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ABSTRACT

The structure and thermal boundary conductance of the wurtzite GaN/AIN (0001) interface are investigated using molecular dynamics
simulation. Simulation results with three different empirical interatomic potentials have produced similar misfit dislocation networks and
dislocation core structures. Specifically, the misfit dislocation network at the GaN/AIN interface is found to consist of pure edge dislocations
with a Burgers vector of 1/3(1210) and the misfit dislocation core has an eight-atom ring structure. Although different interatomic poten-
tials lead to different dislocation properties and thermal conductance values, all have demonstrated a significant effect of misfit dislocations

on the thermal boundary conductance of the GaN/AIN (0001) interface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049662

I. INTRODUCTION

Semiconductor devices such as electronic and photonic devices
are heterogeneous structures built from two or more different mate-
rials." The interface(s) between different materials in the heterostruc-
tures plays an essential role in the device action.' A high density of
defects is often observed accompanying the interfaces, influencing
the performance of the devices. These defects form during the fabri-
cation processes. Currently, the main bottom-up method used today
for fabrication of semiconductor heterostructures is heteroepitaxy,
such as molecular beam epitaxy and metal organic chemical vapor
deposition. It is theoretically understood that lattice-mismatched het-
erostructures accommodate misfit strains by elastic deformation
when the epilayer is thin and by the formation of misfit dislocations
when the epilayer thickness exceeds a critical value, known as the
critical thickness, usually a few nanometers.”’ Regardless of the
growth mechanisms or conditions, increasing the epilayer thickness
will ultimately lead to the formation of misfit dislocations and
concomitant threading dislocations.”

Another method to fabricate semiconductor heterostructures
is direct wafer bonding. Recent developments in surface-activated
bonding make direct bonding an important alternative tool for het-
erogeneous integration. Various semiconductor wafers have been

bonded directly at room temperature on atomically clean surfaces
created by ion beam bombardment. For example, gallium nitride
(GaN) has been directly bonded to Si,> SiC,°™° GaAs,” and
diamond'’ using the surface-activated bonding method. HRTEM
(high-resolution transmission electron microscopy) images show
that there are misfit dislocations formed at the interface to accom-
modate lattice mismatch® and that heterostructures with atomically
flat interfaces can be realized. The advantage of this direct bonding
technique is that it can avoid the usual high-density threading dis-
locations in the epilayers, and consequently the heterostructure has
misfit dislocations as the only type of defects resulting from the
fabrication process.”’

Interface misfit dislocations are thus the most important
defects in semiconductor heterostructures as they are unavoidable
in lattice-mismatched heterointerfaces, directly affect the electronic
properties of the devices,''” and determine the ultimate limit of
the performance of the heterostructure. Moreover, interfaces and
defects scatter phonons, leading to localized heating that severely
limit the performance and reliability of the devices. For example,
the peak power density in GaN high-electron-mobility transistors is
strongly limited by self-heating in the devices. The localized
heating at the interfaces can limit reliable output power to only
1/8th of the reported maximums."’
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The GaN/AIN interface is an important interface in GaN
high-electron-mobility transistors. GaN/AIN quantum wells and
quantum dots are also widely used in optoelectronic devices."*™"
In addition, GaN and AIN are important third generation semicon-
ductor materials that have wide bandgaps of 3.4 and 6.2 eV, respec-
tively. Their heterostructures have strong spontaneous polarization
and piezoelectric polarization, as a result of the lattice-mismatched
heterointerface. The piezoelectric properties, as well as the opto-
electronic properties, can also be significantly affected by the
defects and localized heating at the interfaces. Our understanding
of the defect structure and the effect of the defects on self-heating,
however, is limited, as current research efforts to understand
thermal transport properties across heterointerfaces'”'® have so
far mainly focused on coherent interfaces that are free of misfit
dislocations. For example, the phonon thermal conductance of
GaN/AIN interface was recently calculated by Polanco and Lindsay
using a nonequilibrium Green’s function formalism in the
harmonic limit with interfacial interatomic force constants (IFCs)
obtained from density functional theory (DFT) calculations;'” in
their model, the GaN/AIN interface was assumed to be coherent,
where AIN is strained to match the lattice of GaN.

