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Nanoscale, temporal temperature mapping in
AlN/GaN HEMTs via ab initio phonon Monte Carlo
simulation
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High-electron-mobility-transistor (HEMT) devices, which implement wide-bandgap (WBG) or ultra-wide-

bandgap (UWBG) semiconductors, permit the high-voltage and high-frequency regimes necessary for

5G/6G communications and high-power electronics, but are inhibited by the associated adverse temp-

erature rises. A critical barrier to designing effective thermal dissipation architectures is the lack of accu-

rate temperature information provided by current thermal modeling efforts. We develop an ab initio

phonon Monte Carlo (MC) framework for nanoscale, temporal temperature mapping of HEMT devices

that leverages ab initio mode- and temperature-dependent phonon properties and combines ballistic

phonon transport and interfacial phonon transmission to capture thermal transport across multilayered

structures. We then apply it to an AlN/GaN HEMT device and demonstrate that the decreased thermal

conductivity with increasing temperature and decreasing size and the phonon reflection at AlN/GaN

interfaces lead to a significantly higher temperature in the hot spot area than conventional technology

computer-aided design (TCAD) prediction (at 7.61 W mm−1 and 8.43 × 105 W mm−3 heat flux, we observe

a ∼80 K difference), introducing secondary heating zones and exacerbating temperature discontinuities

across material interfaces. The detailed temperature map with temporal evolution not only advances our

understanding of the heat dissipation process in the HEMT devices but also reiterates the necessity of

accurate phonon modeling for hotspot temperature prediction. This framework can be widely applied to

predict the temperature profiles of various electronic devices, including those beyond HEMTs.

Introduction

High-electron-mobility transistors (HEMTs) based on AlN/GaN
heterostructures have garnered considerable attention in the
field of radio frequency (RF) devices due to their high 2D elec-
tron gas (2DEG) charge density and high electron mobility.1–4

Their electrical performance has already been demonstrated.5,6

During device operation, a strong electric field with a signifi-
cant potential gradient can form, accelerating electrons to
high kinetic energies. This causes them to pass through the
highly resistive local depletion region, creating a spatially con-
centrated region of intense Joule heating. Self-heating gener-
ates a hot spot in the device channel region under the drain
side of the gate, which can significantly deteriorate the per-
formance and reliability, as well as the lifespan of the
device.7–9 The dissipation and mitigation of intense heating

within this area require a holistic and comprehensive under-
standing of non-diffusive thermal transport mechanisms in
this region9,10 and subsequent thermal transport beyond this
zone.

Technology computer-aided design (TCAD) simulations
have been used to simulate this self-heating effect via the mod-
eling of the electric fields generated within the materials of an
HEMT device with given voltage inputs. Given heat generation,
conventional TCAD models produce steady-state temperature
mapping by utilizing diffusive heat transport models with con-
stant thermal conductivities and no thermal interface resist-
ances between materials. While these TCAD models provide a
starting point for estimating the temperature rise from the
self-heating effect, further models require integration of (1)
size-dependent thermal conductivity, (2) temperature-depen-
dent thermal conductivity, (3) phonon interface transmission
and reflection, and (4) transient temperature evolution to pre-
cisely predict the hot spot temperature and temperature gradi-
ent across the device.

Therefore, we have developed an ab initio phonon Monte
Carlo (MC) framework to address the critical needs. By utiliz-
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ing a phonon MC approach and integrating first-principles
mode-dependent phonon inputs, our ab initio MC framework
directly captures the (1) ballistic phonon transport and, thus,
the size effect, (2) temperature-dependent phonon lifetimes
and, thus, the temperature-dependence of thermal conduc-
tivity, (3) frequency-dependent phonon interface transmission
at AlN/GaN interfaces from an advanced atomistic Green’s
function method, and (4) temperature evolution with time via
tracking the phonon propagation.

