
ulated temperature increase was spatially averaged to compare it
with the experimentally measured increase. The combination of
iterative EM simulation and quasi-ballistic experiments enables
the rapid determination of the phonon MFPs via a simple search
algorithm. According to our simulations, the phonon MFP of
GaN is around 797 nm long when the irradiating laser power is
4.5 mW. Various computational approaches have shown that the
main phonons contributing to the thermal conductivity of bulk
GaN have MFPs of 200-1000 nm.[>>3]

The MFPs obtained from the combination of tip-enhanced Ra-
man thermometry and electromagnetic finite element method
(FEM) simulations were then compared with the MFP calcu-
lated from first-principles simulations, as shown in Figure 5c.
To verify the calculated MFPs, the phonon BTE was solved nu-
merically with the help of force constants obtained from first-
principles simulations. The present first-principles calculations
include two different scattering mechanisms: three-phonon and
isotopic scattering. An iterative process was used to obtain the
converged phonon distribution and thermal conductivity using
the ShengBTE packagel®! with a uniform 12 x 12 x 12 grid in
the first Brillouin zone. A 4 x 4 X 4 g-grid was used to calculate
harmonic force constants using the density functional perturba-
tion theory scheme implemented in the Quantum Espresso soft-
ware; third-order force constants were calculated using a 4 x 4
X 4 supercell, via a finite difference method with the cutoff set
at the eighth nearest neighbor. The isotopic scattering was then
calculated based on the natural isotopic distribution of Ga and N.

A mode specific MFP spectrum is calculated, and the MFP
weighted by mode specific thermal conductivity is then averaged
as 768.6 nm at 300K for the bulk GaN. This is in good agreement
with our tip-enhanced Raman thermometry and finite element
method (FEM) approach, indicating that this novel method can
successfully capture the nature of ballistic transport. Finally, Fig-
ure 5d shows the cumulative thermal conductivity as a function
of the phonon MFP, providing an estimate of the range of the
phonon MFPs that mostly contribute to the thermal conductivity.
The analysis shows that more than half of the thermal conductiv-
ity is contributed by phonons with a MFP longer than 500 nm,
even at room temperature. In addition, only a small portion of
the thermal conductivity originates from phonons with MFPs
shorter than 50 nm. Therefore, we expect a significant reduction
of the thermal conductivity when the size of the heated region
is around 20 nm, along with a large temperature increase inside
this limited region.

4, Conclusion

In summary, we used the novel tip-enhanced Raman thermome-
try to observe the quasi-ballistic thermal transport phenomena in
GaN. The experimental results are consistent with ballistic ther-
mal transport when the characteristic thermal transport length is
shorter than the phonon MFP. To further investigate the thermal
transport mechanism at the nanoscale, we conducted optical elec-
tromagnetic simulations of AFM tip-substrate systems to model
the highly focused optical and heating field induced by a laser.
The simulation results also show a highly localized optical pene-
tration depth within a range of 10 nm. Based on the temperature
increases measured experimentally, optical electric field simula-
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tions can be used to determine the phonon MFPs of GaN. Consis-
tent with the phonon MFPs of GaN reported in the literature and
the averaged MFP weighted by the mode-specific thermal con-
ductivity calculated by first-principles simulations, we success-
fully carried out the first determination of MFPs combining Ra-
man experiments and numerical simulations. Our analyses re-
veal the fundamental mechanisms of ballistic thermal transport
under a heating tip, which may provide new insights useful for
understanding nanotip-enhanced heating and designing more
efficient nanofabrication systems.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

D.H. and Q.S. contributed equally to this work. This work is supported by
National Natural Science Foundation of China (No. 52076156, 52206107),
the National Key R&D Program of China (No. 2019YFE0119900), and
China Postdoctoral Science Foundation (No.2022M712447). Z.L. would
like to thank the Fundamental Research Funds for the Central Universi-
ties (No.531118010723). The simulations were supported by the Research
Computing Center in Wuhan University and the National Supercomputing
Center at Changsha (NSCC) inHunan University.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

tip-enhanced Raman thermometry, ballistic thermal transport, gallium ni-
tride, sub-10 nm

Received: August 22, 2022
Revised: November 2, 2022
Published online:

[1] O.Al-Zuhairi, A. Shuhaimi, N. Nayan, A. Azman, A. Kamarudzaman,
O. Alobaidi, M. Ghanim, E. T. Abdullah, Y. Zhu, Coatings 2022, 12,
275.

[2] H.D.)abbar, M. A. Fakhri, M. J. AbdulRazzaq, Mater. Today Proc. 2021,
42, 2829.

[3] C.Liu, ). Kang, Z.-Q. Huang, Y.-H. Song, Y.-S. Xiao, J. Song, ].-X. He,
C.-R. Chang, H.-Q. Ge, Y. Wang, Z.-T. Liu, Z.-W. Liu, Nat. Commun.
2021, 12, 2305.

[4] L.Hackett, M. Miller, F. Brimigion, D. Dominguez, G. Peake, A. Tauke-
Pedretti, S. Arterburn, T. A. Friedmann, M. Eichenfield, Nat. Commun.
2021, 12, 2769.