The objective of this work is to investigate the misfit disloca-
tion structure and the effect on the thermal boundary conductance
of the wurtzite GaN/AIN (0001) interface using molecular dynam-
ics (MD) simulation. We employ three different interatomic poten-
tials to describe the atomic interaction in the systems: (1) the
Stillinger-Weber (SW) potential for GaN/AIN developed by Zhou
et al,”” (2) a potential based on the mixing rule and the AIN
potential developed by Tungare et al.”’ combined with the GaN
potential developed by Nord et al,”' and (3) the transferable
Tersgff—type potential for group-III nitrides developed by Karaaslan
et al”

The paper is organized as follows. After the Introduction, the
methodology, including details of the interatomic potentials and
the simulation setups, is introduced in Sec. II. Section III presents
the multiscale structures of the wurtzite GaN and AIN (0001) inter-
faces obtained from MD simulations of the direct bonding process,
including the misfit dislocation network at the interface and the
atomic-scale dislocation core structure. Simulation results of the
Peierls stress of the misfit dislocations and the interface reaction to
phonon wave packets are also included in Sec. III. Section IV pre-
sents the simulation results of the thermal boundary conductance
of semi-coherent GaN/AIN interfaces and the comparison with
that of coherent interfaces. The effects of the specimen size and
temperature on the thermal boundary conductance are also
included in Sec. I'V. Major conclusions are summarized in Sec. V.

Il. METHDOLOGY
A. Interatomic potentials

All the simulations reported in this work are performed using
the large-scale atomic/molecular massively parallel simulator
(LAMMPS) software. We employ the following three empirical
interatomic potentials for the simulations:

(1) The Stillinger-Weber potential for GaN and AIN developed by
Zhou et al."” This potential built on the SW potential for GaN

ARTICLE scitation.org/journalljap

TABLE I. SW potential parameters for AIN/GaN."®

Parameters Ga-Ga Ga-N  N-N N-Al Al-Al Al-Ga
e(eV) 1.2000 2.1700 1.2000 2.2614 0.5650 0.5223
O'(A) 2.1000 1.6950 1.3000 1.7103 2.6674 2.7322
a 1.600 1.800 1.80 1.80 1.55 1.55

A 325 325 32.5 325 0.0 0.0

Y 1.2 1.2 1.2 1.2 1.2 1.2

A 79170 79170 79170 79170 17.8118 17.8118
B 0.72 0.72 0.72 0.72 0.72 0.72

()

3

developed by Béré and Serra,” the parameters of which were
fitted to the experimental results of elastic constants and lattice
constant (a=3.19A, ¢=521A for GaN and a=3.094,
c¢=5.03 A for AIN). Since the parameters ¢ and € of the SW
potential are proportional to their lattice constant and cohesive
energy, respectively, Zhou and co-workers'’ obtained the
parameters ¢ and € of Al-Al and Al-Ga interactions by rescal-
ing the Ga-Ga interaction according to the experimental
values of lattice constant and cohesive energy. The Al-N
interaction is fitted to the experimental lattice constant and
cohesive energy of wurtzite AIN.”* The parameters of this
GaN/AIN potential are presented in Table I. This potential has
been applied to simulation of thermal boundary conductance
of GaN/AI™ and the growth of GaN on AIN.”® It has also been
used by Li et al. to investigate the structure of the GaN/AIN
heterointerface and the deformation mechanism.”’

