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Direct Observation of Substantial Phonon Nonequilibrium
Near Nanoscale Hotspots in Gallium Nitride
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1. Introduction

Phonon modal nonequilibrium is believed to widely exist around nanoscale

hotspots, which can significantly affect the performance of nano-electronic
and optoelectronic devices. However, such a phenomenon has not been
explicitly observed in 3D device semiconductors at the nanoscale. Here, by
employing a tip-enhanced Raman thermal measurement approach,
substantial phonon nonequilibrium in gallium nitride near sub-10 nm
laser-excited hotspots is directly revealed for the first time. As further
evidence, quantitative agreements between measurements and accurate
first-principles-based phonon Boltzmann transport equation calculations are
obtained. The large nonequilibrium is attributed to the strong Fréhlich
coupling of electrons with longitudinal optical phonons and the large
acoustic-optical phonon frequency gap in gallium nitride, which is further
demonstrated in other common I1I-V semiconductors. This work establishes a
viable approach for understanding nanoscale nonequilibrium phonon
transport and can potentially benefit the future modulation of hot carrier

dynamics.
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Advancements in nanoscale devices, fea-
turing characteristic dimensions from sub-
micron to even below ten nanometers, are
fostering innovations in the fields of elec-
tronics, optoelectronics, and photonics.['*]
The performance of functional devices is
intimately coupled to the hot charge car-
rier transport under photoexcitation or elec-
tric bias.>®! The hot carrier transport in
semiconductors is governed by their scatter-
ing with phonons to relax excess energy,”*#!
and also the subsequent energy dissipation
dominated by phonon transport.l’! Tt has
been demonstrated that different phonons
can be locally driven to deviate from ther-
mal equilibrium under nanoscale optical
or electrical excitations due to inadequate
phonon thermalization.['%12] This mani-
fests as disparate equivalent local temper-
atures for different phonons.'*®1 Such
phonon (temperature) nonequilibrium has been proven to im-
pede energy dissipation and degrade the thermal reliability of
electronic devices,!1%17] especially for downscaled fin field-effect
transistors and power electronics.!'®! In addition, it can also po-
tentially promote slow energy relaxation and even non-dissipative
transport of hot carriers,[12% which is desired for a variety
of promising applications, such as efficient energy-harvesting
optoelectronics,!?!] thermoelectric cooling devices,!”) and broad-
band photodetectors.[*l Therefore, a fundamental understanding
of nanoscale phonon nonequilibrium is imperative in the devel-
opment of post-Moore-era nanoelectronics.

While most theoretical studies were based on the multitem-
perature model,’**?2] the phonon Boltzmann transport equa-
tion (BTE),2>2¢] which can better elucidate the ballistic trans-
port effect, has recently been applied to elucidate phonon
nonequilibrium near nanoscale hotspots.'8! From the experi-
mental perspective, Raman spectroscopy provides direct mea-
surements of this phonon temperature nonequilibrium accord-
ing to the Raman spectrum-temperature dependence.!?”?8] Exper-
iments based on Raman spectroscopy have illustrated that the
weak coupling between in-plane and out-of-plane phonons in
graphene!?>3% and 2D transition metal dichalcogenides(?®3! can
easily induce clear phonon nonequilibrium even near microscale
laser-heated hotspots.[?832] However, phonon nonequilibrium
has never been explicitly demonstrated in realistic 3D device
semiconductors. This is presumably because exciting nanoscale
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Figure 1. Tip-enhanced Raman measurement system. a) Schematic of the experimental setup for tip-enhanced Raman thermal measurement. The
incident laser beam is focused at the gold-coated nanotip apex to heat the GaN substrate and excite Raman signals. The scattered Raman signal is
collected by a CCD for temperature probing. b) The SEM image of the gold-coated silicon nanotip with a half-cone angle of 20°. c) Raman spectra
(E, (TO) mode) of GaN under different laser excitation (see Supporting Information for details).

hotspots to facilitate observable phonon nonequilibrium and
characterizing the underlying phonon dynamics are quite chal-
lenging, particularly for hotspots under tens of nanometers that
are extensively generated in modern nanoelectronics.”! Hence,
a gap remains in experimental evidence and comprehensive un-
derstandings of phonon nonequilibrium in 2D electronic and op-
toelectronic materials.