Traditional phonon MC uses empirical phonon
properties.11–13 While ab initio phonon inputs have been
implemented for MC in recent studies,14–21 which focused on
characterizing the effects of dopants18,19 and heat
spreading20,21 and analyzing the effectiveness of MC
approaches,19 one major challenge in multi-material ab initio
MC simulations remains—the accurate description of phonon
transmission across interfaces. While other works utilized the
diffuse mismatch model20 and generalized thermal resistance
constants19 to describe phonon transport and thermal resis-
tance across interfaces, we have focused on phonon interfacial
transport using the atomistic Green’s function (AGF) method
with first-principles force constants from density functional
theory (DFT) calculations.22,23 In this work, we integrate temp-
erature- and mode-dependent phonon scattering rates24,25 and
frequency-dependent interface transmission,22,23 all from first
principles, to allow accurate phonon tracking and temperature

mapping. We use an AlN/GaN HEMT device as an example to
show the application of this ab initio MC framework. By com-
paring it with traditional TCAD simulations, we demonstrate
the importance of preserving nanoscale phonon physics for
accurately predicting hotspot temperatures. Otherwise, the
hotspot temperature can be significantly underestimated,
thereby affecting thermal management strategies.19

Methods

Accurate simulation of the thermal transport within the AlN/
GaN HEMT device geometry requires individual material pro-
perties of GaN and AlN using DFT, interfacial phonon trans-
mission from AGF calculations, and usage of statistical frame-
works11 for MC, integrating all the necessary nanoscale
phonon effects. Details of the AGF, DFT, and TCAD calcu-
lations are included in the SI.

GaN and AlN DFT calculations

The resulting phonon dispersion is shown in Fig. 1a and
agrees well with other literature calculations. These force con-
stants were used as input for the phonon BTE solver to obtain
the phonon density of states (DoS), group velocities, and life-
times. Given that acoustic modes are the major heat carriers,
we tracked only the acoustic modes. The frequency-resolved

Fig. 1 (a) Calculated phonon dispersion of wurtzite GaN. (b) Calculated frequency-resolved total converged lifetimes from consideration of 3-ph
scattering processes in wurtzite GaN. (c) GaN density of states. (d) GaN group velocity.
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acoustic phonon lifetimes are shown in Fig. 1b. The DoS,
group velocities, and lifetimes produced for both our (1) longi-
tudinal acoustic (LA) and (2) transverse acoustic (TA) polariz-
ations are broken up into equally spaced spectral intervals
(dω) in the case of DoS and discrete frequencies ω for the life-
times and group velocities. Further information on the DFT
calculations is available in the SI.

GaN/AlN interface calculations

AGF is a widely applied approach for studying phonon trans-
port across interfaces. More detailed descriptions can be
found in the literature.26–28 In this work, we used DFT-calcu-
lated 2nd-order FCs as the only input, and hence, no empirical
potential was needed.

For our AGF application, the AlN/GaN structure (Fig. 2) was
divided into three parts: the left lead (bulk GaN), the central
region (parts of bulk GaN and AlN, AlN/GaN interface), and
the right lead (bulk AlN). Here, the 2nd-order DFT FCs of the
leads and the interface were separately obtained from QE29

and Phonopy.30 The details can be found in the SI. We want to
highlight that we used FCs of the AlN/GaN interface directly
obtained from DFT calculations rather than the commonly

simplified model of using FCs of one material and only chan-
ging the atomic mass for the other. Note that the pseudopo-
tentials used for the interfacial force–constant calculations
differ from those employed in the GaN and AlN DFT calcu-
lations. Nevertheless, rigorous convergence tests confirm that
these differences do not affect the results. The calculated
phonon transmission is shown in Fig. 3a. The corresponding
phonon transmittance (probability, τ) can be calculated by
normalizing the transmission with that of the pure material
on the incident phonon side, as shown in eqn (1). The results
are shown in Fig. 3b, which is the probability we use for a
phonon to transmit across an interface.

τ12ðωÞ ¼ ΞðωÞ
Ξ1ðωÞ; τ21ðωÞ ¼ ΞðωÞ

Ξ2ðωÞ ð1Þ

where ω is the phonon frequency, τ is the transmittance (prob-
ability), and Ξ is the transmission function. The interfacial
thermal conductance G obtained from our AGF calculations is
in close agreement with previously reported AGF simulation
results,31 further supporting the reliability and validity of our
interface calculations.