A Tersoff potential developed based on the mixing rule.
Mixing rule is an empirical method to generate interatomic
potentials of a multicomponent system from the respective
single element interaction.”® In this work, we use the mixing
rule to construct a potential for the GaN/AIN system based on
the AIN potential developed by Tungare et al.”’ and the GaN
potential developed by Nord et al”' The AIN potential by
Tungare et al.”’ was obtained by adjusting an existing zinc
blende AIN potential to fit the properties of wurtzite AIN. The
optimized potential was tested in terms of lattice constants
(a=3.112 A, c=4.9823 A), bulk modulus, cohesive energy, and
thermal expansion, in good agreement with experimental
values. The GaN potential by Nord et al.”' was obtained by
fitting to density functional theory (DFT) calculations and
experimental measured values of lattice constants (a=3.18 A,
c=5.193 A), cohesive energy, and elastic constants. This poten-
tial has been shown to reproduce point defect properties,
melting behavior, and nitrogen solubility, in good agreement
with DFT calculations. The two potentials together provide the
Al-Al, Al-N, N-N, N-Ga, and Ga-Ga interactions. Therefore,
in this work, we only need to obtain the Al-Ga interaction
using the mixing rule. The potential parameters are presented
in Table II.

The transferable Tersoff-type potential developed by Karaaslan
and co-workers for group-III nitrides.”” This potential was
obtained through an optimization procedure based on particle
swarms optimization. The parameters of the hexagonal mono-
layer and zinc blende structure BN, AIN, and GaN were
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TABLE II. Mixing rule-based Tersoff potential parameters for AIN/GaN.

Parameters Ga-Ga Ga-N N-N N-Al Al-Al Al-Ga

A(eV) 535.199 6136.44 1044.77 1847.752 492.6746 513.4968

B(eV) 410.132 3864.27 423.769 257.3159 23.029 55 97.1862

¥ 0.7874 0.001 632 0.7761 0.000 0011 0.3168 0.3168

A1(1/A) 1.609 16 293516 3.557 87 3.21310 2.58522 2.097 19

A2(1/A) 1.44970 2.639 06 2.384 26 1.860 59 0.9274 1.188 57

R(A) 2.87 2.90 2.20 2.34 2.70 2.785

D(A) 0.15 0.20 0.20 0.15 0.10 0.125

A3(1/A) 1.846 0 0 0 1.5 1.673

c 1.918 65.207 0.1785 100 390 0.0748 0.0748

d 0.75 2.821 00 0.201 72 16.207 19.5691 19.5691

optimized simultaneously to fitting to first-principles calcula-
tions of lattice constants (a = 3.503 A, c=5.720 A for GaN and
a=3.381A, c=5.521A for AIN), equation of states, phonon
frequencies, defect energies, and the difference of formation
energies per atom of single-layer h and bulk zinc blende crystal
phases. It is noted that this potential is the only one that was
fitted to phonon frequencies of AIN and GaN. The predicted
thermal properties as well as the structural, mechanical, and
vibrational properties of all materials are in good agreement
with existing experimental and first-principles data. In particu-
lar, this Tersoff-type potential has been tested in reproducing
phonon dispersion relations and lattice thermal transport
properties of both zinc blende and wurtzite structures of AIN
and GaN. The potential parameters are listed in Table III.

B. Computer models and simulation setups

The wurtzite GaN/AIN (0001) heterointerface can have either
Al-N bonds or Ga-N bonds at the interface. We have calculated
the interfacial energy of the two types of interfaces by calculating
the difference between the total potential energy of the heterostruc-
ture and the sum of the bulk potential energies of the GaN and

AIN crystals. Calculation results with all three interatomic poten-
tials show that the AI-N bonded interface has lower interface
energy than the Ga-N bonded interface. Therefore, in this work,
we focus on the GaN/AIN (0001) heterostructure that has the AI-N
bonds at the interface. This is consistent with existing simulation
results that the AI-N bonded interface is energetically more favor-
able,”” while the thermal boundary resistances is very close to that
of the interface that has the Ga-N bonds."”

The dislocation structure of the GaN/AIN (0001) interface is
obtained through simulations of the direct wafer bonding process.
This process consists of two steps. In step 1, two single crystals
are put into contact through pressure applied to the surfaces of
the two crystals at room temperature to initiate the bonding. In
step 2, the bonded heterostructure is annealed at high temperature
(600-1000 °C).

Our simulations for the dislocation structure follow these two
steps. First, we simulate the single crystals AIN and GaN using the
three potentials, respectively. The MD simulations are shown to
reproduce the exact structures and lattice constants of GaN and
AIN that the interatomic potentials were fitted to. The well-
equilibrated GaN and AIN single crystals are then placed in one
computer model, where the GaN and AIN single crystals are put

TABLE Ill. Tersoff-type potential parameters for GaN and AIN by Karaaslan et al.?> and for GaN/AIN.

