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Abstract

Accurate thermal simulation is essential for the near-junction thermal manage-

ment and electro-thermal co-design of GaN HEMTs. While various methods

have been employed to simulate phonon thermal transport in GaN, a compre-

hensive evaluation of their performance and reliability has yet to be conducted.

In this work, first-principle-based steady-state full-band phonon tracing Monte

Carlo (MC) simulations are conducted to study the thermal spreading resistance

in GaN HEMTs. The results of full-band MC serve as a standard against which

the applicability, accuracy, and computational efficiency of three widely-used ap-

proaches to simulate the near-junction phonon transport in GaN are thoroughly

examined. The simulation techniques compared in this study include MC simula-

tions with empirical isotropic phonon dispersion (isotropic MC), MC simulations

with gray-medium approximation (gray MC), and finite-element methods (FEM)

with effective thermal conductivities (FEM with keff). It is found that isotropic MC

largely overestimates the thermal resistance due to the empirical model’s overes-

∗Corresponding author
Email address: caoby@tsinghua.edu.cn (Bing-Yang Cao)

Preprint submitted to International Journal of Heat and Mass Transfer May 4, 2023



timation of phonon mean free path (MFP) distributions. By selecting an appropri-

ate average MFP, gray MC can approximate the full-band results well, but due to

its inability to reflect the contributions of different phonon modes, discrepancies

are inevitable for some geometric parameters. For FEM-based analysis, although

the diffusive nature of Fourier’s law precludes the reproduction of channel tem-

perature distributions, the influence of phonon ballistic effects on the junction

temperature can be accurately reflected in the well-chosen effective thermal con-

ductivities. The comparison highlights the importance of directly incorporating

first-principles-calculated phonon properties into device thermal simulations, and

the paper can provide a clearer understanding of near-junction thermal transport

in GaN and can be useful for thermal simulations of GaN-based devices.

Keywords: Ballistic transport, GaN high electron mobility transistor (HEMT),

thermal spreading resistance, phonon Monte Carlo (MC) simulation.

1. Introduction

Gallium Nitride (GaN) high-electron-mobility transistors (HEMTs) are ideal

for high-power and high-frequency applications [1–3], but the high power density

in these devices can result in significant self-heating, undermining their perfor-

mance and reliability [4–6]. Also, as device size continues to be miniaturized,5

thermal issues have become a bottleneck to fully exploit the electrical performance

of GaN or other wide and ultra-wide bandgap devices [7–9]. This has resulted

in a growing need for near-junction thermal management and electro-thermal co-

design besides package-level cooling strategies [9–11]. To ensure optimal thermal

designs and strike a balance between electrical and thermal performance, it is cru-10

cial to understand the heat transport mechanism within the device and accurately
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predict the junction temperature under different design parameters and operating

conditions [12–14].

In GaN HEMTs, heat is primarily generated at the top of the GaN layer and

localized at the drain-side gate edge [15]. The width of the heat source can range15

from hundreds of nanometers to a few micrometers, depending on the bias volt-

age [16, 17]. The area of the heat source is extremely small compared to the total

device length and thickness, leading to a significant thermal spreading resistance

that dominates the heat transport process in the HEMT [18, 19]. Many efforts have

been made to model the thermal spreading resistance using Fourier’s law of heat20

conduction [20–23]. However, the main heat carriers in GaN are phonons whose

mean free paths (MFPs) are comparable with the thickness of the GaN layer and

the width of the heat generation aera [24–26]. In this case, thermal transport is no

longer diffusive and phonon ballistic effects can significantly increase the thermal

resistance and raise the hotspot temperature [27, 28]. Fourier’s law becomes inap-25

plicable in this scenario and Fourier’s law-based thermal simulations may result in

inaccurate thermal design rules and suboptimal trade-offs between electrical and

thermal performance [7].