In this study, a tip-enhanced Raman thermal measurement
system is developed, which facilitates confined hotspot excita-
tion under the tip apex and achieves sub-10 nm spatial reso-
lution for characterizing nanoscale phonon temperature rises.
We first focus on the wurtzite gallium nitride (GaN), which
is extensively favored in optoelectronics®*! and high-power
electronics.** Substantial temperature nonequilibrium among
different phonons is directly observed near the excited nanoscale
hotspots. A state-of-the-art theoretical framework for phonon
BTE integrated with first-principles calculations is also employed
to accurately determine phonon temperatures under nanoscale
laser excitations.353¢] Quantitative agreement between Raman
measurements and theoretical calculations further evidences this
pronounced phonon nonequilibrium induced in GaN. Mecha-
nisms leading to the phonon nonequilibrium in GaN are eluci-
dated from first-principles-based phonon BTE results, which are
also demonstrated in other common III-V semiconductors.

2. Results and Discussion

2.1. Direct Observation of Phonon Nonequilibrium Near
Nanoscale Hotspots

As a wide-bandgap semiconductor,3”38] GaN has an unusually
high lattice thermal conductivity and broadly spanned phonon
mean free path distribution (from several nanometers to tens
of micrometers).[*! These features can potentially lead to clear
phonon nonequilibrium in GaN at the nanoscale,[!*!#] when the
characteristic length is smaller than the phonon mean free path.
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Here, a tip-enhanced Raman experimental system is employed
to conduct the thermal measurement.3**] The system is cus-
tomized to feature nanoscale heating from the tip enhancement
effect and temperature measurement simultaneously from the
Raman signal. As illustrated in Figure 1a, a single crystal GaN
is placed on an atomic force microscopy (AFM) sample stage. A
gold-coated silicon nanotip is employed instead of conventional
tips to achieve the tip enhancement effect. The system is adjusted
as a contact mode between the nanotip and GaN to excite an en-
hanced optical field.*! Figure 1b displays a SEM image of the sil-
icon nanotip, showing the probe structure used in the measure-
ment. A Raman laser is precisely controlled to focus on the tip
apex. Consequently, a significant optical field at the tip-substrate
contact area is formed and such an intense optical field can gen-
erate a localized heating region at the subsurface beneath the
nanotip. In this configuration, two active modes of GaN are ob-
served, i.e., E,(TO) and A, (LO) peaks, which represent the trans-
verse and longitudinal optical phonon modes at the center of the
Brillouin zone.[*!l The average phonon temperature rise of the
heated region can be determined from the Raman peak shift (see
the Experimental Section for details). The Raman spectra for the
E,(TO) phonon mode at different laser powers are illustrated in
Figure 1c. We observe an apparent temperature rise of the E, (TO)
phonon mode from 3.5 to 10.2 K, and the A, (LO) phonon mode
from 12.8 to 26.5 K as the laser power increases from 2.61 to
5.42 mW as shown in Figure 2c (see Supporting Information
for details). The strong fields from SERS may cause slight de-
viations in Raman shifts due to nonlinear effect; however, such
an effect is minimized in our work by employing low laser power
intensities. Notably, the A, (LO) mode exhibits relatively weak in-
tensity, necessitating extended accumulation time to generate a
sound signal. Thus, only a limited number of signals are recorded
(see Supporting Information for details). The small incident an-
gle of the laser (less than 15°) relative to the substrate surface,
combined with the low absorptivity of GaN (532 nm in laser
wavelength), renders the direct laser heating of the substrate
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Figure 2. Comparison between tip-enhanced Raman measurements and first-principles-based phonon BTE calculations of the nanoscale hotspot-
induced phonon nonequilibrium. a) Cross-section view of the electric field distribution E around the tip-substrate contact region (y = 0 plane). The
coordinate origin is set at the center of the excited hotspot on the surface of the GaN substrate in contact with the nanotip as shown in Figure 1a. b)
Heat generation rate distribution Q in the GaN substrate induced by the gold-coated silicon nanotip at a laser power of 5.42 mW. The gray dashed line
shows the 1/e hotspot radius (i.e., the position at which the peak heat generation rate of the hotspot center drops to 1/e). c) Comparison of tip-enhanced
Raman system measured temperature rises for the E, (TO) phonon mode (upper triangle black-filled symbols) and A, (LO) phonon mode (lower triangle
black-filled symbols) and the first-principles-based phonon BTE results (hollow symbols) as a function of incident laser power. The dashed line shows
temperature rises predicted by macroscale Fourier's law. d) The first-principles-based phonon BTE calculated phonon temperature distributions near
the excited hotspot at the surface of the GaN sample in contact with the nanotip (z = 0 plane) for laser power = 5.42 mW. The gray arrow represents the
1/e lateral radius of the hotspot R;, which is 7.2 nm.

