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The growth of high-quality epitaxial thin films of nitride semiconductors is essential for the development of
energy-efficient power electronic devices as well as advanced optoelectronic applications. To enhance the
performance of these materials, strict control over crystal growth conditions and a comprehensive
understanding of surface structures and growth kinetics are indispensable. However, the mechanisms that
govern epitaxial crystal growth remain incompletely understood due to the inherent complexity of surface
structures and the dynamic nature of the growth processes. In this context, computational materials
science, encompassing not only microscopic approaches such as density functional theory (DFT) and
molecular dynamics but also mesoscale techniques like phase-field modeling, has emerged as an
increasingly valuable tool adopted by both theorists and experimentalists for interpreting experimental
results and predicting material properties. This highlight presents recent advances in computational studies
of epitaxial crystal growth in nitride semiconductors, with a particular focus on state-of-the-art methods
based on DFT. The techniques employed to investigate surface reconstructions and growth kinetics during
epitaxial growth are introduced. Several case studies are discussed that reveal realistic surface
reconstructions of nitride semiconductor surfaces such as GaN(0001) and AIN(0O001). In addition, the
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growth processes involving adsorption, desorption, and migration behaviors of adatoms are examined. A
key aspect of understanding epitaxial growth mechanisms is the presence of steps and kinks on the
DOI: 10.1039/d5ce00542f surface, which are inevitably formed during the growth process. Recent studies demonstrate that
quantum-theory-based simulations provide a microscopic understanding of the complex phenomena

rsc.li/crystengcomm associated with epitaxial crystal growth.

transistors (HEMTs).”"" Notably, DUV-LEDs based on
aluminum gallium nitride (AlGaN) are emerging as promising
alternatives to mercury-based lamps. Their potential

1 Introduction

Nitride semiconductors such as wurtzite gallium nitride

(GaN) and aluminum nitride (AIN) are wide band gap (WBG)
materials that play a significant role in optoelectronics, being
widely used in blue and ultraviolet light-emitting diodes
(LEDs) and laser diodes."” The electronic properties derived
from their wide band gaps, which enhance energy conversion
efficiency, also make GaN particularly attractive for power
electronics applications.® With its high dielectric breakdown
voltage and robustness in harsh environments, GaN shows
strong potential as a next-generation power device capable of
enabling energy-efficient systems. In addition, AIN and its
related materials contribute significantly to the advancement
of both optoelectronic and electronic devices, particularly in
deep-ultraviolet (DUV) LEDs”® and high-electron-mobility
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applications include water and air purification, as well as
sterilization of medical instruments."*"® DUV-LEDs offer
several advantages, including the use of non-toxic materials,
relatively high efficiency, long operational lifetimes, and
instant ignition. Moreover, AIN has garnered significant
attention as a substrate material for the epitaxial growth of
AlGaN-based light-emitting devices, owing to its outstanding
properties, including a wide bandgap, excellent chemical
stability, and high thermal conductivity.

Although nitride semiconductors exhibit excellent material
properties, their actual device performance often falls short
of theoretical predictions. This discrepancy is largely
attributed to the crystalline imperfections in the epitaxially
grown thin films used in device fabrication. Structural defects
such as dislocations, vacancies, and unintentional dopants
can introduce electronic trap states, adversely affecting
carrier transport and device reliability. Achieving high-quality
epitaxial layers requires a thorough understanding of the
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fundamental atomic-scale phenomena governing epitaxial
crystal growth. However, these processes remain only
partially understood. Accordingly, advancing our knowledge
of nitride epitaxy through atomistic simulations and
computational materials science is both a technological
necessity and a subject of significant scientific interest.

Fig. 1 shows the schematic of a surface including steps
and kinks, along with various elemental processes resulting
in the formation new crystalline layers. Surface steps,
including kink sites, serve as critical stages for fundamental
atomic-scale reactions in addition to the reaction in terrace
regions. The significance of surface steps in thin-film growth
has long been recognized,*® particularly in the context of
step-flow growth,>' where new crystalline layers form through
the incorporation of atoms or molecules near step edges.
Therefore, to elucidate the atomic-scale mechanisms
governing epitaxial growth, which is an essential step toward
solving persistent challenges in semiconductor fabrication
and driving advances in surface science and nanotechnology,
the highest priority is to identify and characterize surface
structures with steps and kinks at the atomistic level and
unravel the detailed incorporation reactions occurring at
these step edges.

Significant efforts have been devoted to understanding
surface steps, primarily on silicon surfaces, through both
experimental®**” and theoretical®®*>* investigations. The
insights gained from these studies have laid the foundation
for Si-based technologies and have provided novel
perspectives in the field of surface science. However, for wide
band gap (WBG) semiconductors such as GaN and AN,
atomistic understanding of surface structures remains
limited. Although the role of surface steps in epitaxial growth
has been discussed from a phenomenological standpoint,**
detailed, atomic-scale understanding is still lacking.
Unveiling the atomic structure of surface steps and the
associated surface reactions without empirical assumptions
is essential for the further advancement of WBG
semiconductor technology. Moreover, nitride semiconductors
exhibit an ambivalent bonding character that includes both
covalent and ionic components. This duality is expected to
induce unique surface phenomena that are not present in
conventional semiconductors such as silicon. Therefore,
gaining a comprehensive understanding of surface step
characteristics in nitride semiconductors is of paramount
importance not only for advancing semiconductor device
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Fig. 1 Schematic view of a surface including steps and kinks during
epitaxial growth. Associated elemental processes involved in the
growth are described.

5374 | CrystEngComm, 2025, 27, 5373-5388

View Article Online

CrystEngComm

technology but also for deepening our fundamental
understanding of surface science.

For nitride semiconductors, the most widely used
technique for epitaxial growth is metal-organic vapor-phase
epitaxy (MOVPE),*>*® in which metal-organic molecules
(trimethylgallium and trimethylaluminum, for instance) and
ammonia (NH;) serve as source gases for metals and
nitrogen, respectively. The precursors are transported to the
substrate growth surface within a reaction chamber using a
carrier gas such as hydrogen and undergo surface diffusion
to step edges. The technologically most relevant surface
orientation of wurtzite nitride semiconductors is the (0001)
plane. As a result, they are eventually incorporated into the
crystalline film through a step-flow growth mechanism. From
a physical perspective, the growth of thin films is governed
by a series of processes at the gas-solid interface, including
the adsorption of atoms or molecules onto the surface, their
subsequent surface diffusion, molecular dissociation, and
eventual desorption. It is well established that reconstructed
atomic structures frequently form on the surfaces (growth
fronts) of semiconductor materials. Consequently, a detailed
understanding of these surface atomic structures is essential
for controlling interfacial mass transfer during film growth.