To account for the influence of phonon ballistic transport on the thermal spread-

ing process, the phonon Boltzmann transport equation (BTE) should be solved30

in the near-junction region [29–31]. In theory, the most accurate simulation of

the phonon transport process can be achieved by solving the full-band phonon

BTE using first-principle-calculated phonon properties [32–34]. However, this

can be computationally challenging and time-consuming due to the huge number

of phonon states involved [35]. As a result, various substitutive methods have35

been generally employed in existing GaN-based device simulations. A common
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approach is to assume isotropic phonon properties and use an empirical phonon

dispersion to replace the full-band phonon properties, which reduces the computa-

tion time by transforming the 3-D first Brillouin zone into a 1-D frequency space

[13, 36, 37]. Some studies have also solved the gray-form BTE in the thermal40

simulations of GaN HEMTs [14, 38]. The gray-medium approximation, in addi-

tion to the isotropy of phonon dispersion, further assumes that phonon properties

are frequency-independent, thereby enabling the wide-spread phonon MFP distri-

butions to be represented by an average MFP. Also, instead of solving the BTE,

many studies use a size-dependent effective thermal conductivity to account for45

the influence of phonon ballistic effects [39, 40]. The approach is easy to im-

plement with finite element method (FEM)-based commercial software, and it is

widely used in thermal analysis of GaN-based devices [18, 41]. Though various

methods have been adopted to reflect the influence of phonon ballistic transport

on device temperatures, there has not been a thorough examination of the perfor-50

mance and reliability of the different approaches, making it challenging to utilize

the results and findings from different studies. Thus, a comprehensive compari-

son between the different methods is necessary to more solidly cognize phonon

thermal transport in GaN HEMTs.

In this study, first-principles-based steady-state full-band phonon tracing Monte55

Carlo (MC) simulations are conducted to investigate the thermal spreading resis-

tance in GaN HEMTs. With the full-band predictions as a benchmark, the ac-

curacy of different simulation techniques are evaluated under different geometric

parameters, including (1) MC simulations with empirical isotropic phonon disper-

sion (Isotropic MC), (2) MC simulations with gray-medium approximation (Gray60

MC), and (3) FEM with effective thermal conductivities (FEM with keff). Ad-
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ditionally, the computational efficiency of these methods for different geometric

parameters is also examined. The comparison in the paper highlights the impor-

tance of directly incorporating first-principles-calculated phonon properties into

device thermal simulations. This work could provide valuable insights for ther-65

mal simulations and the near-junction thermal designs for GaN HEMTs and sim-

ilar devices.

2. Problem Statement and Methodologies

2.1. Problem Statement

Figure 1: Schematic of thermal spreading process of the GaN layer in GaN HEMTs.

Figure 1 illustrates the simulation system of this study, which is a 2-D sim-70

plified model that represents the thermal spreading process of the GaN layer in a

period of a multifinger HEMT [42]. The thickness of the GaN layer is denoted

by t, and the width of one period is w. The c-axis (polarization axis) of GaN is

aligned with the thickness direction, which is consistent with the fabrication pro-

cess of most real devices. A uniform heat flux is modeled at the top of the GaN75

layer to represent the heat source, with a width of wg and a heating power of Q.
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As the non-uniform Joule heat distributions in the channel can be modeled as a

combination of uniform heat sources with varying wg, the results of the simplified

model can be generalized to more complex electrothermal situations [13, 15, 16].

Since the focus of the comparison is on the thermal spreading resistance of the80

GaN layer, the substrate and interfacial thermal resistance are neglected in this

study, thus the bottom boundary is set as an isothermal heat sink. The total ther-

mal resistance, Rt , can be calculated using the mean heat source temperature (Ts),

the heat sink temperature (T0), and the total heating power (Q),

Rt =
T̄s −T0

Q
. (1)

For ease of comparison, the dimensionless total thermal resistance can be intro-85

duced as Rt/R1d_0, where R1d_0 is the 1-D thermal resistance under purely diffu-

sive heat conduction,

R1d_0 = t/(wk0) , (2)

where k0 is the bulk thermal conductivity.

2.2. Full Band Phonon Monte Carlo simulation

Phonon dispersion and scattering rates in the full Brillouin zone are needed to90

drive the full-band phonon MC simulations. In this work, the phonon properties

of wurtzite GaN are calculated using density functional theory (DFT) [43, 44].