Parameters Ga-N-N N-Ga-Ga Al-N-N N-Al-Al N-Ga-Al N-Al-Ga
A(eV) 2249.391 746 2249.391 746 1258.567 263 1258.567 263 2249.391 746 1258.567 263
B(eV) 764.751 142 764.751 142 453.228 512 453.228 512 764.751 142 453.228 512
¥ 1 1 1 1 1 1

Vo (I/A) 2.652 624 2.652 624 2.434 869 2.434 869 2.652 624 2.434 869
lz(l/lgx) 1.963 739 1.963 739 1.717 680 1.717 680 1.963 739 1.717 680
R(A) 2.65 2.65 2.55 2.55 2.70 2.70
D(A) 0.15 0.15 0.15 0.15 0.20 0.20
13(1/1&) 1.453 060 1.166 408 1.186 759 1.100 709 3.363 107 3.363 107
c 45996.528 912 44 736.208 668 19110.741 778 27 568.039 128 45 896.229 303 45 896.229 303
d 13.083 985 12.497 037 10.882 090 8.292 436 14.231 385 14.231 385
h —0.990019 —0.693 793 —0.972 662 —0.816 226 —0.836 813 —0.836 813
n 0.761 872 1.070 552 0.598 233 1.220 882 5.569 371 5.569 371
B (x10 6) 2.143 554 2.642 801 2.133047 2.496 023 1.829919 1.829919
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into contact at the (0001) surface by applying pressure P =150 bar
on the top surfaces of the GaN crystal at the [0001] direction for
10 ps at 300 K temperature using the NPT ensemble with a Nosé-
Hoover thermostat. Periodic boundary conditions are used in the
lateral directions of the AIN crystal, which serves as the substrate.
The time step is set to 1 fs.

In step 2, a series of finite-temperature simulations of the
annealing process is performed. This process starts at T =1000 K
for 50 ps; the GaN/AIN heterostructure is then relaxed with a
decreased temperature at 600, 300, 10, and 0.1 K for 10 ps each.
The final heterostructure obtained in the MD simulation using the
mixing rule-based Tersoff potential is found to be fully relaxed.
The structural results, including the dislocation network and dislo-
cation core structure, are found to be identical to the simulation
results using the initial structure that is built based on the concept
of coincidence site lattice (CSL) with periodic boundary conditions
for both GaN and AIN. According to the concept of CSL, the
minimum energy configuration of the heterostructure is the one
with minimum coincidence sites per area. For the mixing rule-
based Tersoff potential with the lattice mismatch of 2.18% between
GaN and AIN, the smallest interface that has minimum energy
density contains 46 by 46 GaN unit cells and 47 by 47 AIN unit
cells along the [0110] direction. Since the SW potential by Zhou
et al."” and the Tersoff-type potential by Karaaslan et al.”* can only
be used for simulation cells with periodic boundary conditions, the
computer models for the structural simulations with these two
potentials are thus built to have the minimum CSL per interface
area. These simulations still follow the two steps, i.e., equilibration
in the NPT ensemble with Nosé-Hoover thermostat, with

(a)
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temperature T=300K and pressure P=150bar, followed by a
series of NPT simulations of annealing with T = 1000, 600, 300, 10,
and 0.1 K.

The obtained structures are then used to simulate the heat
flow process using the direct heat source-heat sink method,” as
shown in Figs. 1(a)-1(c), with each interface containing two misfit
dislocations and the smallest length of the specimens is 105 nm.
For comparison, we also build strained heterostructures with coher-
ent interfaces. This is achieved by using a small cross-sectional area
that contains only 4 by 4 unit cells of GaN and AIN, respectively,
with period boundary conditions (PBCs) being applied in the
lateral directions of the heterostructure, as shown in Fig. 1(b). With
such a small cross-sectional area constrained by PBCs, the com-
puter models are free of dislocations, as the smallest interface that
has one misfit dislocation contains 46 by 46 GaN unit cells and 47
by 47 AIN unit cells, as required by the mixing rule-based poten-
tials. Computer models with such small cross-sectional areas and
PBCs are not physical. Nevertheless, simulation results of such
structures can be used to quantify the role of misfit dislocations
on thermal transport properties such as thermal boundary
conductance.