negligible. To verify this, we also conduct an experiment on the  lateral and vertical radii of the hotspot (i.e., the heat penetration)
GaN substrate without the nanotip. The observed temperature  are R, = 7.2 nm and R, = 2.1 nm (the position at which the
rises, inferred from the Raman shift of the phonon modes, are  peak heat generation rate of the hotspot center drops to 1/e),
less than 1 K, significantly lower than the temperature charac-  respectively. It should be noted that determining the exact heat
terized in the presence of the nanotip. In addition, it should be = generation at such a nanoscale presents a significant challenge.
noted that in our experiments, the coated tip is not subjected to  The electromagnetic simulations represent a reasonable and
significant heating and no substantial thermal stress is induced  effective method in the existing literature for calculating the
due to the high reflectivity, shallow skin depth, and high thermal  spatial distribution of the excited nanoscale hotspots!®! (see
conductivity of the gold coating. Supporting Information for details).

To translate experimental results, we characterize the
nanoscale heated region from electromagnetic simulation
of the tip-substrate system. The heat generation rate within GaN  2.2. Theoretical Quantitative Predictions of Phonon
substrate can be determined.®! The electric field distribution — Temperatures
E of the tip-substrate contact region is shown in Figure 2a. It
is found that the enhanced electric field is confined to a small ~ To achieve a quantitative comparison, we further theoretically cal-
region with a radius of less than 10 nm underneath the nanotip.  culate phonon temperatures near the excited nanoscale hotspot
The intensity of this field can be significantly amplified by a  under this tip-enhanced Raman measurement setup using the
factor of 79 due to the gold-coated silicon nanotip. This en-  phonon BTE combined with the first-principles calculations. Al-
hanced electric field is further converted into nanoscale hotspots  though the multitemperature model has been widely employed
within the GaN substrate. For example, for the maximum laser  to calculate phonon temperature nonequilibrium, it is based on
power of 5.42 mW in experiments, the incident intensity (I))  diffusive transport theory that is not applicable for phonon trans-
is 1.9 x 10° W m~ and the calculated distribution of heat  port near nanoscale hotspots.['*l In contrast, the phonon BTE is
generation rate Q in GaN is shown in Figure 2b. It illustrates  the governing equation for phonon transport and scattering in
that the hotspot size is also less than 10 nm, which is consistent  solids at scales comparable to the phonon mean free path.[*?#3]
with the hemi-ellipsoidal distribution of the electric field. The = Mode-level phonon temperatures can be determined by solving
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the phonon BTE. The steady-state phonon BTE in the energy
form is expressed as:[*]

0
ew,p - eu),p,s

Ve =

w,p w,p,s

+ Gop: 1)