All DFT calculations are performed within the framework of the Vienna Ab ini-

tio Simulation Package (VASP) [45]. Projective augmented wave pseudopotential

in Perdew-Burke-Ernzerhof formalism is employed for the exchange-correlation95

functional. Initially, the lattice constants of wurtzite GaN are optimized under

symmetry constraints, and electronic self-consistent loops are terminated when

the total free energy drop between successive steps is less than 1×10−7 eV. The
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ionic relaxation break condition is set such that the norms of all forces are smaller

than 1×10−3 eV/Å. Second-order force constants are extracted from a 4×4×3100

supercell with a Γ-centered 4×4×3 k mesh using density functional perturbation

theory. The Phonopy package is used to construct phonon dynamical matrices

and calculate the phonon dispersion [46]. To compute the phonon scattering rate,

third-order force constants within the five nearest neighbors are determined us-

ing the finite displacement method in DFT [47]. These force constants are then105

inputted into the ShengBTE package, which computes the three-phonon process

scattering rates [48]. The resulting phonon dispersion and scattering rates for GaN

are depicted in Fig. 2. The first Brillouin Zone is discretized into N wave vectors,

with N = 15× 15× 15 = 3375. Since there are four atoms in a primitive cell,

there are a total of 12 phonon branches, consisting of three acoustic branches and110

nine optical branches. As a result, 40500 available phonon states exist for MC

simulations.
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Figure 2: First-principle-calculated phonon properties of GaN at 300 K. (a) Phonon dispersion

along high symmetry points. (b) Phonon scattering rates.

With the first-principle-calculated phonon states as inputs, full-band phonon
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Monte Carlo (MC) simulations can be initiated to simulate phonon transport. This

study adopts the steady-state phonon tracing MC simulations [49, 50] as opposed115

to ensemble implementations that are naturally in a transient scheme to reduce

computation time. In phonon tracing MC simulations, each phonon bundle rep-

resents a fixed amount of power and all contributions to phonon movements con-

tribute to the accumulation of temperatures. The variance-reduced techinque is

also employed in the MC simulations to further improve computational efficiency,120

i.e. only variations from the reference equilibrium state are counted [51, 52]. In

the thermal spreading process depicted in Fig. 1, the phonon bundle originates

from the heat flux boundary, undergoes drift and scatter events in the domain, and

is eventually absorbed by the bottom isothermal heat sink. The properties of emit-

ted and scattered phonon bundles are drawn from the first-principle-calculated125

phonon states, with weights determined according to different criteria. In phonon

emission process, the number of emitted phonon bundles of a boundary with tem-

perature Tb can be expressed as

N(Tb) =
1

εeffV
∑

state j
~v j ·~nh̄ω j

[
fBE
(
ω j,Tb

)
− fBE

(
ω j,Tref

)]
,~v j ·~n > 0, (3)

where εeff is the power represented by a phonon bundle, V is the volume of the

primitive cell, ~v j is the group velocity, ~n is the normal vector of the boundary,130

fBE(ω,T ) = 1
exp(h̄ω/kBT )−1 is the Bose-Einstein distribution, and Tref is the se-

lected reference temperature. The mode of emitted phonons is drawn with proba-

bilities proportional to~v j ·~nh̄ω [ fBE (ωk,Tb)− fBE (ωk,Tref)]. The emitted phonon

bundle undergoes free flight until a scattering event occurs. The flight distance

before scattering is drawn as ~l = −~v jτ j ln(Rl), where Rl is a uniform random135

number in [0,1] and τ j is the relaxation time. After scattering, the phonon mode is

redrawn with probabilities proportional to h̄ω [ fBE (ωk,Tloc)− fBE (ωk,Tref)]/τk,
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and the process of drift and scatter repeats until the phonon bundle is absorbed

by an isothermal boundary. In the case of a collision with an adiabatic boundary,

the phonon bundle is diffusively scattered to its iso-energy state. The probabilitity140

of drawing the j-mode phonon is proportional to
(
~v j ·~n

)
δ (ω −ωin ) ,~v j ·~n > 0.

Due to the discrete nature of phonon states, strict energy conservation is relaxed

to frequency variations smaller than a discretization step ∆ω [53]. In this study,

∆ω is set to ∆ω = ωm/100, where ωm is the maximum phonon frequency in GaN,

and it has been verified that this choice does not affect the simulation results. By145

simulating a sufficient number of phonon bundles, the statistical error is reduced

to an acceptable level, and temperature distributions can be extracted from the

phonon distributions.