After the equilibration, the boundaries of the computer model
are then fixed in the direction of the specimen length. A small
region in the AIN crystal is heated to simulate a heat source, while
another region on the GaN crystal is cooled to act as a heat sink.
These two regions have the same dimension, and the energy added
and removed at each time step are identical. Therefore, a steady-
state heat flow can be generated in the heterostructure through this
process.

AIN

PRRRRRRRRY

—> GaN

oo N N Y

X Heat source

interface

Heat sink

e s X BT BT R

DD

LTSS
-:SQ\\QQQ'
PPPLPPP PP

FIG. 1. (a) Top view of the computer model for simulation of steady-state heat flow to measure the thermal boundary conductance; the energy added to the heat source
and the energy removed from the heat sink are identical; (b) cross-sectional view of the coherent interface that contains 4 by 4 GaN and AIN unit cells; (c) cross-sectional
view of the semi-coherent interface that contains two misfit dislocations; the dotted frames highlight the two misfit dislocations. The red, blue, and yellow atoms represent

Al, N, and Ga atoms, respectively.
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After the system reaches steady state, the temperature profile is
recorded every 50 ps and averaged over 5 ps for a total simulation
time of 4ns. Based on the temperature profile, the temperature
jump AT can be estimated, and the thermal conductance Gy can
then be calculated by

] = GiAT, 1
where ] is the heat flux, which is given by

Ae
= )

lll. DISLOCATION STRUCTURE AT THE GaN/AIN (0001)
INTERFACE

The equilibrium structures of the wurtzite GaN/AIN (0001)
interface that has AI-N bonds at the interface are obtained through
simulations of the direct bonding process of GaN and AIN single
crystals. Figure 2 presents the simulation results of the misfit dislo-
cation network at the interface, viewed using the dislocation extrac-
tion algorithm (DXA) analysis,”" obtained from simulations with
three different interatomic potentials. As can be seen from Fig. 2, a
hexagonal-shaped network of the misfit dislocations has formed in
the simulation using each of the three interatomic potentials. The
misfit dislocation spacing is 9.89 nm for SW potential, 14.66 nm
for the mixing rule-based Tersoff potential, and 9.81 nm for the
transferrable Tersoff potential for group-III nitrides. Misfit disloca-
tions are found to consist of pure edge dislocations with a Burgers
vector of 1/3(1210).

Figure 3 presents a zoomed-in view of the potential energy
contour of the GaN and AIN layers at the interface. Different color
bars are used here for the purpose of an optimum visualization.
Hexagonal misfit dislocation network can again be discerned due
to the energetic difference between atoms in the coherent region
and atoms near the dislocations. Atomic-scale defects such as
vacancy or crack-like structures can be observed on the GaN layer.
By contrast, the AIN layer is free from defects for all three poten-
tials. In addition, the GaN atoms are found to have higher potential
energy than the AIN atoms.

ARTICLE scitation.org/journalljap

A calculation of the deformation of the unit cells shows that
the GaN unit cells undergo tensile deformation, while the AIN unit
cells are under compression. Specifically, for the SW potential, the
GaN unit cells at the coherent regions of the interface experience a
tensile strain of 2.16% in the basal plane, while the AIN unit cells
undergo a compressive strain of 0.87%. For the mixing rule-based
Tersoff potentials, it is 1.51% tensile strain for GaN but 0.87% com-
pressive strain for AIN. For the Tersoff-type potential for group-III
nitrides, it is 2.33% tensile strain for GaN but 1.36% compressive
strain for AIN. All three simulation results indicate that the GaN
layer undergoes larger deformation than the AIN layer, suggesting
that AIN has a higher resistance to deformation. This is consistent
with the experimental and density functional theory calculation
results that AIN possesses higher hardness (17.2 GPa) than GaN
(10.5GPa)’ and also higher bonding energy (2.74 ¢V) than GaN
(2.45€V). "