2204777 (9 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWIIOD BANE8ID 3|dedidde sy Ag peusenob afe se[ole VO ‘88N J0 S8|ni Joj Afeiq1T8UlUQ 48] I/ UO (SUOTHPUD-PUE-SULBY WO A8 | 1M AlRIq | U1 [UO//SANY) SUORIPUOD PUe SWs 1 8y} 89S *[220z/TT/LT] Uo ARiqiTauliuo Ao ‘AsBAIUN Ueyn AQ 2202202 SAPR/Z00T OT/I0p/Wod A8 | imArelq1 Ut |uoy/sdny wouy papeojumod ‘0 ‘778E86TZ



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(3]
(6]
7]
(8]
9]
(1]
!
(12]
(13]

(14]
[15]

[16]
(7]

(18]
[19]
(20]

(21]

[22]

(23]

(24]
(25]
[26]

[27]
(28]

(29]
(3]

Adv. Sci. 2022, 2204777

Z.Zheng, L. Zhang, W. Song, S. Feng, H. Xu, J. Sun, S. Yang, T. Chen,
J. Wei, K. J. Chen, Nat. Electron. 2021, 4, 595.

U. K. Mishra, L. Shen, T. E. Kazior, Y.-F. Wu, Proc. IEEE 2008, 96, 287.
J. Zhang, Nano Energy 2021, 79, 105489.

S. Maity, C. Ramanan, F. Ariese, R. C. I. MacKenzie, E. von Hauff, Adv.
Electron. Mater. 2022, 8, 2101208.

L. Arivazhagan, D. Nirmal, P. P. K. Reddy, |. Ajayan, D. Godfrey, P.
Prajoon, A. Ray, Silicon 2021, 13, 3039.

J. A. Johnson, A. A. Mazney, ). Cuffe, ). K. Eliason, A. J. Minnich, T.
Kehoe, C. M. S. Torres, G. Chen, K. A. Nelson, Phys. Rev. Lett. 2013,
110, 025901.

G. Chen, J. Heat Trarlsﬂar 2002, 124, 320.

T. Luo, G. Chen, Phys. Chem. Chem. Phys. 2013, 15, 3389.

P. G. Sverdrup, S. Sinha, M. Asheghi, S. Uma, K. E. Goodson, Appl.
Phys. Lett. 2001, 78, 3331.

Y. K. Koh, D. G. Cahill, Phys. Rev. B 2007, 76, 075207.

A. Sood, F. Xiong, S. Chen, R. Cheaito, F. Lian, M. Asheghi, Y. Cui, D.
Donadio, K. E. Goodson, E. Pop, Nano Lett. 2019, 9, 2434.

J. Maire, R. Anufriev, M. Nomura, Sci. Rep. 2017, 7, 41794.

Y. Hu, L. Zeng, A. J. Minnich, M. S. Dresselhaus, G. Chen, Nat. Nan-
otechnol. 2015, 10, 701.

J. Zou, D. Kotchetkov, A. A. Balandin, D. I. Florescu, F. H. Pollak, J.
Appl. Phys. 2002, 92, 2534.

A. ). Minnich, J. A. Johnson, A.J. Schmidt, K. Esfarjani, M. S. Dressel-
haus, K. A. Nelson, G. Chen, Phys. Rev. Lett. 2011, 107, 095901.

M. E. Siemens, Q. Li, R. Yang, K. A. Nelson, E. H. Anderson, M. M.
Murnane, H. C. Kapteyn, Nat. Mater. 2010, 9, 26.

M. N. Luckyanova, ). Garg, K. Esfarjani, A. Jandl, M. T. Bulsara, A.
J. Schmidt, A. ). Minnich, S. Chen, M. S. Dresselhaus, Z. Ren, E. A.
Fitzgerald, G. Chen, Science 2012, 338, 936.

M. N. Luckyanova, J. Mendoza, H. Lu, B. Song, S. Huang, ). Zhou,
M. Li, Y. Dong, H. Zhou, ). Garlow, L. Wu, B. J. Kirby, A. J. Grutter, A.
A. Puretzky, Y. Zhu, M. S. Dresselhaus, A. Gossard, G. Chen, Sci. Adv.
2018, 4, eaat9460.

Z. Ding, K. Chen, B. Song, J. Shin, A. A. Maznev, K. A. Nelson, G.
Chen, Nat. Commun. 2022, 13, 285.

G. Chen, Phys. Rev. B 1998, 57, 14958.

G. Chen, Phys. Rev. Lett. 2001, 86, 2297.

B.-W. Huang, T.-K. Hsiao, K.-H. Lin, D.-W. Chiou, C.-W. Chang, AIP
Adv. 2015, 5, 053202.

R.Wang, S. Xu, Y. Yue, X. Wang, Int. J. Extreme Manuf. 2020, 2,032004.
S. Deng, S. Xu, J. Gao, H. Wu, J. She, Y. Yue, J. Phys. Chem. C 2022,
126, 1922.