Two benchmark simulations, investigating cross-plane and in-plane heat con-

duction in GaN films, are conducted to validate the developed full-band phonon150

tracing Monte Carlo (MC) simulations. In both cases, the film is heated by two

heat sinks with different temperatures. The thickness in the direction of the tem-

perature difference is represented by Lx, while the lateral distance is represented

by Ly. In cross-plane heat conduction, the lateral boundaries are periodic, and the

effective thermal conductivity of the film is controlled by Lx. In in-plane heat con-155

duction, Lx is set to be large enough to eliminate the x-directional size effect, and

the effective thermal conductivity is instead controlled by Ly. Figure 3 illustrates

the ratios of the effective thermal conductivity to the bulk value as a function of the

characteristic length. Literature results are also given for comparison, including

the model-predicted values from Tang et al. [54], and the numerical values from160

Wu et al. [55] and Vermeersch et al. [12]. It can be observed that the MC simula-

tions successfully capture the features of ballistic-diffusive heat conduction, with
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the results being in good agreement with the reference values.
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Figure 3: Effective thermal conductivity varying with the characteristic length in (a) cross-plane

heat conduction and (b) in-plane heat conduction.

2.3. Substitutive Simulation Methods

With the full-band predictions as a benchmark, three substitutive simulation165

methods are compared including isotropic MC, gray MC, and FEM with keff.

In isotropic MC, phonon properties are assumed to be isotropic and dependent

only on phonon frequencies and phonon branches. As a result, phonon modes

can be drawn from the one-dimensional frequency space rather than the three-

dimensional first Brillouin zone, which reduces computation time a lot. For phonon170

simulations in GaN HEMTs, the commonly used phonon dispersion model is the

sine-shaped Born-von Karman dispersion [13, 29]. In this model, the relation-

ship between the angular frequency ω and wave vector k can be expressed as

ω(k) = ωm sin(πk/2km), where km = (6π2n)1/3 and n is the volumetric density

of primitive cells. The relaxation time can be depicted as τ−1 = τ
−1
I + τ

−1
U =175

Aω4 +Bω2T exp(−C/T ), where τI represents impurity scattering and τU repre-
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sents Umklapp phonon-phonon scattering [56]. The constants A, B, and C are

dependent on the material and can be determined by fitting the bulk thermal con-

ductivities as a function of temperature. For GaN, the fitted phonon dispersion

and relaxation time parameters are shown in Table 1.180

k0 (1×109 m−1) ωm (1×1013 rad/s) aD (Å) A(1×10−45 s3) B(1×10−19 s/K) C (K)

10.94 3.50 2.87 5.26 1.10 200

Table 1: Fitted phonon dispersion and relaxation time parameters for GaN.

Figure 4 (a) illustrates the bulk thermal conductivity of GaN along the c-axis

as a function of temperature, as predicted by first-principle calculations and the

empirical model. The empirical model with the fitted parameters is capable of

accurately reflecting the temperature dependence of the thermal conductivity of

GaN. However, as demonstrated in Figure 4 (b), the empirical model exhibits an185

overestimation of the phonon MFP distributions. The first-principle calculations

indicate that at 300 K, phonons with MFPs less than 300 nm contribute to 50%

of the bulk thermal conductivity, while the corresponding value for the empirical

model is 1000 nm. This overestimation can be attributed to the empirical phonon

dispersion’s inability to properly reflect the density of states of GaN. Thus, for190

the best fitting of bulk thermal conductivity, there is a large deviation for MFP

distributions.

In gray MC, in addition to assuming isotropy, phonon properties are further

assumed to be frequency-independent, and an average phonon mean free path

(MFP) is used to represent the entire phonon spectrum [57]. In this case, the prop-195

erties of the simulated phonon bundle remain unchanged, and only the direction

of movement needs to be resampled during the simulation. [50] This approxi-
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Figure 4: Comparison between first-principle-based predictions and the empirical model for GaN.