It has been increasingly recognized through recent
experimental findings that precise control of surface
morphology during epitaxial growth is essential for the
successful ~ fabrication of  high-performance nitride
semiconductor devices, particularly those based on GaN and
AIN.*”* It is now widely recognized that the growth
conditions, such as growth temperature and V/III ratio, are
decisive factors influencing surface morphology. In general, a
low V/III ratio typically leads to metalrich conditions,
promoting step-flow growth and increasing the likelihood of
impurity incorporation. In contrast, a high V/II ratio
suppresses the surface diffusion of group III adatoms, often
resulting in rougher surfaces and reduced growth rates. In
the case of MOVPE on the technologically relevant (0001)
growth surface of wurtzite AIN, these conditions strongly
affect the growth mode, leading to either step-flow or step-
bunching behavior.*>*® Notably, step-bunching has been
observed at elevated temperatures under MOVPE growth
conditions on the AIN(0001) surface.”> The dependence of
surface morphology on the substrate off-angle and the V/III
ratio by constructing a phase diagram of growth modes that
includes both step-flow and step-bunching regimes has been
clarified.*® Since these morphologies stem from surface
kinetic effects involving steps and kinks, understanding the
relationship between growth conditions and growth kinetic
behavior is essential for a deeper comprehension of epitaxial
growth mechanisms.*”*°

To this end, numerous theoretical studies have been
conducted to investigate the surface structures of
semiconductors using electronic structure calculations within
the framework of density functional theory (DFT). DFT is a
powerful and widely used approach due to its capability to
calculate both electronic structures and total energies,
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making it particularly suitable for elucidating complex
growth processes. In this highlight, recent advances in
computational materials science related to the epitaxial
growth of nitride semiconductors are presented, with a focus
on state-of-the-art techniques based on DFT. Methods and
techniques employed to evaluate surface structures and
growth kinetics during epitaxial growth are introduced.
Several case studies are discussed that provide insight into
realistic surface reconstructions of nitride semiconductor
surfaces such as GaN(0001) and AIN(0001). Furthermore,
results of DFT calculations concerning growth processes
including adsorption, desorption, and migration behaviors of
adatoms are reviewed. A critical aspect in understanding
epitaxial growth mechanisms is the role of surface features
such as steps and kinks, which are inevitably formed during
growth. Recent studies demonstrate that quantum-theory-
based simulations offer a microscopic understanding of the
complex phenomena associated with epitaxial growth.

2 Methodology
2.1 Density functional calculations

The term “DFT” originates from the fact that the central
quantity in density functional theory is the electron density,
which is itself a function of spatial and temporal variables. A
detailed discussion of the theoretical background of DFT can
be found in numerous references.””>! The foundation of DFT
lies in the Hohenberg-Kohn theorem,”” which states that the
total ground-state energy of a many-electron system is
uniquely determined by its electron density. The total energy
of the system can thus be expressed as the sum of several
components: the kinetic energy of non-interacting electrons,
the external potential energy, the classical Coulomb (Hartree)
energy, and the exchange-correlation energy, which captures
the many-body interactions beyond classical electrostatics.
The kinetic energy within DFT is evaluated using the Kohn-
Sham orbitals,” which are solutions to the effective single-
particle equations derived from the Kohn-Sham formalism.
The Kohn-Sham formalism maps a complex system of
interacting electrons onto an equivalent system of non-
interacting electrons moving in an effective potential, which
is constructed to reproduce the exact ground-state electron
density of the original many-body system. Within the
framework of DFT, the exchange-correlation energy, which
encapsulates essential many-body effects among electrons,
plays a central role. In practical DFT calculations, exchange-
correlation effects must be approximated due to the lack of
an exact analytical form. Among the various exchange-
correlation functionals, the Perdew-Burke-Ernzerhof (PBE)
functional®® is one of the most commonly employed,
representing a widely used formulation within the framework
of the generalized gradient approximation (GGA). Compared
to the local density approximation (LDA),>>°® GGA enhances
accuracy by taking into account not only the local electron
density but also its spatial variation, enabling a more reliable
treatment of systems with inhomogeneous electron systems.

This journal is © The Royal Society of Chemistry 2025
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When using the plane-wave basis set formalism,
representing the core electron wavefunctions or the
oscillatory behavior of valence electron wavefunctions near
the nucleus using plane waves becomes highly inefficient. To
address this issue, the pseudopotential method is commonly
employed. In the pseudopotential method, the complex and
rapidly varying all-electron atomic potential is replaced with
a smoother pseudopotential in the core region, thereby
reducing the number of plane waves needed to represent the
valence electron wavefunctions. If there are tightly bound
orbitals that have a significant portion of their wavefunction
weight located within the core region of an atom, the
construction of smooth pseudopotentials® becomes a
considerable challenge. A more radical approach has been
proposed by Vanderbilt.”® The resulting ultrasoft
pseudopotentials allow for much smoother (softer) potentials
in the core region, enabling a dramatic reduction in the
number of required plane waves and, consequently,
computational effort. In this highlight, N atoms of nitride
semiconductors are described by ultrasoft pseudopotentials,
while Al, Ga, and H atoms are treated by norm-conserving
pseudopotentials.”” The presence of H atoms are taken into
account for determining the surface structures under MOVPE
growth conditions, since the surface interacts with H-rich
ambient during vapor-phase epitaxy such as MOVPE.

Our work to date studying the surface structures of nitride
semiconductors using DFT relies on the extended Tokyo Ab
initio Program Package (XTAPP).>*®° In the XTAPP code, the
conjugate-gradient minimization technique®"®* is employed
for both the electronic-structure calculations and the
geometry optimization; however, many DFT packages, such
as VASP,*® quantum ESPRESSO,** CASTEP,*”> and PHASE/0,°
also have efficient schemes for -calculating electronic
structures of periodic systems.

2.2 Computational models

The plane-wave basis set calculations are, in principle, best
suited for periodic crystalline solids. However, these
calculations can also be applied to non-periodic systems
such as those involving point defects or crystal surfaces by
modeling them within a periodic supercell. In such cases,
the unit cell is designed to replicate the target system
within a periodic framework. To simulate surfaces and
interfaces, the computational cell typically includes a crystal
slab accompanied by a vacuum region. The slab is
periodically repeated in the direction normal to the surface.
To eliminate interactions between periodic images, a
vacuum layer with a thickness of at least 10 A is commonly
introduced. The size of in-plane directions is often enlarged
beyond the primitive cell to accommodate surface
reconstructions. In the case of the AIN(0001) surface, the
lattice vectors are conventionally defined as a; = (2a, 0, 0),
a, = (-a, v3a, 0), and a; = (0, 0, 6¢), where a and ¢
represent the in-plane and out-plane lattice parameters,
respectively. The computational model comprises a slab
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with four bilayers of wurtzite AIN and a vacuum spacing of
approximately 10 A, corresponding to four additional
bilayers. To prevent unphysical states at the bottom surface,
it is commonly passivated with fictitious hydrogen atoms
that possess fractional charges. In the case of the AIN(0001)
surface, each nitrogen atom at the bottom donates 5/4
electrons per bond; hence, each of these atoms is passivated
by an artificial hydrogen atom with an effective valence of
0.75.°7 Fig. 2 shows typical reconstructions for GaN(0001)
surfaces in the 2 x 2 periodicity under MOVPE conditions,
along with the ideal surface.® The presence of hydrogen
atoms plays a critical role, as the formation of N-H bonds
is energetically favorable due to their high bond strength.
Under H-rich conditions, structures incorporating NH; and
NH, species, as depicted in Fig. 2, become particularly
stable. In the most favorable configuration, one NH;
molecule and three NH, groups are attached onto the Ga-
terminated surface at on-top sites. It is also essential to
recognize that the (0001) and (0001) directions in the
crystal crystallographically
inequivalent. Thin films can be grown with either polarity:
the (0001) surface corresponds to Ga-polar orientation, while
the (0001) surface is referred to as N-polar. The number of
additional N and H atoms is carefully adjusted to effectively
eliminate surface states and to compensate for partially
filled electronic states, such that the resulting surface
satisfies the electron counting (EC) rule.”"”*