J. Gu, J. She, Y. Yue, ES Energy Environ. 2020, 9, 15.

Y. Xu, X. Zhao, A. Li, Y. Yue, ). Jiang, X. Zhang, Nanoscale 2019, 11,
7572.

(31]

(32
(33]

(34]

35]

36]

(37]

38]

(39]

[40]

[41]
(42]
[43]

[44]
[45]

[46]
(47]
48]
(49]

(50]
(51
[52]
[53]

[54]

www.advancedscience.com

S. Ghosh, I. Calizo, D. Teweldebrhan, E. P. Pokatilov, D. L. Nika, A.
A. Balandin, W. Bao, F. Miao, C. N. Lau, Appl. Phys. Lett. 2008, 92,
151911,

A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao,
C. N. Lau, Nano Lett. 2008, 8, 902.

O. Braun, R. Furrer, P. Butti, K. Thodkar, |. Shorubalko, I. Zardo, M.
Calame, M. L. Perrin, npj 2D Mater. Appl. 2022, 6, 6.

A. Behranginia, Z. Hemmat, A. K. Majee, C. |. Foss, P. Yasaei, Z.
Aksamija, A. Salehi-Khojin, ACS Appl. Mater. Interfaces 2018, 10,
24892.

J. S. Lundh, T. Zhang, Y. Zhang, Z. Xia, M. Wetherington, Y. Lei, E.
Kahn, S. Rajan, M. Terrones, S. Choi, ACS Appl. Electron. Mater. 2020,
2, 2945,

R. Dwilinski, R. Doradziniski, |. Garczynski, L. P. Sierzputowski, A.
Puchalski, Y. Kanbara, K. Yagi, H. Minakuchi, H. Hayashi, J. Cryst.
Growth 2009, 371, 3015.

M. Balkanski, K. P. Jain, R. Beserman, M. Jouanne, Phys. Rev. B 1975,
12, 4328.

T.-H. Chou, L. Lindsay, A. A. Mazneyv, ). S. Gandhi, D. W. Stokes, R.
L. Forrest, A. Bensaoula, K. A. Nelson, C.-K. Sun, Phys. Rev. B 2019,
100, 094302.

Q. Sun, Z. Xue, Y. Chen, R. Xia, ). Wang, S. Xu, J. Zhang, Y. Yue, Int. J.
Extreme Manuf. 2021, 4, 015001.

M. Losurdo, M. M. Giangregorio, G. V. Bianco, A. A. Suvorova, C.
Kong, S. Rubanov, P. Capezzuto, ). Humlicek, G. Bruno, Phys. Rev. B
2010, 82, 155451.

R. Loudon, J. Phys. A: Gen. Phys. 1970, 3, 233.

J. Hao, L. Zhou, M. Qiu, Phys. Rev. B 2011, 83, 165107.

Z. ). Coppens, W. Li, D. G. Walker, J. G. Valentine, Nano Lett. 2013,
13, 1023.

R. M. Roth, N. C. Panoiu, M. M. Adams, R. M. Osgood, C. C. Neacsu,
M. B. Raschke, Opt. Express 2006, 14, 2921.

Z.B.Wang, B. S. Luk’yanchuk, L. Li, P. L. Crouse, Z. Liu, G. Dearden,
K. G. Watkins, Appl. Phys. A 2007, 89, 363.

X. Chen, X. Wang, Nanotechnology 2011, 22, 075204.

L. Shi, A. Majumdar, J. Heat Transfer 2002, 124, 329.

Y. Kajihara, K. Kosaka, S. Komiyama, Opt. Express 2011, 19, 7695.

A. Assy, S. Lefévre, P.-O. Chapuis, S. Gomeés, J. Phys. D: Appl. Phys.
2014, 47, 442001.

Y. Yue, X. Chen, X. Wang, ACS Nano 2011, 5, 4466.

A. Assy, S. Gomes, Nanotechnology 2015, 26, 355401.

F. Zheng, L.-W. Wang, J. Phys. Chem. Lett. 2019, 10, 6174.

Y. Jiang, S. Cai, Y. Tao, Z. Wei, K. Bi, Y. Chen, Comput. Mater. Sci. 2017,
138, 419.

W. Li, ). Carrete, N. A. Katcho, N. Mingo, Comput. Phys. Commun.
2014, 185, 1747.

2204777 (10 0‘F10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB017 SUOLILIOD SO 3|edlddde 8U Aq pauRA0D 318 S3[o e WO ‘88N JO S3|NJ 0 AX1q 1T 8UIIUO AB]IM UO (SUORIPUOD-PUR-SWIBYW0D A3 | IM*A eI [oUUO//STNY) SUORIPUOD PUe SWi L 8U38S *[2202/TT/LT] uo Ariqiauluo AB|IM ‘ASieAIun UeUunm Aq 2202202 SAPR/Z00T OT/I0p/Lod A8 |1mAelq 1 jeuluo//Sdiy wouy papeojumod ‘0 ‘v8E86TZ