w,p

€sps = €(I,S,0,p) donates the volumetric energy density of
phonons at position r in direction s with frequency w, polariza-
tion p. eg)’p is the corresponding phonon equilibrium energy den-
sity. 7,, , and v, , are the phonon relaxation time and group ve-
locity, respectively. The heat generation term g, , = §(r, , p) is the
energy transferred from electrons to the phonon mode (w,p) in
unit volume through electron-phonon coupling. The summation
of g,,, over phonon modes equals the total heat generation rate
distribution Q of the excited hotspot as shown in Figure 2b. These
mode-level phonon properties needed for solving the phonon
BTE can be accurately obtained from first-principles calcula-
tions, relying solely on the input of the atomic structurel*:#6l.
Therefore, the first-principles-based phonon BTE does not ne-
cessitate any fitting parameters, and can accurately determine
phonon temperature nonequilibrium at the nanoscale. However,
performing first-principles calculations and solving the high-
dimensional phonon BTE are challenging and entail consid-
erable computational costs, which have significantly hindered
quantitative investigations of nanoscale phonon transport in
practical applications!*>*’]. Here, we have broken these limita-
tions and developed an efficient solver for the complex first-
principles-based phonon BTE to resolve phonon transport with
spatial and momentum resolutions under nanoscale optical and
electrical excitations in realistic 3D systems!*>?¢l. Note that our
calculations are set to be completely consistent with the sce-
nario of heat conduction in the tip-enhanced Raman measure-
ment system to achieve a fair quantitative comparison, includ-
ing the boundary conditions, the intensity, and the spatial dis-
tribution of the excited hotspot, etc. Further computational de-
tails are presented in the Experimental Section and Supporting
Information.

The first-principles-based phonon BTE calculated results are
shown in Figure 2c, which are found to agree quite well with
the tip-enhanced Raman thermal measurements across differ-
ent laser powers. Note that the shown phonon temperatures in
Figure 2c are Raman intensity weighted for the phonon temper-
ature distribution near the nanoscale hotspot over the top surface
of the GaN sample,[*”] which is consistent with the tip-enhanced
Raman measured temperatures. Significant differences are illus-
trated between the temperatures of different phonons, includ-
ing the A,(LO) (lower triangle symbols) and the E,(TO) (up-
per triangle symbols) phonon modes, the average temperature
of all the acoustic phonons (left triangle symbols), and also the
lattice temperature (right triangle symbols), indicating a large
phonon nonequilibrium near the nanoscale hotspot. In addition,
the temperature rise of both A, (LO) and E, (TO) modes is signifi-
cantly higher than the predictions from macroscale Fourier’s law
and the acoustic phonon modes. It should be noted that since
no adjustable fitting parameters have been adopted in the first-
principles-based phonon BTE calculations. The consistency be-
tween experimental measurements and theoretical calculations
is a piece of strong evidence of phonon nonequilibrium induced
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in GaN at the nanoscale. To further show this phonon nonequilib-
rium, we present the calculated phonon temperature distribution
near the excited nanoscale hotspot at the surface of the GaN sam-
ple in contact with the nanotip (i.e., the z = 0 plane) for incident
laser power = 5.42 mW. As illustrated in Figure 2d, pronounced
optical phonon temperature rises are excited, while the average
acoustic phonon temperature rise is lower by nearly two orders of
magnitude. Moreover, there is also a clear phonon temperature
nonequilibrium between different optical phonons (e.g., A, (LO)
and E,(TO) phonon modes, see Supporting Information for de-
tails).

2.3. Mechanisms of Nonequilibrium Phonon Transport

We further explore the underlying physical mechanisms of such
substantial phonon nonequilibrium induced in GaN by analyz-
ing a simple nanoscale hotspot as shown in Figure 3a. A 3D
bulk system is considered, in which a hemispherical nanoscale
hotspot with a radius of R and uniform heat generation within
it is located on the top surface. The top surface is considered
adiabatic and the generated heat in the hotspot is transferred
to the heat sink in other directions. Note that this hotspot is
different from that in the tip-enhanced Raman measurements,
which can provide a clearer illustration of the underlying physi-
cal mechanisms of the induced phonon nonequilibrium. We aim
to calculate the phonon temperature nonequilibrium in GaN by
comparing that in Si near the same nanoscale hotspots using
first-principles-based phonon BTE calculations (see the Experi-
mental Section for details). The ratio of the calculated average
optical phonon temperature rise AT, to the average acoustic
phonon temperature rise AT,, within the hotspot as a function
of the hotspot radius is shown in Figure 3a, which represents
the magnitude of induced phonon nonequilibrium.?®! The re-
sults reveal that clear phonon nonequilibrium is introduced in
both GaN and Si as the hotspot scales down to several hundred
nanometers, and increases rapidly with decreasing hotspot ra-
dius. Again, an unusually large phonon nonequilibrium is ob-
served in GaN, distinguishing it from Si, wherein the optical
phonon temperature rise is tens of times higher than the acoustic
phonon temperature rise as the hotspot shrinks to the sub-10 nm
regime.