TCAD simulations

We used the thermodynamic model in the Sentaurus Device
(SDVICE) module to perform the thermal-related simulations.
Sentaurus TCAD simulations solve the fundamental equations
listed below to analyze the electrical and thermal character-
istics of the HEMT device. The Poisson equation is given by

∇ � ðε∇ϕ� P
*Þ ¼ �qðp� nþ ND � NAÞ � ρtrap ð2Þ

where ε is the electrical permittivity, ϕ is the electrostatic

potential, P
*

is the ferroelectric polarization, q is the elementary
electronic charge, p is the hole density, n is the electron
density, ND is the concentration of ionized donors, NA is the
concentration of ionized acceptors, and ρtrap is the charge

Fig. 2 AlN/GaN interface structure showing left and right leads and the
central region, with distinct AlN and GaN bulk layers and the interface
between them, respectively.

Fig. 3 (a) Calculated GaN, AlN, and GaN/AlN transmission functions using AGF. (b) Phonon transmittance calculated from the transmission
function.
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density contributed by traps and fixed charges. Continuity
equations for electrons and holes are used to describe charge
conservation in eqn (3) and (4),

∇ � Jn
* ¼ qRnet;n þ q

@n
@t

ð3Þ

� ∇ � Jp
* ¼ qRnet;p þ q

@p
@t

ð4Þ

where Jn
*

is the electron current density, Jp
*

is the hole current
density, and Rnet,n and Rnet,p are the electron and hole net
recombination rates, respectively. The thermodynamic model
is activated to analyze the self-heating effect of the device. It is
an extension of the drift-diffusion model by including the
temperature gradient for current density calculation, as shown
in eqn (5) and (6),

Jn
* ¼ �nqμnð∇Φn þ Pn∇TÞ ð5Þ

Jp
* ¼ �pqμpð∇Φp þ Pp∇TÞ ð6Þ

where μn and μp are the electron mobility and hole mobility,
Φn and Φp are the electron quasi-Fermi potential and hole
quasi-Fermi potential, Pn and Pp are the absolute thermoelec-
tric powers, respectively, and T is the lattice temperature. The
lattice temperature is computed by solving eqn (7),

@

@t
ðcLTÞ � ∇ � ðk∇TÞ ¼ �∇ � ½ðPnT þΦnÞJn

* þ ðPpT þ ΦpÞJp
*�

� 1
q

EC þ 3
2
kT

� �
ð∇ � Jn

* � qRnet;nÞ

� 1
q

�EV þ 3
2
kT

� �
ð�∇ � Jp

* � qRnet;pÞ þ ħωGopt

ð7Þ
where cL is the lattice heat capacity, k is the thermal conduc-
tivity, EC and EV are the conduction and valence band energies,
respectively, Gopt is the optical generation rate from photons
with frequency ω, and ħ is Planck’s constant divided by 2π.

Thermal boundary contact resistance (3.9 × 10−5 cm2 K
W−1) conditions were given by referring to the literature
results.32 The Caughey–Thomas highfield saturation model
was used for the mobility. Relevant GaN material physics were
included, such as Shockley–Reed–Hall (SRH) and radiative
recombination models, piezoelectric polarization, material an-
isotropy, thermionic emission at heterointerfaces, and inter-
face charge trapping. Also, a nonlocal barrier tunneling model
was used for the electrodes to account for the electron tunnel-
ing between the GaN valence band and the metal conduction
bands.

Monte Carlo simulations

The MC framework follows the flow outlined in Fig. 4, and the
detailed implementation is introduced later. After building the
simulated volume and initializing the phonon ensemble, we
allow spatial and temporal evolution to track phonon modes,
incorporating transport, scattering, and transmission.

Equilibrium Monte Carlo framework

Initialization phase. The initialization utilizes a material-
dependent phonon probability density function (PDF) to deter-
mine the relative occurrence of various phonon modes and
polarizations. Calculations begin with energy and temperature
determination. The Bose-Einstein distribution, which relates
the equilibrium number of phonons per unit volume, 〈n〉, is
related to the frequency, ω, and the corresponding DoS value,
D, to produce an equilibrium thermal energy per unit cell, E.
The numerical inversion of E allows calculation of cell temp-
erature with assumed local thermal equilibrium and is impor-
tant for determination of the initial phonon ensemble when
provided with a target initialization temperature.

nh i ¼ 1

e

ħω
kBT � 1

ð8Þ

E ¼
X
p

ð
ω

nh iħωDðωÞdω ð9Þ

The PDF is then produced by first finding Ni, the equili-
brium number of phonons per unit volume in the ith spectral
interval for each polarization, which is then combined to
produce our ω parametrized PDF, Fi, and our polarization stat-
istical function Pi.