The surfaces with steps and kinks are simulated by
constructing vicinal slab models, in which an upper terrace
and a lower terrace appear alternately along the [1100]
direction. Fig. 3 shows top views of calculation models for
the vicinal AIN(0001) surface.”” The lattice vectors for the
vicinal AIN(0001) surface in Fig. 3 is defined as
a; = (9v3a/2, -a/2, ¢), a, = (0, 8a, 0), and a; = (0, 0, 6¢).
Therefore, the lateral size of the vicinal surface model is
denoted as /61 x 8. The slab models including the kinks
(dashed red line in Fig. 3) are generated by removing the
atoms from the slab models for a kink-free surface (dashed
green line in Fig. 3). Due to the AB stacking order along the
[0001] axis in the wurtzite lattice, the use of vicinal slab
models with steps of one bilayer inevitably results in two

wurtzite structure are

- I' - -
NH +3NH, Ny H+NI, Ny-H+Ga-H

Fig. 2 Schematic top view of prevalent 2 x 2 reconstructions for
GaN(0001) surfaces. Large open circles represent Ga atoms, solid
circles N, and small open circles H. Reproduced from ref. 68 with
permission from American Physical Society, copyright 2003.
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different step-edge configurations, labeled as Step A and Step
B in Fig. 3. As shown in Fig. 3(a), the step edges of Step A
and Step B on the ideal surface consist of three AI-N bonds
(threefold-coordinated N atoms) and two Al-N bonds
(twofold-coordinated N atoms), respectively. To evaluate the
stability of step edges with kinks compared with those
without step edges, the models with and without kinks using
the same unit cell are necessary.””’* To simulate the vicinal
surface including a single kink for each step edge, the slab
models defined by different lattice vectors are employed. For
instance, the lattice vectors are a; = (9v/3a/2, —a/2, c),
a, = (v/3a/2, 9a/2, 0), and a; = (0, 0, 6¢), where the lateral
size of vicinal surface model is denoted as v/61 x /21.”%”°

To construct the atomic configurations of the slab models,
knowledge of previously reported surface reconstructions of
flat GaN(0001) and AIN(0001) surfaces under MOVPE growth
conditions,®®’®® along with the electron counting (EC)
rule,”"”? is utilized. The surface structures illustrated in
Fig. 3(b) and (c) are derived from reconstructions observed in
the terrace regions of the flat AIN(0001) surface. These
models feature nitrogen atoms terminated by hydrogen in
combination with either NH, groups (N,q-H + NH,) or Al-H
bonds (N,q-H + Al-H), both of which have been identified as
representative (2 x 2) reconstructions under MOVPE
conditions.””®" Under Al-rich conditions, the lowest-energy
reconstruction on the flat AIN(0001) surface corresponds to
the (2 x 2) 3Al-H structure, where the surface is partially
passivated by hydrogen atoms.”® As shown in Fig. 3(d), this
3Al-H configuration is adopted in the terrace region of the
vicinal slab model, representing a plausible reconstruction
under Al-rich growth conditions.”®

2.3 Surface formation energy

To investigate the reconstructed structures on semiconductor
surfaces under certain growth conditions, the relative
stability among various reconstructions should be evaluated
to select the candidate surfaces. The evaluation is
accomplished by the surface formation energy according to
the conventional thermodynamic formalism. To assess the
relative stability on the AIN(0001) surface, for instance, the
formation energy of Ef,., is calculated as a function of Al
chemical potential g,;. The values of E,,, are calculated as

Eform(ﬂAl) = Etot - Eref + (AnAl - AnN)ﬂAl - AnNERﬁEIk - Anl—[ﬂHa(l)

where E, and E. are total energies of the surface under
consideration with respect to the reference (ideal) surface,
respectively. Here, Anaj, Any, and Any represent the differences
in the number of Al, N, and H atoms, respectively, relative to
the unreconstructed surface configuration. ERYK denotes the
total energy of AIN in the bulk and gy is the H chemical
potential. The condition for thermodynamic equilibrium
during the growth of AIN is expressed as

Hal TN = ERN, (2)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Top and side views of slab models for the vicinal surface with a single-bilayer step edge for (a) ideal and reconstructed AIN(0001) surfaces
with (b) H-terminated N atoms and amino groups (N,q-H + NH,), (c) H-terminated N atoms and Al-H bonds (N.g + Al-H), and (d) partially
terminated Al-H bonds (3Al-H). Blue, purple, and pink circles denote the Al, N, and H atoms, respectively. The atoms belonging to the lower,
middle, and upper terraces are depicted by tiny, small, and large circles, respectively. Step edges with and without kinks are indicated by dashed
red and green lines, respectively. The unit cell is represented by a black tetragon. The surface consists of (2 x 2) terrace regions (orange rhombus)
and two single bilayer steps, which result in the (\/61 X 8) slab. Note that two types of bilayer (single layer) steps labeled as Step A and Step B are
included in the unit cell owing to the stacking sequence of the wurtzite structure. Atomic structures are depicted using the VESTA visualization
program.®® Reproduced from ref. 70 with permission from American Chemical Society, copyright 2024.

where py is the chemical potential of N. The allowable range
of yuy is given by

PN+ AHE < pag < R (3)
where u3" denotes the chemical potential of bulk face-
centered cubic (fcc) Al, and AH; is the formation enthalpy of
AIN. The corresponding range for uy is

Hn, T AHp < pin < pin, (4)

where uy, is the chemical potential of the N, molecule. The
calculated formation enthalpy of AIN is AH; = -2.91 eV, which
agrees well with experimental data.®® Therefore, the lower
bound of g, corresponds to a N-rich condition, while the
upper bound indicates an Al-rich condition.

For GaN, the relationship between the chemical potentials
of Ga and N, g, and py, written as

Hca t N = E&, (5)
is employed. Here, Eoay is the total energy of bulk GaN per
formula unit. The upper limit of yg, is determined by the
chemical potential of bulk Ga with the orthorhombic phase,
122, The calculated formation enthalpy of GaN (-1.19 eV) also
agrees well with experiments.®® The thermodynamically
allowed surface structures are those that minimize the
formation energy for at least one value of the Ga chemical
potential within its physically permitted range. For the
chemical potential of H atoms, a H-rich condition
corresponding to the vapor phase epitaxy with H, carrier gas is
in general assumed. The value of yy depends on the growth
conditions of MOVPE such as temperature and H, pressure.

This journal is © The Royal Society of Chemistry 2025

2.4 Adsorption energy

The attachment of source gas on the reconstructed surface is
evaluated by the adsorption energy E,q, which is obtained by
the energy difference between the surfaces with and without
adatoms. This is defined as

Eaq = Eotratom ~ Erot — Eatoms [6)

where Eio+atom and Eioe are the total energies of the surface
with and without adatoms, respectively. E,om is the total
energy of the isolated adatom. By comparing the adsorption
energy with the gas-phase chemical potential, the adsorption
behavior under growth conditions can be evaluated. The
chemical potential pg,***>* of the atom/molecule at
temperature 7 and pressure p is given by

ngT (2nka T

3/2
ﬂgas = - kBTh’l |: » T) X Crot x (Vib:| ’ (7)

where g is the degree of degeneracy of the electron energy
level, m is the mass of the atom/molecule, {;. and {;, are the
partition functions for rotational and vibrational motions,
respectively. The surface with an adatom is favorable when
E,q is less than g, and the surface with an isolated atom is
stabilized when iy, is less than E,q.

3 Stability of the reconstructed
surface
3.1 Reconstruction of the flat surface

On the basis of the formation energy in eqn (1), a surface
phase diagram for flat GaN(0001) has been constructed and

CrystEngComm, 2025, 27, 5373-5388 | 5377


https://doi.org/10.1039/d5ce00542f

Published on 01 July 2025. Downloaded on 10/2/2025 9:22:24 AM.

Highlight

shows which surface is energetically most stable as a
function of Ga and H chemical potentials, as shown in
Fig. 4(a).®® The corresponding reconstructions are shown in
Fig. 2. The calculated phase diagram unequivocally
demonstrates that the structures obeying the EC rule’"”” are
energetically favorable. Under H-poor conditions (i.e., low )
the phase diagram reproduces the surface reconstructions for
the bare GaN(0001) surface without H atoms.*>**°! As the
chemical environment shifts from N-rich to Ga-rich, the most
thermodynamically stable configurations include an N atom,
and finally the Ga bilayer structure is stabilized. In the
presence of hydrogen, the most favorable surface
configuration is the reconstruction with NH; and NH, (NH; +
3NH, in Fig. 2). In this structure, one NH; molecule and
three NH, adsorb on-top positions, with their nitrogen atoms
located directly above Ga surface atoms. This implies that at
low temperatures, molecular NH; and NH, species are
thermodynamically stable, and their dissociation is
suppressed.