To illustrate this distinction in phonon nonequilibrium be-
tween GaN and Si, we further examine the detailed phonon trans-
port properties. As shown in Figure 3b,c, the phonon dispersion
and the phonon mode-level heat generation rate (i.e., the energy
transfer rate from electrons to phonons) from first-principles
calculations are illustrated. The results demonstrate two princi-
pal differences between GaN and Si. First, GaN shows an evi-
dent peak of heat generation rate concentrated at the maximum
phonon frequency which corresponds to LO phonon modes near
the Brillion zone center. However, for Si, although the optical
phonons still obtain more energy from electrons, the heat gen-
eration rate is relatively uniformly distributed across different
phonon modes. Our calculations show that ~#94% of the total en-
ergy transferred from electrons to phonons in GaN is received by
phonon modes within the top LO branch shown in Figure 3b.
It indicates a strong coupling between electrons and high-
frequency LO phonons, while the coupling with other phonons
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Figure 3. Mechanisms of nanoscale hotspot-induced phonon nonequilibrium in GaN. a) The ratio of calculated temperature rise ATgp to acoustic
phonon temperature rise AT,p within nanoscale hotspots in a bulk system shown in the inset for GaN and Si, which measures the magnitude of phonon
nonequilibrium. The gray dashed line represents ATqp = ATyp, i.e., no phonon nonequilibrium is introduced. The calculated phonon dispersion and
phonon mode-level heat generation rate for b) GaN and c) Si from first-principles calculations are presented. Each red symbol corresponds to a certain
phonon mode. The gray region shown in (b) represents the AO frequency gap in GaN, which is absent in Si. d) The ratio of ATp to AT,p within the
hotspot shown in a) for AIN and BAs. Both three-phonon and four-phonon processes are considered for BAs.

is significantly weaker. This phenomenon of strong and selective
electron-phonon coupling results from the fact that the fluctu-
ations of the ionic positions (LO phonons) in a polar material
generate a macroscopic electric field that can intensely interact
with electrons and holes, known as the Frohlich electron-phonon
coupling!®®! (see Supporting Information). This highly selective
electron-phonon coupling leads to highly selective phonon ex-
citation in GaN shown in Figure 3b, which can directly cause
large temperature differences among different phonons.['®] As
marked in Figure 3b, the A;(LO) phonon mode obtains more
energy from electrons than both the E,(TO) phonon mode and
acoustic phonons, which explains its higher temperature rise as
presented in Figure 2c. Second, there is a large AO frequency gap
in the phonon dispersion of GaN as shown by the gray region in
Figure 3D. It arises from the large mass difference between con-
stituent atoms (i.e., the gallium atom and the nitride atom) and is
absentin Si. This large AO frequency gap weakens the interaction
between optical and acoustic phonons due to the difficulty in sat-
isfying momentum and energy conservation simultaneously.*’!
As a result, acoustic phonons tend to transport ballistically near
the hotspot with rare phonon-phonon scattering. Therefore, hot
optical phonons cannot efficiently transfer the large amounts
of energy obtained from electrons to acoustic phonons, causing
even more significant temperature differences between optical
and acoustic phonons. Consequently, the negligible energy ob-
tained from electrons for acoustic phonons and their weak cou-
pling with hot optical phonons lead to elevated optical phonon
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temperatures and orders of magnitude lower acoustic phonon
temperatures as presented in Figure 2c and Figure 3a. We em-
phasize that it is the combination of these two mechanisms
thatleads to the substantial phonon temperature nonequilibrium
in GaN.