NðpÞ ¼
XNb

i¼1

nðω0;i; pÞ
� �

Dðω0;i; pÞΔωi ð10Þ

Fi ¼
Pi
k¼1

Nk

PNb

k¼1
Nk

ð11Þ

Pi
LA
TA

� �
¼ NiðLAÞ

NiðTA1Þ þ NiðTA2Þ þ NiðLAÞ ð12Þ

The simulated volume is broken up into cells of volume, Vc,
with side length, xc, which are related to our lattice unit cell

volume, Vu, via the scale factor, sf ¼ Vu
Vc
. In combination with

eqn (8) and (10), we use this sf to determine our initial
phonon population at our desired temperature and scale it to
our volume of increased temperature. Phonons are then ran-
domly drawn with frequency and polarization determined by Fi
and Pi. The phonon group velocity and lifetime are then
assigned according to phonon frequency and temperature.

Running phase. With a fully defined initial phonon ensem-
ble, we transition into the temporal and spatial evolution
phase. Phonon movement is mediated by a discrete timestep
Δt. Each of these phonons experiences drift and has a chance
of undergoing a scattering event.

Phonon drift is characterized by linear ballistic steps of Δx
calculated using

Δx ¼ Δtvi ð13Þ
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where vi is the phonon group velocity. Phonons may move to
new cells, so the energy in each cell is calculated and updated.
Assuming thermal equilibrium within each cell, this energy is
then used to calculate the local cell temperature using eqn (9)
and update the lifetimes of phonons in that cell, producing
our spatial temperature map.

Two three-phonon scattering events are of interest to our
model – normal and Umklapp scattering; however, the intrica-
cies of each lie outside the scope of this analysis, and the stat-
istics of both are factored into the DFT calculated lifetime and
DoS. Scattering is handled computationally by resetting the
frequency of our scattered phonon, resampling a frequency
from our PDF, and reassigning lifetime and group velocity
based on frequency and temperature. Random sampling of a
new frequency can result in a violation of energy conservation
rules. Therefore, we add or delete phonons at the end of each
timestep until energy conservation is maintained.

Our main tool in determining which phonons scatter is the
lifetime. The lifetime values provide us with the average time
between collisions, and according to that, a time of existence
scheme is implemented to determine the age (time since initi-
alization), tage, of each phonon with each step. This is then
related to the scattering probability, Ps, and the lifetime, τ, via

Ps ¼ 1� 1

e

Δt
τ � tage

ð14Þ

This scattering probability is a modified version of the scat-
tering function defined in the literature11 and takes into con-

sideration the increasing probability of a scattering event
occurring as the tage increases. As this tage approaches the life-

time, the overall scattering probability will increase as e

Δt
τ � tage

approaches infinity.
The final runtime consideration necessary to holistically

simulate our device geometry is transmission. The transmit-
tance is presented as a normalized probability dependent on
the phonon frequency. As phonons approach the material
interface, a random number is drawn and compared with their
transmittance. If a higher number is drawn, the phonon is
reflected; if a lower number is drawn, the phonon is trans-
mitted. Upon transmission, the frequency is maintained, but
the group velocity and lifetime are changed according to the
dynamics of the new material. More detailed descriptions can
be found in the literature.11

Adherence to both the expected distribution as determined
by the DoS and BE distribution and the interfacial transmittance
statistics as defined by AGF calculations is shown in Fig. 5, with
the expected statistical trendlines being closely followed by the
histograms of initialized and transmitted phonons, respectively.