(a) Bulk thermal conductivity varying with temperature. (b) Thermal conductivity accumulation

function at 300 K.

mation enables fast numerical analysis of phonon ballistic effects, whereas the

accuracy strongly depends on the choice of the representative MFP [14, 38]. Li et

al. [57] compared different methods for calculating the average MFP and found200

that extracting the average MFP from the fitting of size-dependent effective ther-

mal conductivities well reflects the phonon ballistic effects. By employing Ma-

jumdar’s model for cross-plane heat conduction to calculate the effective thermal

conductivity [58] and minimizing L (lave), where

L (lave ) = ∑
t

∣∣∣∣∣13 ∑
j

∫
ω j

0

h̄ω
∂ f0
∂T DOS j(ω)vgl j

1+ 4
3

l j
t

dω − 1

1+ 4
3

lavc
t

∣∣∣∣∣
2

, (4)

the average MFP lave can be determined. The fitted average MFP for the phonon205

properties of GaN calculated in this work is equal to 300 nm.

As an alternative approach that is easy to integrate with FEM-based thermal

analysis, the impact of phonon ballistic effects can be reflected by effective ther-

mal conductivity. Although the temperature field cannot be fully reconstructed
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Figure 5: Model-predicted effective thermal conductivities as a function of wg/w, with w/t = 20.

due to the diffusive nature of Fourier’s law, FEM-based analysis can predict a210

junction temperature similar to the one obtained from BTE-based simulations,

given a reasonable value for effective thermal conductivity. Previous studies

have established a semi-empirial effective thermal conductivity model for ther-

mal spreading process in a ballistic-diffusive regime, based on phonon BTE and

isotropic MC simulations [42, 59],215

keff =
1
3 ∑

j

∫
ω j

0
h̄ω

∂ f0

∂T
DOS j(ω)vg,ω, jlm, jdω (5)

where

lm, j =
l0, j(

1+ 2
3Knt−ω, j

)(
1+Aw

(wg
w , w

t

)
Knw−ω, j

)
rtrwg

. (6)

In this model, l0, j is the intrinsic frequency-dependent MFP of the j branch phonon,

and Knt_ω, j = l0, j/t and Knw_ω, j = l0, j/wg are phonon Knudsen numbers, where t

is the thickness of the GaN layer and wg is the width of the heat source. The terms

1+ 2/3Kntω , j and rt are used to account for the cross-plane ballistic effect, and220

1+AwKnω, j and rw are used to consider the ballistic effect resulting from a heat

source size comparable to the MFPs. The details on the model can be found in
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Ref. 42 and 59. Figure 5 shows the model-predicted effective thermal conductiv-

ities of GaN, as a function of wg/w, for different values of t. Both the cross-plane

ballistic effect and the heat source size-induced ballistic effect are captured by the225

effective thermal conductivities. As t and wg/w decrease, the effective thermal

conductivity decreases significantly compared to its bulk value.

3. Results and Discussion
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Figure 6: Dimensionless total thermal resistance as a function of w/t with (a) t = 0.5µm,wg/w =

0.005, (b) t = 0.5µm,wg/w = 0.02, (c) t = 3µm,wg/w = 0.005, and (d) t = 3µm,wg/w = 0.02.

Figure 6 displays the dimensionless total thermal resistance predicted by vari-

ous methods. The simulations are performed for systems with different geometric230
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parameters, with the selected parameter range encompassing most of the design

space for GaN HEMTs. The results obtained from the different approaches are

significantly higher than those predicted using bulk thermal conductivities, high-

lighting the importance of carefully considering phonon ballistic effects in device

thermal simulations. It should be noted that in this work the bottom boundary of235

the GaN layer is set as isothermal, thus the total thermal resistance here is only

used to characterize the thermal resistance of the GaN layer instead of the total

device. Compared with the previous work that focuses on the absolute tempera-

ture [14, 29, 38], the thermal resistance defined here can more clearly illustrate

the influence of the phonon ballistic effects [13, 30, 42, 59]. Among these meth-240

ods, the thermal resistance predicted by isotropic MC is significantly higher than

the full-band predictions with all geometric parameters, which can be attributed

to the longer phonon MFPs calculated by the empirical phonon property model. It

implies that the previous MC simulations based on the empirical model may over-

estimate the hotspot temperature in GaN HEMTs [13, 29, 36, 37, 59]. However,245

despite the discrepancy in values, the thermal resistance predicted by isotropic

MC has a nearly identical curve shape to the full-band results due to the similar

shape of the phonon MFP spectrum as shown in Fig. 4 (b).