In Fig. 4, we present a cross-sectional view of the atomic posi-
tions near a misfit dislocation at the GaN/AIN interface, obtained
from simulations using different potentials. As can be seen from
Fig. 4, the dislocation core has the structure of an eight-atom ring,
where a total of eight atoms surround the dislocation line with one
atom as an immobilized radical. This eight-atom ring structure of
misfit dislocations is obtained in the simulations of all three poten-
tials and is found to be consistent with the MD simulation results
of dislocations in GaN single crystals by Béré and Serra® and
Termentzidis et al,” as well as the experimental result by Yoo
et al.,’® as shown in the inset of Fig. 4(c).

To investigate the mobility of the misfit dislocations, a series
of MD simulations is performed to measure the Peierls stress of
the misfit dislocations. Peierls stress is a fundamental property of
dislocations and is defined as the minimum shear stress required
to move a dislocation in a crystal. To measure the Peierls stress,
an incrementally increased shear force is applied on the top and
bottom layers of a well-equilibrated GaN/AIN heterostructure.
The direction of the shear force is parallel to the Burgers vector,
i.e., the [0110] direction. The simulations are performed for com-
puter models at 0.1 K temperature. The movements of the disloca-
tions are monitored via DXA’' in OVITO.” Once the
dislocations begin to move, the Peierls stress is calculated from
the applied force and the cross-sectional area at that time.

FIG. 2. Misfit dislocation network at the GaN/AIN interface represented via the dislocation extraction algorithm (DXA)*" in OVITO,* obtained from (a) the SW potential, (b)
the mixing rule-based Tersoff potentials, and (c) the transferable Tersoff potential for group-Ill nitrides.
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FIG. 3. Potential energy of GaN [(a)(c)] and AIN [(d)—(f)] atoms in a single hexagonal unit in the misfit dislocation network at the GaN/AIN (0001) interface, obtained in MD
simulation with the SW potential [(a) and (d)], the mixing rule-based Tersoff potential [(b) and (e)], and the transferable Tersoff potential for group-Ill nitrides [(c) and (f)].

FIG. 4. The dislocation core structure obtained by using (a) the SW potential, (b) the mixing rule-based Tersoff potential, and (c) the transferable Tersoff potential for
group-lll nitrides. Here, Al atoms are colored with red, N atoms with blue, and Ga atoms with yellow; the atoms colored by white are atoms that form the dislocation core;
the inset in (c) is a STEM image of a GaN single crystal by Yoo et al.,* showing a dislocation core with an eight-atom ring structure, and is reproduced with permission
from Yoo et al., Appl. Phys. Lett. 112, 131901 (2018). Copyright 2018 AIP Publishing LLC.

TABLE IV. Peierls stress for GaN/AIN interface misfit dislocations. Table IV presents the results of Peierls stress measured from sim-
- ulations using the three potentials. As can been seen from

Peierls stress (GPa) Table 1V, the values of Peierls stress produced by the mixing rule-

sw? 0.956 based Tersoff potential and the transferrable Tersoff potential is

Mixing rule-based Tersoff’*”’ 9.69 very large, indicating that the mobility of the misfit dislocations is
Transferrable Tersoff’> 985 very low and the misfit dislocations are essentially sessile. The SW

potential, by contrast, gives a much lower Peierls stress, which
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FIG. 5. 3D scatterplots of the displacements of the GaN atoms and AIN layers at the GaN/AIN interface at simulation time t=6.5 and 8.0 ps, respectively. The unit of the
color bar is the amplitude of the incident wave packet, which is 0.001 A. The red color in the atomic displacements in the left figure and the blue color in the right represent
two opposite displacement directions, showing that the dislocations and atoms near the dislocations are vibrating in phase.

implies that the dislocations produced by this potential possess
higher mobility.

Visualizations of the transient processes of misfit dislocations’
reaction to applied stress have shown that the misfit dislocations
are most stable in simulations with the transferrable Tersoff poten-
tial. In addition, the misfit dislocations move collectively under
stress in simulations with the transferrable Tersoff potential, while
there are vibrations of individual atoms in the dislocation networks
in simulations with the other two potentials.