Results and discussion
TCAD

The lattice temperature for the HEMT device is calculated by
utilizing the thermodynamics model from Sentaurus TCAD.
Following the conventional procedure of using the heat

Fig. 4 Monte Carlo workflow. The initialization phase is outlined in a blue box, and the running phase is outlined in orange. Ab initio phonon inputs
and AGF interface transmission are highlighted in yellow, and TCAD inputs are highlighted in blue.
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diffusive conduction model, which assumes a constant bulk
thermal conductivity value and no thermal interface resistance
in between the layers, the temperature map for the device is
shown in Fig. 6b. The simulated power dissipation is 7.61 W
mm−1 from the drain voltage of 4 V and the corresponding
drain current of 1.903 × 10−3 A μm−1. A hot spot is located at
the drain side of the gate of the channel region, where the elec-
tric field potential is the greatest, leading to a more significant
self-heating effect. To have a fair comparison with our MC
simulation, heat flux distribution from the lattice temperature
calculation via the thermodynamics model is extrapolated as
presented in Fig. 6b. For this 2D TCAD calculation, we have
probed both the x–z and y–z plane heat flux distributions. As
the heat flux from both planes is very close to each other, a
uniform heat dissipation around the hot spot region is
observed. This volumetric heat flux of 8.43 × 105 W mm−3

from the self-heating effect calculation acts as the initial heat
generation for the later MC calculation. The temperature of
the hot spot in our TCAD model attains a maximum tempera-
ture of 354 K.

Monte Carlo

Our simulation geometry mimics Fig. 6a with the initial heat
generation area around the 20 nm zone and the simulated
TCAD geometry Fig. 6b focusing on the 50 nm × 50 nm ×
50 nm volume encompassing the entire thickness of the upper
AlN layer and GaN layers and 12 nm into the lower AlN layer
(shown as the dashed boxes in Fig. 6a and b). The AlN/GaN
interfaces are located at Z = 20 nm (z20) and Z = −12 nm (z12).
The TCAD simulation heat flux density provides time- and
volumetrically parametrized energy, which is translated into a
phonon injection function that adds phonons to the 2DEG
area at each timestep.

This modeled device has a background temperature of
300 K, which represents the environment in which the device

is expected to operate. Instead of increasing the number of
phonons or reducing the ratio of the simulated vs. real
number of phonons to simulate higher temperature, we treat
300 K as the background and introduce thermal phonons on
top of the background energy. We intentionally keep a large
ratio of the simulated vs. real number of phonons (1 : 10) to
best represent the actual dynamics. If we were to directly simu-
late the 300 K phonon ensemble within our volume, we would
deal with the order of 109 simulated phonons, which only
increases with heat injection.

Deviated density of states (DoS) and scattering functions
were utilized in our simulations, which allow us to build our
phonon ensemble on top of an equilibrium background
phonon flux maintained at 300 K to reduce the computational
cost. This relies on adjusted probability distributions and scat-
tering mechanics obtained via the calculation of the deviated
phonon occupation 〈nd〉.

33

ndh i ¼ 1

e

ħω
kBT1 � 1

� 1

e

ħω
kBTeq � 1

where T1 is a local temperature used in calculating the devi-
ation, and Teq is 300 K. Equilibrium vs. deviated PDF examples
are displayed in Fig. S6.

Two simulation modes are utilized within our study. The
first mode focuses on the time interval from heat initialization
at 0 ps to 30 ps. This simulated space is broken into 1 nm3

cells and cycles through 400 iterations of 7.5 × 10−2 ps each.
This ensures that phonons are allowed to begin impinging
upon each AlN/GaN interface, focusing on the initial effects
around the z20 interface. The second mode focuses on longer-
term interactions up to 200 ps. This simulation space is
broken into 8 nm3 cells and cycles through 1300 iterations of
1.55 × 10−1 ps each. This allows us to observe longer-scale tem-
poral effects and the development of thermal gradients that

Fig. 5 (a) The purple histogram, which represents the Monte Carlo mediated random distribution of phonons, closely follows the red line represent-
ing the DoS and Bose-Einstein distribution predicted phonon spectral bin occupation. (b) The tracked phonon transmission event statistics (histo-
gram) from GaN to AlN follow the red line, which represents the AGF-predicted phonon transmission from GaN to AlN as a function of phonon
energy.
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Fig. 6 (a) Geometry of the simulated HEMT device outlining the simulated volume of interest encompassing the GaN layer, upper AlN layer, and
12 nm into the lower AlN layer, and 2D slice utilized for temperature profile diagrams. (b) TCAD temperature profile in the simulation geometry of a
2D HEMT device, highlighting a 50 nm × 50 nm slice encompassing the same area as displayed in MC simulation results.