As the system moves towards H-poor conditions (ie.,
decreasing uy), it becomes energetically unfavorable to
retain all nitrogen atoms at the surface. Consequently,
Ga-H bonds begin to form. The resulting surface structure
is NH; + 3Ga-H as shown in Fig. 2, where the three NH,
molecules in the original NH; + 3NH, are replaced by H
atoms. In addition, the reconstruction with only H atoms
(3Ga-H in Fig. 2) and a single NH group and H atom on
the surface (N,g-H + Ga-H in Fig. 2) emerges under H-poor
conditions. These findings lead to the important conclusion
that NH; dissociation occurs only under sufficiently low
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Fig. 4 (a) Phase diagram for the GaN(0001) surface in the presence of
H atoms, as a function of ua and pp. uy = 0 corresponds to the H;
molecule at T = 0 K; pga = 0 corresponds to bulk Ga. Dots indicate
experimental data from ref. 87; within the error bars, these data agree
with the calculated NHz + 3Ga-H/3Ga-H phase boundary highlighted
by the thicker line. (b) Temperature dependence of xy for two different
pressures. Reproduced from ref. 68 with permission from American
Physical Society, copyright 2003.
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hydrogen chemical potential, and that the tendency for such
dissociation is significantly enhanced under Ga-rich
conditions.

Since an explicit expression for the hydrogen chemical
potential is analytically given as a function of temperature
and  pressure,®®®>% a3 direct connection between
experimental growth conditions and surface structures is
obtained in the calculated phase diagram shown in Fig. 4(b).
At realistic growth temperatures ranging from 700 to 1100 °C
and under not excessively N-rich conditions, surface
configurations containing only NH; and NH, species are
found to be thermodynamically unstable. This indicates that
dissociation of NH; molecules is energetically favorable in
such regimes. The ability to compute the hydrogen chemical
potential explicitly also allows for the incorporation of
experimentally observed surface transitions into the phase
diagram. This suggests the identification of the only
experimentally confirmed transition between two distinct
reconstructions, as indicated by the dotted line in Fig. 4(a).®’
The experimental data align well with the transition between
the NH; + 3Ga-H and the 3Ga-H structures, effectively
corresponding to the addition or removal of a single NH;
molecule.

A similar structural stability is recognized on the flat
AIN(0001) surface, as shown in the phase diagram of
energetically most stable structures shown in Fig. 5.”* When
Hu — Mu, is close to 0 eV, where gy, is the chemical
potential of the H, molecule, the reconstruction with NH;
and NH, (NH; + 3NH, shown in Fig. 2) is stabilized under
N-rich conditions. In contrast, under Al-rich conditions, the
reconstruction characterized by the formation of Al-H
bonds (NH; + 3Al-H in Fig. 5), which corresponds to NH; +
3Ga-H in Fig. 2, becomes favorable. As the hydrogen
chemical potential decreases to uy — uy, < -1.4 €V, the

H'riCh 00 T T T T T T T T T T T
02 NH#3NH, / NH,+3Al-H J
04} ]

o 3AI-H
< -06} =
2, _0.8 [N, -H+NH o
2000 N, -H+Al-H 5
. -10F o)
3. L
-12} I
-14F I
_1.6 - Nad Alad

-1.8 1
H-poor -25 -20 -15 -10 -05 00
N-rich w,~ubulk (eV) Al-rich

Fig. 5 Phase diagram for the AIN(0001) surface in the presence of H
atoms, as a function of ua and puy. uy — pn, = 0 corresponds to the H;
molecule at T = 0 K, and ya — 43" = 0 corresponds to bulk Al. Shaded
area denotes the surface with H atoms. Reproduced from ref. 78 with
permission from Japan Society of Applied Physics, copyright 2011.
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most stable surface structures shift to the 2 x 2
reconstruction with either the N atom (N,4) under N-rich
conditions or Al atom(Al,q) under Al-rich conditions, in
agreement with the calculated results for the bare AIN(0001)
surface without hydrogen.”>®* The Al bilayer structure is
stabilized only wunder extremely Alrich conditions,
specifically when pua - p20K > 0,04 eV. However, this
structure is thermodynamically unstable during typical
MOVPE growth, where the hydrogen partial pressure is 76
torr at temperatures between 1000 and 1400 ©°C
corresponding to gy — gy, values in the range of -1.6 to
-1.1 eV. Within the hydrogen chemical potential range of
-1.6 < puy — pu, < 1.1 eV, Al-H bonds are favored under
Al-rich conditions. Conversely, under N-rich conditions,
reconstructions involving H-passivated N atoms such as NH
and NH, are stabilized, as labeled N,4-H + Al-H and N,4-H
+ NH, in Fig. 5. The phase diagram results suggest that
surface reconstructions incorporating H atoms, as well as
those featuring N atoms, are likely to emerge under H-rich
growth conditions.

As depicted in Fig. 5, the surface phase diagram of
AIN(0001) indicates that hydrogen-involved reconstructions
such as 3AI-H and Ny,-H + AI-H tend to be
thermodynamically  favorable  under low-temperature
conditions. However, the H-free surface structure (N,q in
Fig. 5) can appear even under hydrogen-rich conditions when
the temperature is sufficiently high. These findings suggest
that various surface reconstructions can coexist on the
AIN(0001) surface, leading to potentially diverse growth
mechanisms that are highly sensitive to both temperature
and the aluminum chemical potential. The nitrogen dangling
bond in the N,q configuration exhibits greater chemical
reactivity compared to the N-H and Al-H bonds present in
the 3Al-H and N,q-H + Al-H reconstructions, respectively, so
that surface adsorption processes are expected to proceed
more readily at elevated temperatures. Moreover, since the
N,q structure remains thermodynamically stable across a
wide range of growth conditions under low H, partial
pressures, the growth rate under such low-pressure
conditions is anticipated to surpass that observed at higher
H, pressures.

3.2 Reconstruction of the vicinal surface

Using the slab models including steps and kinks on the
vicinal (0001) surface inclined to the [1100] direction as
shown in Fig. 3 and considering a dozen of possible atomic
configurations, stable step structures are identified. Fig. 6
shows the calculated formation energy in eqn (1) as a
function of sy for the (v/61 x 8) vicinal AIN(0001) surface
with a single-bilayer step edge including kinks.”® Although
other stable structures cannot be entirely ruled out, the
chemical potential dependence of the stable surface
reconstructions is reflected by the lines with low formation
energies in Fig. 6. The reconstruction labeled N,q-H + NH,,
illustrated in Fig. 3(b), becomes thermodynamically favorable
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Fig. 6 Formation energy Eqom as a function of ua for the (V61 x 8)
vicinal AIN(0001) surface with a single-bilayer step edge including
kinks at (a) Step A and (b) Step B. Each line corresponds to the
formation energy dependence of different atomic configurations. Thick
solid and dashed lines represent the formation energies of stable
surfaces with and without kinks shown in Fig. 3(b)-(d), respectively.
The values of hydrogen chemical potential uy — up, = —0.75 eV, which
correspond to high H; pressure (760 torr) at 1270 K (u, is the chemical
potential of the single H, molecule at 0 K) are considered for H-poor
and H-rich conditions, respectively. Each line represents the formation
energy of different atomic configurations. Reproduced from ref. 70
with permission from American Chemical Society, copyright 2024.

under N-rich conditions when gy — 3" < -1.85 eV. In
contrast, the N,g-H + Al-H reconstruction [Fig. 3(c)] is
stabilized for -1.85 < uy — 2" < -1.1 eV. Furthermore,
when p, - ﬂR}‘“‘ > -1.1 eV, the 3Al-H reconstruction shown
in Fig. 3(d) becomes the most stable configuration. It is
noteworthy that the formation energy for the kink-free
surface (dashed line in Fig. 6) is lower than those with kinks
[thick solid line in Fig. 6(a)], indicating that the kink-free step
edge is energetically more favorable. This implies that step
motion is likely to occur without kink formation, regardless
of the specific atomic configuration at the step edge.