3. Discussion

The two mechanisms for the substantial phonon nonequilib-
rium in GaN elucidated above, i.e., the strong Frohlich electron-
phonon coupling and large AO frequency gap, originate from the
large electronegativity difference and large mass difference be-
tween constituent atoms. It is worth noting that these two ori-
gins are common features in some III-V polar semiconductors.
For example, the AIN also has a significant electronegativity dif-
ference and the BAs has an even larger mass difference between
constituent atoms than that of GaN, which are also promising
semiconductor materials in nanodevices.’*>!l To further illus-
trate the impact of these two mechanisms on phonon nonequilib-
rium in 3D semiconductors, we implement the first-principles-
based phonon BTE calculations for AIN and BAs under the case
shown in the inset of Figure 3a. Previous investigations have
demonstrated the significant role of four-phonon processes in
some II1-V semiconductors, especially for BAs.>?l Therefore,
the four-phonon scattering rate has been considered in our
first-principles calculations for BAs but is ignored for GaN and
AIN because of the negligible contributions as demonstrated in

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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previous literature.*3! The results for the ratio of average optical
to acoustic phonon temperature rises within nanoscale hotspots
are presented in Figure 3d. As expected, large phonon nonequi-
librium is also induced in AIN and BAs due to the concentrated
heat generation rate for optical phonons and weak coupling be-
tween optical and acoustic phonons (see Supporting Information
for details). Moreover, it indicates that four-phonon scattering in
BAs weakens the magnitude of nonequilibrium between opti-
cal and acoustic phonons. This is because the significant four-
phonon processes facilitate additional phonon-phonon scatter-
ing events and frequent energy exchange between hot optical
phonons and acoustic phonons, consequently diminishing the
temperature difference between them.

It is noteworthy that this study presents a direct evidence of
significant phonon nonequilibrium at the sub-10 nm regime in
realistic 3D device semiconductors. For modern Si-based nan-
odevices, such as fin field-effect transistors, the device size has
been scaled down to 10 nm,°) with even smaller nanoscale
hotspots generated in the near-junction region of the device.
These nanoscale hotspots can lead to large phonon nonequilib-
rium and thus dramatically elevated temperature rises,!'®! pos-
ing significant challenges on the electrical performance and re-
liability of nanodevices. Although devices based on III-V semi-
conductors are typically power electronics (such as GaN high
electron mobility transistors) with relatively large device size,
the generated hotspots can shrink to the sub-microscale.l**! Con-
sidering that III-V semiconductors induce more pronounced
phonon nonequilibrium than Si as discussed in Figure 3, the
deterioration in thermal transport within devices based on III-
V semiconductors can be even more severe. Therefore, this
study reveals a viable way to enhance the thermal transport
in nanoscale devices, i.e., reducing the magnitude of phonon
nonequilibrium. A recent work published during the peer re-
view process of this study has demonstrated the effectiveness
of reducing temperature rise through minimizing the direc-
tional phonon nonequilibrium by adding defects in nanoscale
hotspots.[>*]

4. Conclusion

In summary, we present experimentally and theoretically unified
evidence of phonon nonequilibrium near nanoscale hotspots in
realistic 3D device semiconductors. A tip-enhanced Raman ther-
mal measurement is designed and directly reveals substantial
phonon temperature nonequilibrium near sub-10 nm laser spots
in GaN, which is further demonstrated by quantitative agree-
ments between measurements and the first-principles-based
phonon BTE calculations. We illustrate that this unusually pro-
nounced phonon nonequilibrium originated from the highly se-
lective phonon excitation due to strong Frohlich electron-phonon
coupling, and the weak optical-acoustic phonon coupling caused
by the large AO frequency gap in GaN. This large phonon
nonequilibrium is also demonstrated to be a universal phe-
nomenon in 3D materials at the nanoscale, especially for I1I-V
polar semiconductors. Our work establishes a viable approach
for investigating phonon nonequilibrium at the nanoscale, which
can provide deep insights into the intricate nonequilibrium dy-
namics of energy carriers in nanoelectronics.
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5. Experimental Section