In the case of gray MC, the predicted thermal resistance is very similar to

the full-band predictions, suggesting that by choosing an appropriate average250

phonon MFP, the gray-medium approximation can effectively reflect the influence

of phonon ballistic effects. However, as shown in Fig. 6 (a), it can be seen that

gray MC simulations cannot completely reproduce the full-band results. When

w/t is small, the gray MC-predicted thermal resistance is higher than the full-band

predictions, whereas when w/t is large, the gray MC predictions get lower instead.255
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This discrepancy illustrates the intrinsic limitation of the gray-medium approxi-

mation in reflecting the contributions of different phonon modes. The comparison

between isotropic MC using empirical phonon dispersion and gray MC also sug-

gests that, more precise temperature predictions can be obtained by combining

isotropic MC with frequency-averaged first-principle-calculated phonon proper-260

ties, since both the accurate phonon properties and the influence of phonon MFP

spread can be taken into account. For FEM with keff, the predictions are always in

good agreement with the full-band results, with all the geometric parameters con-

sidered in this work. This indicates that the influence of phonon ballistic effects on

the device junction temperature can be well reflected by using effective thermal265

conductivities. Also, the effective thermal conductivity model, which is devel-

oped using isotropic phonon dispersion, is still valid for first-principle-calculated

phonon properties, given the similar shape of the MFP spectrum and the weak

anisotropy of GaN above room temperature [59].

Among the different methods, gray MC and FEM with keff can relatively270

well approximate the full-band results, since the first-principle-calculated phonon

properties are directly used as model inputs, i.e. calculating the average MFP and

size-dependent effective thermal conductivities. Isotropic MC has the lowest ac-

curacy since the used empirical phonon properties are determined by fitting the

bulk thermal conductivities, instead of being obtained from the first-principle-275

predicted phonon proeprties. This comparison emphasizes the importance of di-

rectly incorporating first-principles-calculated phonon properties into device ther-

mal simulations, no matter what kind of simulation technique is adopted.

The total thermal resistance of thermal spreading processs in a ballistic-diffusive

regime can be attributed to three effects: (1) the thermal spreading effect, (2) the280
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Figure 7: Dimensionless 1-D thermal resistance varying with t.

cross-plane ballistic effect related to the film thickness, and (3) the ballistic effect

with the heat source size comparable with MFP. To better understand the relia-

bility of different methods for devices with different geometric parameters, it is

meaningful to examine the different ballistic effects separately. The 1-D ther-

mal resistance, which eliminates the influence of thermal spreading effect and285

the heat source size-induced ballistic effect in the average of temperatures, can

be used to measure the strength of the cross-plane ballistic effect. As shown in

Fig. 7, the dimensionless 1-D thermal resistance predicted by different methods

is plotted as a function of t. The isotropic MC predicted 1-D thermal resistance

is significantly higher than the full-band results, which highlights the strong rela-290

tionship between the phonon spectrum and the cross-plane ballistic effect caused

by phonon-boundary scattering. The results predicted by gray MC and FEM with

keff are in good agreement with the full-band predictions, despite some minor

differences. Gray MC slightly underestimates the 1-D thermal resistance when

t is small and the cross-plane ballistic effect strong. FEM with kkeff overesti-295

mates the 1-D thermal resistance when t is large, and overestimates when t is rela-
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tively small, since there are fitting parameters in the effective thermal conductivity

model trying to minimize the overall deviations for various gemoetric parameters

and materials [59]. The comparison between different methods further suggests

the importance of properly treating phonon properties before simulations.300
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Figure 8: Thermal resistance ratio rw as a function of wg, with (a) w/t = 20, and (b) w/t = 40,

t = 1µm.