By comparing the formation energies for the surfaces with
kinks [solid lines in Fig. 6(a) and (b)], it is found that the
formation energy of the surface with kinks at Step A is lower
than that of the surface with kinks at Step B over a wide
range of ua. The stabilization of the surface with kinks at
Step A, compared to that at Step B, can be intuitively
understood by considering the number of dangling bonds
and N-H bonds present on the surfaces. The kinks at Step A
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are formed by removing NH, and H-terminated N atoms, in
addition to Al and N atoms located at the lattice sites along
the step edge. Although the introduction of kinks on the
surfaces with N,q-H + NH, and N,q-H + Al-H generates two
new N dangling bonds, it also results in the formation of two
new N-H bonds. In contrast, the introduction of kinks at
Step B on the same surface results in only one new N
dangling bond. Therefore, the number of N-H bonds formed
around the kinks plays a crucial role in stabilizing the
structure under N-rich conditions. It should be noted that
Al-Al bonds can form at the kinks of Step A because twofold-
coordinated N atoms appear at the kinks of the ideal surface,
as shown in Fig. 3(a). By removing the N atoms at the kinks
and forming Al-Al bonds between Al atoms on the lower and
upper terraces, a different type of atomic configuration can
emerge. However, the energy of the Al-Al bonds at the kinks
is higher than that of AI-N-Al bonds by —-3.80 eV per unit cell.
Thus, similar to the stable atomic configuration found at
Step B, the AI-N-Al bonding configuration at the kinks is
energetically more favorable than the AI-Al bonding
configuration.

For the reconstruction with 3Al-H, the formation of
kinks at Step A leads to an increase in two N dangling
bonds and one N-H bond. In contrast, kinks at Step B can
be generated without changing the number of N dangling
bonds and N-H bonds. Due to the smaller number of N
dangling bonds, the surface with kinks at Step B is more
stable than that with kinks at Step A wunder Al-rich
conditions, specifically when pa — g5i" > -0.11 eV.

Similar trends in atomic structure and stability observed
in AIN surfaces are also recognized in vicinal GaN(0001)
surfaces.” The reconstruction with N,q—H + NH,, which has
the same atomic configuration as N,q-H + NH, shown in
Fig. 3(b), becomes stable under N-rich conditions.
Alternatively, the N,q-H + Ga-H configuration is
thermodynamically stabilized when the surface is exposed to
conditions with a moderate nitrogen chemical potential. This
reconstruction shares the same atomic arrangement as the
N.q-H + Al-H structure illustrated in Fig. 3(c). The surface
with kinks at Step B and N,q-H + Ga-H is always metastable.
Furthermore, the energy of the reconstruction with 3Ga-H,
which shares the same atomic configuration as 3Al-H shown
in Fig. 3(d), is the lowest under Ga-rich conditions. The
formation energy of the surface without kinks is lower than
that of the surfaces with kinks, indicating that the kink-free
surface is the most stable configuration.

Moreover, it is found that under N-rich conditions the
formation energy of the surface including kinks at Step A is
lower than that of the surface with kinks at Step B. As
mentioned in the case of AIN surfaces, the stability of GaN
surfaces with kinks can be intuitively understood by
considering the number of dangling bonds and N-H bonds
on the surfaces. In contrast, for the reconstruction with 3Ga-
H, the surface including kinks at Step B becomes more stable
than that including kinks at Step A under Ga-rich conditions.
In the case of GaN surfaces, Ga-Ga bonds between Ga atoms
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located on the lower and upper terraces can be formed at the
kinks of Step A by removing the N atoms at the kink sites of
the ideal surface as shown in Fig. 3(a). However, the energy
of Ga-Ga bonds at the kinks is higher than that of Ga-N-Ga
bonds by -2.38 eV per unit cell, indicating that Ga-N-Ga
bonds are energetically more favorable at the kink sites.

Based on the stability of kinks, implications can be drawn
regarding the surface morphology observed in the atomic
force microscopy (AFM) measurements. The calculated
formation energies indicate that step edges with kinks are
generally less stable than straight step edges. However, the
kink formation energy can be reduced under certain growth
conditions. In such cases, kinks may occasionally form
during the adsorption process at the step edges, leading to a
meandering-step morphology. Indeed, both hillock formation
and step meandering have been observed by AFM in GaN
MOVPE growth at low temperatures,’® which corresponds to
the Ga-rich conditions. It is also expected that kinetic factors
such as adatom incorporation into step edges, migration
anisotropy around step edges,””® and kink dynamics®®'%°
can significantly influence the surface morphology, as
discussed below.

4 Adsorption behavior and surface
kinetics
4.1 Flat surface

To assess the interaction between the source gas and the
reconstructed surface, contour maps of the potential energy
surface (PES) is generated, following methods developed in
previous calculations.””*°**°* The PES is constructed by
calculating the adsorption energies defined in eqn (6), where
the adatom is laterally positioned at multiple inequivalent

Energy (eV)
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Fig. 7 Contour plots of the adsorption energy for (a) Al and (b) N
adatoms on the reconstructed flat AIN(00001) surfaces with hydrogen
passivated N atoms and amino groups (N,g-H + NH,) and the
adsorption energy for (c) Al and (d) N adatoms on the reconstructed
flat surfaces with hydrogen passivated N atoms and Al-H bonds (N q-H
+ Al-H). The (2 x 2) unit cell reconstruction is enclosed by a dashed
rhombus. Arrow indicates the saddle point for the migration. Notation
of atoms are the same as those in Fig. 5.
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sites across the surface, while vertical relaxation of the
adatom and full relaxation of all other atoms in the system
are allowed. By evaluating a sufficient number of distinct
lateral positions, a detailed map of the adsorption energy
landscape could be obtained.

Fig. 7(a) and (b) show the PES for the Al and N adatoms
on the reconstructed flat AIN(0001) surface with Nyg-H +
NH,, which is applicable for the MOVPE conditions under
extreme N-rich conditions. To obtain the PES shown in
Fig. 7, a 6 x 6 uniform mesh is generated on the (0001) plane
of the 2 x 2 unit cell, resulting in 36 lateral positions for the
flat surface with the 2 x 2 reconstruction. According to the
PES contour plot for the Al adatom shown in Fig. 7(a), the
most stable adsorption site for the Al atom on the surface
with Noq-H + NH, is located between the topmost Al-N
bonds around the NH group. This configuration results in
the formation of an Al-Al bond (bond length: 2.66 A) between
the Al adatom and the topmost surface Al atom. The
adsorption energy is calculated to be -2.03 eV,
representing the energy gain associated with Al-Al bond
formation. This value corresponds to desorption
temperatures ranging from 700 K to 900 K, depending on the
Al vapor pressure (below 1 x 107 torr), as derived from eqn
(7), suggesting that most of the additional Al atoms can
readily desorb from the surface. The energetically most
favorable transition sites for the Al adatom migration are
located directly above the topmost Al atoms [arrow in
Fig. 7(a)], with a calculated migration barrier of 0.42 eV. This
energy barrier originates from the dissociation of the AI-N
bond between the Al adatom and the adjacent NH group.

In the case of nitrogen adsorption, the most stable
adsorption site on the N,g-H + NH, surface is found
between the topmost AlI-N bonds surrounding the NH
group, as shown in Fig. 7(b). The adsorption energy,
reported as -3.24 eV,'" reflects the energetic gain
associated with the formation of an additional N-N bond.
The lowest-energy migration path for the N adatom lies
above the second-layer N atoms [see arrow in Fig. 7(b)], with
a corresponding migration barrier of 0.82 eV. This barrier
arises from the dissociation of the N-N bond between the N
adatom and the NH group. Given the significantly lower
migration barrier for the Al adatom compared to N adatom,
it can be inferred that Al adatoms predominantly migrate
across the flat surface during growth.