Tip-Enhanced Raman Thermal Experiments: In the tip-enhanced Ra-
man thermal experiments, a polarized 532 nm laser, inclined at an incident
angle of less than 15° relative to the GaN surface, was applied to focus on
and heat the silicon nanotip coated with gold of an AFM instrument. Posi-
tioned beneath and in contact with this tip was a bulk GaN sample, giving
rise to the creation of a highly localized heated region underneath the tip,
as shown in Figure 1a. The selection of an & 15° incident angle for the laser
beam to the substrate ensures significant electric field enhancement,[>®]
generates a relatively strong Raman signal, and remains practical for im-
plementation in the experimental setup. The AFM tip (ScanSens, CSGO1
series model) shows a half angle of @ = 10° and apex radius of r; =30 nm.
It was coated with a 20 nm-thick layer of gold. The dimensions of the GaN
sample were measured at 4.23 X 2.19 x 0.64 cm?. Raman peak shifts of
the E, (TO) and A, (LO) phonon modes were used to quantify their temper-
ature rises. The detailed setup of the optical alignment for thermal sensing
using tip-enhanced Raman is presented in Figure 1a. The Raman probing
lens was fixed on a three-axis translation stage, enabling precise move-
ment of the laser beam within the confined target area. The focused laser
spot through the objective was ~60 um in diameter. The position of the Ra-
man probing lens was adjusted to focus the laser on the tip apex and heat
the GaN substrate. Both the spectrometer and the laser generator were
interfaced with a computer and controlled through a pre-installed soft-
ware. Feedback signals were received and processed through a program
integrated into the support software. To characterize the phonon temper-
ature rises in GaN, calibration experiments were carried out to analyze the
linear relationship between temperature and Raman peak frequency (see
Supporting Information for details). Notably, the quantified phonon tem-
perature rises from Raman peak shifts were within the temperature range
of calibration experiments.

First-Principles-Based Phonon BTE Calculations: In the phonon BTE
given by Equation (1), ¢, , s = €(r,s,0,p) = hwD,(®)n(r,s,w,p) donates
the volumetric energy density of phonons at position r in direction s with
frequency w, polarization p, and wave vector q, where n = n(r,s,w,p) is the
phonon distribution function. The equivalent phonon temperature T, ,
could be obtained from the summation of energy density over phonons

with frequency w and polarization p accordingto T,, , = [oy ec‘”ﬂdg’,[“vwl

».p 1S the phonon heat capacity. The left-hand side of Equation (1)
is the phonon transport term, while the right-hand side is the scattering
term that is dominated by phonon-phonon scattering, phonon-impurity
scattering, and electron-phonon scattering in the bulk system under op-
tical/electric excitations.[“® The phonon-phonon scattering and phonon-
impurity scattering (only considering isotope scattering[>®]) were usu-
ally described by the relaxation time approximation,[*°] and the electron-
phonon scattering could be reduced to a mode-level energy transfer rate
term éw_p.[(’o] This 5, , is the energy transferred from electrons to the
phonon mode in unit volume and unit time at a certain equivalent elec-
tron temperature T,, as determined by the Fermi golden rule:['!

where C

. 4 -
Sop = HJ;; ho |M Y (k' q)|2 {”qp (fmk+q (Te) _fnk (Te))
+ kg (Te) (V= Fok (T2)) } 6 (g — Eppg + 10) - )

Here, (n, m) are the band indices; k is the wave vector of electrons
with the distribution function f; M is the electron-phonon coupling ma-
trix. The local electrons were assumed in the equilibrium Fermi-Dirac dis-
tribution with an equivalent temperature T, in the first-principles calcu-
lations, which could be determined from the total energy power density
applied by the incident Raman laser in experiments.!'%] The Frohlich cou-
pling of electrons with LO phonons was rigorously addressed within the
framework of our first-principles calculations. Note that it was the pro-
portion of energy obtained by different phonon modes that matters, i.e.,

Sw,p

T The actual phonon mode-level heat generation rate was then de-
w,p
op

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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S,p
Z g(u,p
wp

termined by g, , = , where Q is the total heat generation rate dis-
Y Ao,p g

tribution from electromagnetic simulations (see Supporting Information
for details). This study had also found that the electron equivalent tem-
perature/carrier concentration had a negligible effect on the proportion of
energy obtained by different phonon modes (Figure S3, Supporting Infor-
mation). All these mode-level phonon properties were accurately resolved
using first-principles calculations based on QUANTUM-ESPRESSO,[61:62]
ShengBTE,[3] and FourPhononl®* packages. Taking these phonon prop-
erties as input, the phonon BTE (Equation (1)) could be numerically solved
to calculate phonon temperatures using a recently developed efficient
solver by our group.[3%] Details of the first-principles-based phonon BTE
calculations are provided in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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