To evaluate the heat source size-induced ballistic effect, a thermal resistance

ratio rw can be defined as rw = Rt/R1d
Rt,k_bulk/R1d,0

, where Rt,kbulk represents the total ther-

mal resistance calculated with FEM using the bulk thermal conductivity. The ther-

mal spreading effect and cross-plane ballistic effect are cancelled out in this ratio,

and rw serves as a reflection of the ballistic effect with wg comparable to MFP.305

Figure 8 shows the thermal resistance ratio rw as a function of wg with different

w/t. Except for the bulk values, rw increases as wg decreases, which is attributed

to the enhanced phonon ballistic transport. Previous electrothermal simulations

have indicated that for devices working in saturation regime, the Joule heat is

concentrated at the drain-side gate edge with a width of approximately 160 nm310

[13, 15, 16]. It is emphasized the importance of carefully considering the heat
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source-related ballistic effect in order to accurately predict the hotspot tempera-

ture. As shown in Fig. 8, in contrast to the 1-D thermal resistance, the differences

in rw predicted by different methods are not too significant. However, the isotropic

MC predictions are still higher thant the full-band results due to the overestima-315

tion of phonon MFP spectrum. The gray MC-predicted rw are generally lower

than the full-band results and increase more quickly with wg decreasing, since the

influence of phonon MFP distributions can not be well considered. FEM with keff

can still approximately depict the wg dependence of rw, but its accuracy decreases

rapidly with the decrease of wg due to the declined reliability of the model with320

enhanced phonon ballistic transport.
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Figure 9: Computation time as a function of t, with w/t = 40,wg/w= 0.01. The phonon number is

chosen as 106, which guarantees the convergence after verification. All the simulations are carried

out with a single processor on Apple M1 Pro chip.

Figure 9 compares the computation time of different simulation methods as a

function of the system thickness t. Full-band MC, which considers a large num-

ber of phonon states is the most computationally demanding among the all the

methods. With the simplification of phonon dispersion, the computation time of325

isotropic MC is reduced by 1 ∼ 2 orders of magnitude compared to full-band MC.
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Gray MC, which replaces the entire phonon spectrum with an average MFP, fur-

ther reduces computation time by nearly another order of magnitude compared

to isotropic MC. In contrast to BTE-based approaches, FEM-based simulations

have computation time that is far lower and nearly independent of the system size.330

While Fourier’s law-based simulations may not provide accurate predictions of

channel temperature distributions, FEM-based analysis using an appropriate keff

can offer efficient estimations of junction temperature for different geometric pa-

rameters. However, to obtain the most accurate temperature field for the entire

device, it is essential to develop a multiscale simulation framework that combines335

first-principle calculations, phonon BTE, and FEM simulations [12, 30]. The cou-

pling between heat generation and phonon transport should also be thoroughly

considered to achieve self-consistent electrothermal simulations and investigate

the thermal effects on the device electrical performace [36, 37]. Additionally,

high-resolution experimental techniques are necessary to characterize the device340

hotspots and validate the simulation models [14, 60–62].

4. Conclusion

In this paper, the first-principle-based full-band phonon MC simulations are

conducted to investigate the thermal spreading resistance in GaN HEMTs. Three

widely used simulation methods, including (1) isotropic MC, (2) gray MC, and345

(3) FEM with keff, are compared against the full-band MC results to examine

their performance. It is found that isotropic MC largely overestimates the ther-

mal resistance due to the empirical model’s overestimation of MFP distributions.

However, the predicted thermal resistance variation tendency is nearly identical

to the full-band results, since the contributions of phonons with different MFPs350
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can be considered in the simulation, and the shape of the MFP spectrum predicted

by the empirical model is similar to the first-principle predictions. Gray MC can

approximate the full-band predictions by selecting an appropriate average MFP,

but cannot completely reproduce the results for all geometric parameters due to

its limitation in considering the wide spread of phonon MFPs. The predictions355

of FEM with keff show good consistency with the full-band results for various

geometric parameters, and the computation time is several orders of magnitude

lower and nearly independent of the system size compared to the BTE-based sim-

ulations. Although the Fourier’s law-based simulation can not accurately recon-

struct the temperature field, it can still be used as a fast and effective approach for360

junction temperature predictions to guide device thermal designs. The compari-

son highlights the importance of directly incorporating first-principles-calculated

phonon properties into device thermal simulations, no matter what kind of simu-

lation technique is adopted. This paper provides a comprehensive comparison of

different simulation methods for the thermal spreading process in GaN, and the365

results and analysis could be useful for thermal simulations of GaN HEMTs or

HEMT-like devices.
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