As shown in Fig. 7(c), the PES contour plot for an Al
adatom on the reconstructed flat AIN(0001) surface with the
N.,s-H + Al-H, which corresponds to MOVPE growth
conditions under moderately N-rich conditions, is similar to
that on the N,q-H + NH, surface shown in Fig. 7(a). The most
stable adsorption site for the Al atom on the N,4-H + Al-H
surface is located between the topmost AI-N bonds near the
NH group. The calculated adsorption energy is -1.83 eV,'**
corresponding to the energy gain associated with the
formation of an Al-Al bond. Therefore, even under
moderately N-rich conditions, most of the additional Al
atoms can be easily detached from the surface. The most
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favorable migration pathway for the Al adatom on this
surface is found to lie above the topmost Al atoms, as
indicated by the arrow in Fig. 7(c), which is similar to the
pathway identified for the N,q-H + NH,-terminated surface.
The calculated energy barrier for migration is 0.63 eV. This
barrier originates from the need to break the AI-N bond
between the Al adatom and the neighboring NH group
during migration.

In contrast, for the N adatom on the reconstructed
AIN(0001) surface with N,g-H + Al-H termination shown in
Fig. 7(d), the most stable adsorption site differs from that
on the N,g-H + NH, surface in Fig. 7(b). On the N,4-H +
Al-H surface, the most stable site is located near the Al-H
bond. The adsorption energy of -4.17 eV'* corresponds to
the energy gain associated with the formation of an
additional NH group, which forms three Al-N bonds. The
difference in the most stable adsorption sites between the
N,g-H + NH, and N,g-H + Al-H surfaces originates from
the presence of the NH, group in the former, which
introduces steric hindrance. The energetically lowest
transition sites for the migration of the N adatom are
located above the second layer N atoms [arrow in Fig. 7(d)]
and the energy barrier for migration is 1.28 eV. The
difference in energy barrier between N,q-H + Al-H and N,4-
H + NH, is caused by the stability of the N adatom near the
Al-H bond for the surface with N,g-H + Al-H.

Table 1 summarizes the calculated adsorption energies of
Al and N adatoms at their most stable sites, as well as the
energy barriers for migration on reconstructed AIN(0001)
surfaces. For comparison, the corresponding values for Ga
and N adatoms on the reconstructed GaN(0001) surface are
also presented.”® The trends in migration energy barriers
for GaN are found to be quite similar to those for AIN.
However, a noticeable difference is observed in the
adsorption energies, which can be attributed to the
differences in the chemical bonding nature between Ga-N
and Al-N. In particular, the adsorption energy of the N
adatom on the GaN(0001) surface with N,g-H + Ga-H
termination is significantly different. This is due to the
formation of three Ga-N bonds between the N adatom and
the topmost Ga atoms, which results in a stronger binding
energy.

Table 1 Calculated adsorption energy (E,q) for Al (Ga) and N adatoms at
the most stable site and energy barriers (E,) for migration for the
reconstructed AIN (GaN) surfaces with N,g-H + NH, and N,o-H + Al-H
(Nag-H + Ga-H) obtained from the contour plots shown in Fig. 7 for AIN
(those for GaN in ref. 95). The unit of energies is eV

Material Reconstruction Species E.q Ey,
AIN N,-H + NH, Al -2.03 0.42
N -3.24 0.82
AIN N,g-H + Al-H Al -1.83 0.63
N -4.17 1.28
GaN N,q-H + NH, Ga -2.09 0.46
N -3.39 0.69
GaN N,¢-H + Ga-H Ga -1.88 0.70
N -3.66 0.91
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Based on the calculated adsorption energies and
migration energy barriers shown in Table 1, the behavior of
adatoms can be inferred as follows. Since the adsorption
energies of N adatoms are smaller in magnitude than those
of Al adatoms, it is suggested that Al adatoms are more
strongly bound to the surface. Since the migration probability
is proportional to exp(-En/kgT), where E, is the energy
barrier, the difference in Ej,, of less than 0.2 eV for Al and Ga
adatoms is unlikely to significantly affect their migration
behavior or the resultant growth rate. However, this
conclusion is drawn under the assumption that growth
proceeds on a flat surface. The influence of surface features
such as steps and kinks must be carefully examined to fully
understand the adatom dynamics under realistic growth
conditions.

4.2 Vicinal surface with steps and kinks

To investigate the interaction between source gas species and
the vicinal surface featuring steps and kinks, the PES contour
plots are constructed following the approach in ref. 74. The
PES was obtained using the /61 x 4/21 slab model briefly
described in section 2.2, where the adatom is laterally fixed
at different surface positions and relaxed along the surface-
normal direction. Based on the adsorption energy defined in
eqn (6), the PES maps are generated. Fig. 8(a) and (b) present
the resulting PES for Al and N adatoms, respectively, on the
vicinal AIN(0001) surface with N,q-H + NH,. Here, an 8 x 12
uniform mesh is generated on the vicinal (0001) plane of the
v/61 x /21 unit cell, and therefore the adsorption energies
for 96 independent lateral positions are used. As illustrated
by the potential energy surface (PES) contour plot for the Al
adatom in Fig. 8(a), the vicinity of the kink site on Step A
corresponds to the most energetically favorable adsorption
site, exhibiting an adsorption energy of —4.88 eV. In contrast,
both the step edge and the kink of Step B also act as
energetically favorable adsorption sites. These adsorption
energies are markedly lower than those on the terrace regions
and notably smaller than the most stable adsorption energy
(=2.03 eV in ref. 104) observed on the flat AIN(0001) surface
with the N,q-H + NH, reconstruction, as shown in Fig. 7(a).
These findings suggest that vicinal AIN(0001) surfaces
featuring steps and kinks preferentially incorporate Al
adatoms at such defect sites, rather than on flat terrace
regions.

The notably low adsorption energy at the kink site of Step
A can be primarily ascribed to the formation of two Al-N
bonds. Additionally, the migration energy barriers for Al
adatoms around this kink exhibit slight anisotropy, measured
as 3.05 eV along the [1100] direction and 3.18 eV along the
[1120] direction. Such a minor energy difference and large
energy barriers indicates that the kink Ehrlich-Schwoebel
barrier (KESB)*>'% is effectively negligible. The migration
probability estimated using exp(-En/kgT) at 1270 K is less
than 1 x 107" regardless of the migration directions. This
probability corresponds to a migration event occurring
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Fig. 8 Contour plots of the adsorption energy for (a) Al and (b) N
adatoms around steps and kinks for the reconstructed surface with
hydrogen passivated N atoms and amino groups (N,g-H + NH,). Step
edges and kinks are shown by blue dashed lines. The unit cell is
enclosed by black rectangles. Dashed green and blue arrows represent
migration pathways along the [1100] and [1120] directions toward the
stable adsorption site. The unit cells are multiplied for visual
understanding. The notation of atoms are the same as those in Fig. 3.
Reproduced from ref. 74 with permission from Japan Society of
Applied Physics, copyright 2024.