Fig. 7 Shorter time, 1 nm3 resolution analysis. (a) 15 ps and (b) 30 ps showing the temperature distribution with our three material layers with
intense thermal resistance observed across the z20 interface with minimal phonon transmittance.
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encompass the z12 interface. We place the same heat flux
volume on the GaN side of the z20 interface as TCAD.

For the shorter time simulation using the 1 nm3 resolution,
our MC attains a temperature of 358 K at 15 ps (Fig. 7a) and a
maximum temperature of 382 K at 30 ps (Fig. 7b). The hot
spot in the MC simulation attains a higher temperature than
the steady-state hot spot temperature from TCAD of 354 K due
to the influence of temperature and size on scattering rates
and thermal conductivity, as well as the thermal interface re-
sistance. Scattering rates increase with increasing temperature
due to the Umklapp phonon scattering, meaning that using a
constant thermal conductivity value at room temperature in
TCAD overestimates thermal conductivity and underestimates
the temperature rise. In addition, the nm-thick layers strongly
suppress the thermal conductivity from the bulk value due to
the boundary scattering (size effect). Using a bulk value also
contributes to overestimating thermal conductivity and under-

estimating temperature rise in TCAD. Moreover, there is
thermal resistance at the material interfaces, and one should
expect a temperature discontinuity at the interface accordingly.
A temperature drop was not seen in TCAD because the thermal
interface resistance was not considered. In contrast, our MC
framework integrates the first-principles phonon interface
transmission for the first time and properly captures the temp-
erature drop at the interface. With these statistical effects, as
phonons hit the z20 interface from GaN to AlN, only 15–20%
of phonons are transmitted, with the other 80–85% being
reflected back into the GaN layer; not only is AlN heating less
due to receiving only a small portion of phonons, but heating
within GaN is augmented due to losing a small portion of
phonons to the AlN layer, further increasing the temperature
drop across the z20 interface.

As time progresses to 30 ps (Fig. 7b) the interfacial trans-
mittance trend continues with the reflection of phonons back

Fig. 8 Longer time, 8 nm3 analysis (a) 100 ps image showing a well-defined secondary heating zone at the z12 interface. (b) 200 ps image showing
a well-defined secondary heating zone at the z12 interface with an increased temperature in the zone between the central hot spot and the z12
interface. (c) x = 0 temperature sweep showing interfacial thermal gradients due to interfaces with secondary heating effects at the z12 interface
apparent at 100 ps with significant deviation from Fourier’s law.
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into the GaN layer at the z20 interface, further increasing the
GaN temperature and increasing the temperature drop. The
interfacial effects also increase the size of the central hot spot
region and broaden the surrounding excited region on the
GaN side, with minimal heating still observed on the AlN side.

Looking further past the hot spot area into the lower range
(below z = 0), a runtime of 30 ps also begins to show the onset
of temperature drops at the z12 interface, this being totally
attributed to the 15%–20% phonon transmission across the
interface. The z = 0 to z = −12 range shows lower temperatures
directly adjacent to the hot spot area because phonons gener-
ated in the hot spot area have been slowed down by the
increased temperature via the increased scattering, impeding
their movement. The reflected phonons from the z20 interface
influence faster heating on the GaN side of the z20 interface,
increasing scattering rates, reducing thermal conductivity, and
producing a positive feedback temperature loop. As phonons
are reflected, the hot spot temperature increases. Phonons
generated in the hot region are more likely to scatter, and with
each scattering, the velocity randomizes, delaying their move-
ment toward the z12 interface and necessitating analysis at
later times.

To allow for a longer simulation time, we switched to the
analysis with the 8 nm3 cell size. Fig. 8a and b display the
temperature profiles at 100 ps and 200 ps, respectively, where
the interfacial effects are even more profound with more
drastic temperature drops than the short runtimes (Fig. 7).
Fig. 8c shows the temperature profile along the x = 0 line at
various times. The hot spot temperature increases with time
and starts to plateau at 200 ps. The maximum temperature is
observed at the interface. The z20 interfacial temperature drop
is also on the order of ∼100 K, with a comparable temperature
drop in the GaN layer from the max temperature zone not seen
until around 20 nm away from the z20 interface. Unlike the
linear temperature profile one would expect within the GaN

layer from Fourier’s law, the nonlinearity in Fig. 8c highlights
the complex nature of varying thermal conductivity with temp-
erature, constant heat flux input, and transient conditions,
combined with the influence of the interfaces.