To provide more details on the vibrations of the misfit disloca-
tions, a wave packet simulation is performed using the transferrable
Tersoff potential for visualization of the reaction of the misfit dislo-
cations to an ultrashort heat pulse. The heat pulse is constructed
using the phonon wave packet technique developed by Schelling
and co-workers for MD simulation,”*® based on the phonon

dispersion relation of the AIN. The wave packet has a central fre-
quency of 1.5 THz and a wavelength of 8 nm. The computer model
of the GaN/AIN heterostructure has a total length of 300 nm, and
the structure, including the misfit dislocation network and the dis-
location core structure, is obtained following the procedure out-
lined in Sec. II. Thereafter, the computer model is cooled down to
107°K. The displacements of the atoms at the interface are
recorded in the simulation as the phonon pulse propagates across
the interface. In Fig. 5, we present 3D scatterplots for the displace-
ments of the GaN and AIN layers at the GaN/AIN interface. As can
be seen from Fig. 5, the misfit dislocations and the atoms near the
dislocations vibrate in phase, indicating no resonance between the
misfit dislocation network and the phonon wave packet. However,
the vibration amplitude of the dislocations is 20% larger than the
amplitude of the incident wave packet.
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FIG. 6. Temperature profile of GaN/AIN heterostructures using (a) the SW potential, (b) the mixing rule-based Tersoff potential, and (c) the transferable Tersoff potential for

group-lll nitrides. Applied heat flux are 2.9, 5.7, and 9.7 GW/m?, respectively.
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TABLE V. Thermal conductance values of the GaN/AIN interface.

Coherent Semi-coherent
interface interface % of
(GW/m?K) (GW/m?K) reduction

Swh? 0.937 0.496 47.1%
Mixing 3.124 2.44 21.9%
rule-based
Tersoff* !
Transferrable 3.225 1.933 40.1%
Tersoff™

IV. THERMAL BOUNDARY CONDUCTANCE

Interface thermal boundary resistance is usually manifested as
a temperature drop at the interface. The inverse of this resistance is
the thermal boundary conductance, which is defined as the ratio
between applied heat flux and the resulting temperature drop at the
interface. In this work, thermal boundary conductance of wurtzite
GaN/AIN (0001) interfaces is measured in MD simulations of
steady-state heat flow, using the direct heat source-heat sink
method. The simulation results of the temperature profile, using
the three different potentials, are presented in Fig. 5, in which the
X axis represents the position along the direction of the heat flow.
Each curve contains 100 data points located between the heat
source and the heat sink, with the heat source and heat sink
regions being excluded from the measurements. A temperature dis-
continuity can be observed in Fig. 6 at the interface location in sim-
ulations with all three potentials for both coherent and
semi-coherent interfaces. The applied heat flux is adjusted for each
model to ensure that the three computer models have a similar
temperature while the temperature drop remains in the realistic
range (20-80 K). Based on the obtained temperature drop and the
input heat flux, the thermal boundary conductance of the
GaN/AIN interface can be estimated. The results are summarized

ARTICLE scitation.org/journalljap

in Table V. As can be seen from Table V, while different potentials
lead to different thermal boundary conductance values, all three
potentials predict a significant effect of misfit dislocations on the
reduction of the thermal boundary conductance. The reductions
are 47.1%, 21.9%, and 40.1% for the SW potential, the mixing rule-
based potential, and the transferrable Tersoff-type potential,
respectively.