approximately once every 0.2 s at 1270 K. The negligible
KESB, combined with the reduced adsorption energies at
kinks and step edges, underscores the pivotal role of Al
adatom incorporation at these defect sites in facilitating step-
flow growth. Consequently, it is reasonable to conclude that
the persistence of step-flow growth is predominantly
governed by the preferential incorporation of Al adatoms into
kink sites. The observed anisotropy in migration barriers is
attributed to the fact that adatom diffusion along both the
[1100] and [1120] directions proceeds via adsorption sites
situated on the terrace. Ultimately, the disparity in
adsorption energies between kink and terrace sites emerges
as the principal factor influencing the migration energy
barriers.
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The PES contour plot for the N adatom, presented in
Fig. 8(b), demonstrates energy variations of approximately 3
eV depending on its lateral position. The kink site at Step B
emerges as the most energetically favorable adsorption site,
with an adsorption energy of —4.00 eV. Nonetheless, multiple
other stable adsorption sites are also found on the terrace,
exhibiting adsorption energies only about 0.15 eV higher
than that of the kink. These adsorption energies on the
vicinal surface are comparable to those observed at the step
edge (-4.11 eV) and on the flat surface [-3.24 eV'®* in
Fig. 7(b)]. The enhanced stability of the N adatom is
primarily attributed to the formation of chemisorbed AI-N
bonds with surface Al atoms and N-N bonds involving pre-
adsorbed N atoms. Furthermore, the PES contour plot
reveals that the migration energy barriers for the N adatom
are 1.42 eV along the [1100] direction and 1.50 eV along the
[1120] direction, indicating minimal anisotropy and
suggesting that the kink Ehrlich-Schwoebel barrier (KESB)
remains insignificant. In addition, specific adsorption
configurations near the step edge, which facilitate N,
desorption through reactions with surface nitrogen atoms,
have been identified. These findings imply that N adatoms
may be removed from step edges via the formation and
subsequent desorption of N, molecules.

The PES contour plots for Al and N adatoms on the
reconstruction with N,4—H + Al-H, which corresponds to the
MOVPE conditions under moderately N-rich conditions, are
illustrated in Fig. 9. The overall PES landscape for the Al
adatom shown in Fig. 9(a) closely resembles that for the
reconstruction with N,4-H + AI-NH, presented in Fig. 8(a).
The most stable adsorption site is located near the kink of
Step A, with an adsorption energy of —3.82 eV. This energy is
significantly lower than those in the terrace region, and also
lower than that of the most stable adsorption site on the flat
AIN(0001) surface, which has an adsorption energy of -1.83
eV'® in Fig. 7(c). Consequently, the vicinal surface with Nyq-
H + Al-H termination preferentially incorporates Al adatoms
at kinks and step edges rather than at terrace sites. The
adsorption behavior of Al adatoms exhibits a similar trend
between the N,g-H + AI-NH, and N,-H + AI-H
reconstructions.

The migration energy barriers for the Al adatom are
calculated to be 2.03 eV along the [1100] direction and 2.15
eV along the [1120] direction. Although the absolute values of
the barriers differ from those observed on the N,q-H + Al-
NH, surface, the overall migration behavior of Al adatoms on
these vicinal surfaces can be regarded as qualitatively similar.
The small energy barrier difference of 0.12 eV between the
two directions and large energy barriers implies the absence
of a significant KESB. Indeed, the migration probabilities
estimated using exp(-Ep/ksT) at 1270 K are less than 1 x 107,
regardless of the migration direction. This probability
corresponds to a migration event occurring approximately
once every 10> s at 1270 K. The calculated results highlight
the importance of Al adatom incorporation at both kinks and
step edges in sustaining step-flow growth. The adsorption
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Fig. 9 Contour plots of the adsorption energy for (a) Al and (b) N
adatoms around steps and kinks for the reconstructed surface with
hydrogen passivated N atoms and Al-H bonds (N,q-H + Al-H). Step
edges and kinks are shown by blue dashed lines. The unit cell is
enclosed by black rectangles. Dashed green and blue arrows represent
migration pathways along the [1100] and [1120] directions toward the
stable adsorption site. The unit cells are multiplied for visual
understanding. The notation of atoms are the same as those in Fig. 3.
Reproduced from ref. 74 with permission from Japan Society of
Applied Physics, copyright 2024.

Step B

Step A

energy at the step edge of Step B exceeds that at the most
stable kink site by only 0.12 eV, so that the Al adatoms can
also be incorporated at locations away from kinks. This off-
kink incorporation likely contributes to the development of
irregular step edges, potentially influencing the overall step
morphology during epitaxial growth.

The PES contour plot for the N adatom depicted in
Fig. 9(b) indicates that the most energetically favorable
adsorption site resides within the terrace region, rather than
at kink or step edge locations. This site exhibits an
adsorption energy of —5.40 eV, which is notably lower than
that of the most stable site on the flat AIN(0001) surface
[-4.17 eV'® in Fig. 7(d)]. The fact that the preferred
adsorption occurs in the terrace region implies that the
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adsorption characteristics of vicinal and flat surfaces are
similar. The strong binding at this site is primarily attributed
to the formation of both a chemisorbed Al-N bond with a
surface Al atom and an N-H bond. Furthermore, the PES
contour plot reveals migration energy barriers of 2.67 eV and
2.85 eV for the N adatom along the [1100] and [1120]
directions, respectively. These barriers are considerably
higher than those found on the N,s-H + AI-NH,
reconstructed surface [Fig. 8(b)], reflecting the deeper
adsorption potential characteristic of the Ny,-H + Al-H
surface. Such large migration barriers, exceeding 2.5 eV,
suggest that N adatom mobility on the vicinal surface with
the N,g—H + Al-H reconstruction is substantially hindered
under MOVPE conditions featuring a low V/III ratio.

The adsorption energies and migration barriers for Al and
N adatoms, calculated and depicted in Fig. 8 and 9, are
summarized in Table 2. Considering that N, molecules can
form on the N,q-H + AI-NH, reconstructed surface and that
the migration barriers for N adatoms on the N,4-H + Al-H
surface are relatively large, it is reasonable to conclude that
the growth behavior is largely determined by the adsorption
and diffusion of Al adatoms, as shown in Fig. 8(a) and 9(a).
The migration barrier difference between the [1100] and
[1120] directions is less than 0.12 eV, indicating near
isotropic diffusion and a negligible kink Ehrlich-Schwoebel
barrier (KESB). This negligible KESB suggests effective
suppression of step meandering. Conversely, on the N,4-H +
Al-H surface, Al adatoms can incorporate at both kink sites
and step edges distant from kinks. Such incorporation may
lead to the formation of roughened step edges, which in turn
could contribute to step meandering and bunching, offering
a possible explanation for the experimentally observed step
bunching under MOVPE conditions with a low V/III ratio.*®

However, the extent to which variations in energy barriers
due to different surface reconstructions affect the stability
and linearity of step edges remains uncertain. As shown in
Table 2, a difference of approximately 1 eV in migration
energy for Al adatoms corresponds to a change in migration
probability by a factor of more than 1000 at 1270 K.
Therefore,  growth-condition-dependent variations in
migration barriers around kinks and steps may play a
decisive role in determining the growth mode. Nevertheless,
further investigations are required to quantitatively clarify
the contributions of adsorption and migration behavior to
surface morphology.

Most recently, the effect of surface potential energy
landscape on the surface morphology has been examined
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using the cellular automaton model. Chabowska et al. have
explored various factors affecting surface pattern dynamics
using the vicinal cellular automaton model, which
distinguishes surface diffusion from adatom incorporation
into the crystal."> The calculation model is based on a new
approach employing the vicinal cellular automaton
model'**'%” to simulate the growth of vicinal crystal surfaces,
modeling the diffusion of adatoms on the surface and their
incorporation into the crystal lattice. The energy potential
was derived from the results of DFT calculations for the
AIN(0001) surface with step edges."®* An appropriate diagram
of pattern formation as a function of depth of the potential
well BEy (f is inverse temperature) and the height of the
Ehrlich-Schwoebel barrier (ESB) fEps” % is illustrated in
Fig. 10(a). The contour plots of the meander wavelength / as
a function of pEy and pExs, averaged over 10 simulation runs,
are presented in Fig. 10(b). Based on the contour plots, the
potential regions in which well-defined meanders of
appropriate wavelength can form are identified. It is observed
that meanders do not develop when both the potential well
depth and the ESB are zero. When either parameter is non-
zero, step meandering begins to occur, and the wavelength 1
decreases with increasing potential well depth or increasing
ESB height. A simultaneous increase in both pEy and fEgs
results in an even more pronounced reduction in meander
wavelength. The isolines shown in Fig. 10(b), corresponding
to A values between 25 and 40, delineate the region in
parameter space where well-developed meander patterns can
form. These results provide insight into the optimal
conditions for crystal growth, including suitable temperature
ranges, flux rates, and other critical parameters. Moreover, it
should be noted that successful guidance of the formation of
core-shell InAIN nanorods at the mesoscopic level has
recently been demonstrated by evolving the methodology to
use DFT-derived parameters as input to mesoscale models,
particularly those based on the phase-field method.'*® This
multiscale approach, grounded in a comprehensive
investigation of DFT calculation results, has proven especially
effective when applied to large-scale modeling frameworks
for nitride semiconductors.