The hot spot size continues to grow compared to the 1 nm3

case at shorter times, as expected. Between 100 ps and 200 ps,
the central hot spot area (>400 K) extends marginally, with the
outside area expanding ∼10 nm. At the z12 interface, we
observe a local maximum via secondary heating events influ-
enced by the reflection effects of the z12 interface. The area
between the hot spot and the z12 interface experiences a rela-
tively even temperature distribution due to a balancing effect
from the hot spot phonons and the reflected z12 phonons.
This secondary heating zone is not observed at all if there is
no interface.

The maximum temperature within this hot spot is 430 K,
representing a ∼80 K increase from the TCAD-determined con-
ditions. This area primarily encompasses a 30 nm × 5 nm area
on the GaN side of the z20 interface. Surrounding this is a
region of 400 K that encapsulates a 40 nm × 10 nm area, which
leads to the 10 K–100 K excitation region extending down to
the z20 boundary.

For a more direct comparison of the effect of size and temp-
erature effects within MC to the TCAD simulations, the MC
simulation was run without the frequency-based statistical
transmittance of the material interfaces. All phonons that
reach interfaces (with velocity vectors pointing across the inter-
faces) are allowed to cross over and adopt the dynamics of the
new material. Fig. 9 shows the temperature distribution at two
timesteps with our 1 nm resolution. A maximum temperature
of 380 K is obtained from this simulation with no indication
of dominant interfacial resistance or secondary heating zones,
with more even heating occurring above and below the central
hot spot region and a slightly quicker drop seen at z20 due to
the higher AlN thermal conductivity. This represents a ∼30 K

Fig. 9 Shorter time, 1 nm3 resolution analysis. (a) 15 ps and (b) 30 ps showing the temperature distribution with our three material layers, with no
statistical interface treatment showing no interfacial resistance or secondary heating zones.
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increase in maximum temperature compared to the TCAD
simulation and a decrease of ∼50 K compared to the MC with
interfaces. This increase in temperature compared to the
TCAD case is only due to the size and temperature effects and
allows us to isolate the influence of interfaces on the thermal
evolution within the multilayered architecture. When com-
bined, these interfacial, size and temperature-dependent
effects build upon each other, resulting in an 80 K increase in
temperature for the MC case with interfaces.

Another TCAD case and MC simulation were run with a 6 V
drain voltage, producing a maximum TCAD temperature of
387 K and the corresponding maximum MC temperature of
480 K. Figures outlining these results are included in the SI
(Fig. S4) and show a similar secondary heating zone at the
lower interface with higher temperatures in the MC case.

The consolidation of the probabilistic methods utilized to
capture both intra- and inter-material phonon movement within
this MC simulation provides significant insight into the effect of
interfaces on the temporal and spatial propagation of various
phonon frequencies. Our framework preserves the accuracy of
ab initio calculations and the statistical methods typically seen in
MC simulations while allowing isolation of the interfacial effects,
allowing us to directly observe the resultant differences in temp-
erature evolution and distribution, the importance of tempera-
ture-dependent thermal effects within thermal analysis and the
influence of material interfaces on all these effects.

Summary

We have developed a comprehensive MC framework that
enables accurate temperature mapping in layered multi-
material systems by integrating ab initio phonon properties,
temperature-dependent scattering rates, and interface phonon
transmission. By utilizing TCAD-calculated heat flux inputs, we
are able to apply these simulations to model hot spots in
HEMT devices. Through the integration of these probabilistic
phonon effects, we show that the temperatures seen within the
TCAD simulations are underestimated by ∼80 K at 7.61 W
mm−1, in addition to showing a large drop in temperature dis-
tribution across material interfaces. This demonstrates the
importance of factoring in temperature, size, and interface-
dependent effects in considering thermal transport in these
systems with multiple materials and demonstrates the poten-
tial functionality of multi-material ab initio simulations in
modeling HEMT and microelectronics systems in general.
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