Figure 7 presents the simulation results of the thermal boun-
dary conductance as a function of applied heat flux, background
temperature, and the length of the specimen in the direction of
heat flow using the transferable Tersoff-type potential developed by
Karaaslan et al.”> As can be seen from Fig. 7(a), the thermal boun-
dary conductance for both coherent and semi-coherent GaN/AIN
interfaces do not change appreciably with applied heat flux. This
means that the thermal boundary conductance is not a function of
applied heat flux or temperature gradient, and hence the linear
relation between heat flux and temperature drop is valid for the
atomically flat GaN/AIN (0001) interfaces. Figure 7(b) presents the
thermal conductance measured in the simulations with different
average background temperature of the entire specimen. It is seen
from Fig. 7(b) that the thermal boundary conductance for both
coherent interface and semi-coherent interfaces increases signifi-
cantly with the temperature. Such a strong temperature effect is
consistent with the MD simulation results of the temperature effect
on the thermal boundary conductance of the Al-GaN interface”
and the Si-Ge interface.”” To investigate the effect of specimen size
on thermal boundary conductance, we have simulated three speci-
mens that have specimen length 105, 150, and 200 nm, respectively.
As can be seen from Fig. 7(c), the thermal boundary conductance
for both coherent and semi-coherent interfaces increases with the
specimen length.

It is noted that, among the three interatomic potentials, the
transferable Tersoff potential is found to be the most efficient
potential. It is 52% faster than mixing rule-based Tersoff potential
and 96% faster than SW potential in the simulation of the thermal
conductivity experiment, i.., the direct heat source-heat sink
method.
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FIG. 7. Thermal conductance as a function of (a) applied heat flux, (b) average background temperature, and (c) the specimen length in the heat flow direction, obtained

from MD simulations using the transferable Tersoff potential for group-IIl nitrides.
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V. SUMMARY

To summarize, we have presented MD simulation results of
the structure and thermal boundary conductance of the wurtzite
GaN/AIN (0001) interface using three different empirical inter-
atomic potentials: the Stillinger-Weber (SW) potential developed
by Zhou et al,” the mixing rule-based Tersoff potentials,zo’2 ! and
the transferrable Tersoff potential developed by Karaaslan et al.*”
Simulations with the different potentials all have produced similar
misfit dislocation network and dislocation core structures.
Although different interatomic potentials lead to quantitatively dif-
ferent dislocation properties and thermal boundary conductance
values, all have produced the same dislocation network and core
structure and have demonstrated a significant effect of misfit dislo-
cations on the thermal conductance of the wurtzite GaN/AIN
(0001) interface. Major results that are reproduced consistently by
all three potentials are summarized as follows:

(1) The misfit dislocation network at the wurtzite GaN/AIN
(0001) interface consists of pure edge dislocations with a
Burgers vector of 1/3(1210). The dislocations form a
hexagonal-shaped network. The GaN unit cells near the inter-
face undergo larger deformation than the AIN unit cells.

(2) The GaN/AIN misfit dislocation core has an eight-atom ring
structure, which is similar to the dislocation core structure
found in the GaN single crystal.

(3) By comparing the thermal boundary conductance of semi-
coherent GaN/AIN interfaces with that of coherent interfaces,
the thermal boundary conductance of the semi-coherent
interface is shown to be much smaller than that of the coher-
ent interface. The misfit dislocations reduce the thermal
boundary conductance by 47.1%, 21.9%, and 40.1% in the
simulation with the SW potential, the mixing rule-based
Tersoff potentials, and the transferrable Tersoff potential,
respectively.

(4) The thermal boundary conductance is found to increase with
temperature significantly for both coherent and semi-coherent
interfaces. It also increases with the length of the specimen. In
addition, simulation results with different applied heat fluxes
show that thermal boundary conductance is approximately a
constant at different background temperatures.

We would like to note that the wurtzite GaN/AIN (0001) het-
erostructure studied in this work has an atomically flat interface,
with misfit dislocations being the major defects in the heterostruc-
ture and without threading dislocations or stacking faults in the
GaN or AIN layers. For heteroepitaxially grown GaN/AIN hetero-
structures, there are concurrent misfit and threading dislocations,
and there is coupling between misfit dislocations at the interface
and threading dislocations in the epilayer(s). Consequently, the
thermal boundary conductance of the interface in such heterostruc-
ture can be expected to be further smaller and the size effect is then
likely more pronounced due to possibly coupled, three-dimensional
dislocation structures that consist both misfit and threading dislo-
cations. To obtain such defect structures, we will need to simulate
the kinetic processes of heteroepitaxial growth, which will be our
future work.
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