To the best of my knowledge, there have been very few
studies focusing on the GaN surfaces with steps and kinks.
For GaN(0001) surfaces incorporating atomic steps (excluding
kink sites), recent DFT studies'®''® have elucidated the
fundamental atomic-scale mechanisms of nitrogen
incorporation at step edges. These findings contribute to a
deeper microscopic understanding of step-flow growth in

Table 2 Calculated adsorption energy (E,q) for Al and N adatoms at the most stable site, stable position, and energy barriers (Ey,) for migration along
the [1100] and [1120] directions obtained by the contour plots shown in Fig. 8 and 9 for the reconstructed surfaces with hydrogen passivated N atoms
and amino groups (N,g-H + NHy) and hydrogen passivated nitrogen atoms (N,q-H + Al-H) in ref. 74. The unit of energies is eV

Reconstruction Species Eaq Stable position Ey, along the [1100] direction Ey, along the [1120] direction
Naqa—H + NH, Al —4.88 Kink of Step A 3.05 3.18

N —-4.00 Terrace 1.50 1.42
N,q-H + AlI-H Al -3.82 Kink of Step A 2.03 2.15

N =5.40 Terrace 2.67 2.85
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Fig. 10 (a) Diagram of pattern formation on the surface obtained for the adatom concentration co = 0.003, initial distance between steps [ = 5,
number of diffusional steps nps = 5, and time steps t = 2 x 10° at different values of potential well SEy (8 = 1/kgT) and Ehrlich-Schwoebel barrier
PEes. Different colors correspond to different surface heights. (b) Diagram of meander wavelength /1 as a function of SEy and SEgs obtained for co =
0.003, lp =5 nps =5and t = 2 x 10°. Different colors correspond to different meander wavelengths. The presented green and black isolines
correspond to 1 = 25, 30, 35, 40 and are extracted from simulation data, respectively. Reproduced from ref. 105 with permission from American

Physical Society, copyright 2024.

GaN epitaxy. In their comprehensive investigation, Bui et al.
explored a wide range of step-edge configurations on vicinal
(0001) surfaces inclined along the [1100] and [1120]
directions. By systematically analyzing the stability of various
combinations of terrace reconstructions and step-edge
terminations, they identified the energetically most favorable
step structures. Furthermore, by using hyperplane constraint
method®>"""  the reaction pathways for NH unit
incorporation, where NH species are generated via NH;
decomposition on the terrace, were explored.’® A plausible
reaction pathway was proposed in which NH units interact
with Ga adatoms near the step edges, leading to the
formation of N-Ga bonds and subsequent incorporation
into the growing GaN crystal. The reactions are energetically
favorable, particularly when the free-energy gain associated
with H, formation in the gas phase is taken into account.
The proposed reaction pathway provides an atomistic
understanding of the step-flow growth mechanism of GaN
epitaxial growth.

5 Conclusions and prospects

This highlight critically reviews recent advancements in
computational materials science, particularly the use of DFT
calculations to deepen atomic-scale understanding of
epitaxial growth mechanisms in nitride semiconductors,
especially GaN and AIN. The focus is placed on surface
structures, atomic configurations of steps and kinks, and
adsorption and migration behaviors. For the identification
of stable surface reconstructions, DFT calculations reveal
stable surface reconstructions of GaN(0001) and AIN(0001)

This journal is © The Royal Society of Chemistry 2025

surfaces under growth conditions, such as the chemical
potentials of Ga/Al and the presence of hydrogen: H atoms
stabilize the surface through the adsorption of NH; and
NH, species during the MOVPE; by modeling vicinal
surfaces, the stability of surfaces containing steps and kinks
has been evaluated. The reconstruction with N,q-H + NH,
is energetically favorable under the N-rich limit, whereas
reconstruction with N,g-H + Al-H (N,g-H + Ga-H) is
favorable for moderately N-rich conditions for the AIN (GaN)
surface. For the adsorption behavior, the Al adatoms exhibit
strong adsorption at kinks with relatively low migration
barriers, indicating their critical role in step-flow growth,

s
. ‘%v

' ’

’A )
,L .n '

F|g. 11 Top view of the stable (6 x 6) surface structure by the
arrangements of the hydrogen-covered surface (blue tiles) and the Ga
adatom surface (red tiles), discovered by the Bayesian optimization.
Brown, blue and white atoms correspond to Ga, N and H, respectively.
Black dashed tile indicates a (6 x 6) area. Reproduced from ref. 112
with permission from American Institute of Physics, copyright 2022.
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while the N adatoms also show strong adsorption on the
terrace region. The results of DFT calculations imply that
differences in kink formation and adsorption energies lead
to variations in surface morphology, such as step-flow
growth, step bunching, and step meandering. The findings
obtained by DFT calculations underscore the importance of
computational materials science as a tool for understanding
the crystal growth mechanisms of nitride semiconductors.
Furthermore, the combination of DFT-derived parameters
with vicinal cellular automaton models and phase-field
simulations has proven to be a powerful multiscale strategy
for controlling growth across different length scales. The
insights gained from these approaches contribute to the
realization of high-quality epitaxial films for device
applications via MOVPE.

More recently, there have been several attempts to utilize
information science technologies, such as artificial
intelligence, in the field of materials science. As a novel
approach to understanding epitaxial growth, entirely new
methodologies have been explored to dramatically improve
predictive performance beyond that of conventional
simulations.****** To improve conventional small-scale DFT
(density functional theory) calculations that impose short-
range periodicity, such as the use of a (2 x 2) lateral cell,
the stable structures of nanometer-scale GaN(0001) surfaces
with Ga and H adsorbates, which serve as a fundamental
basis for crystal growth modeling, have been identified.
Fig. 11 shows the most stable structure discovered through
large-scale DFT calculations combined with a machine
learning-based Bayesian optimization technique.''®> The
configuration shown in Fig. 11 reveals that H atoms are
distributed in such a way that they avoid the immediate
vicinity of Ga atoms. It should be noted that the
distribution of hydrogen atoms is asymmetric, leading to a
highly complex adsorption structure. The ability to uncover
complex and low-energy surface structures that lack
symmetry is a significant advantage of employing machine
learning approaches. To assess the flux of chemical species
transported to the growth surface by the inert carrier gas
during GaN crystal growth, sequential reaction routes for
the synthesis of precursors have been proposed based on
DFT calculations."™ For the quantitative evaluation, data
assimilation of gas-phase reaction kinetics in GaN MOVPE
has recently been carried out using a multi-objective
optimization framework.""® By integrating insights from
DFT calculations into the optimization process, the model
is able to accurately reproduce not only the concentration
of impurity precursor (CH,) as an objective variable, but
also the underlying reaction mechanisms. Notably, the
simulation predicted substantial formation of GaHj, a key
GaN precursor species that remains challenging to detect
experimentally.'*® These advancements pave the way for a
quantitatively predictive framework for crystal growth,
driven by the integration of computational materials
science and cutting-edge approaches from information
science.
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