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ARTICLE INFO ABSTRACT

Communicated by Gen Sazaki We present systematic theoretical investigations for the adsorption behavior of Al and N adatoms on vicinal AIN
(0001) surface under metal-organic vapor phase epitaxy (MOVPE) growth condition by means of ab initio
electronic structure calculations. Prior to the investigation adatoms, we reveal the growth condition dependence
of stable structure for bilayer step edges during the MOVPE. The vicinal surface with hydrogen terminated N
atom and NHy (N-H + Al-NH,) is found to be the most stable under N-rich limit whereas the surface with
hydrogen terminated N atom (N-H + Al-H) with NH; at the step edge is favorable over the wide range of Al
chemical potential. This suggests that N-H + Al-NH; and N-H + Al-H with NH; at the step edge appear at high
and low temperatures, respectively. For both surface models, we also elucidate that the adsorption energy of Al
adatoms at the step edge is much lower than that in the terrace region, indicating that Al adatoms are easily
incorporated into the step edge. The estimated values of Ehrlich-Schwobel barrier (ESB) of Al adatoms for N-H +
Al-NH; and N-H + Al-H with NH, at the step edge are —1.4 and —1.9 eV, respectively. The relationship between
the adsorption behavior and surface morphology during the MOVPE is discussed on the basis of calculated ESB as
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well as adsorption energies and migration barriers.

1. Introduction

The surface morphology plays an important role to fabricate elec-
tronic and optoelectronic devices in group-III nitrides including AIN and
GaN [1-9]. It has been well known that the growth parameters such as
growth temperature and V/III ratio are crucial to control AIN surface
morphology including step-bunching and step-flow in epitaxial growth
by metal-organic vapor phase epitaxy (MOVPE). For instance, the step-
bunching occurs at high temperature of 1250 °C [8] and low V/III ratio
[9]. Furthermore, the phase diagram separating step-flow and step-
bunching as functions of V/III ratio and substrate off angle in the
MOVPE of AIN has been successfully achieved recently [8,9]. These
surface morphologies are consequence of the kinetic effects of epitaxial
growth process on the surface including step edges. Particularly, Ehr-
lich-Schwobel barrier (ESB) [10,11], which is an additional diffusion
barrier crossing down the step and attach to the lower step edge, is a
decisive factor for the morphology. The presence of ESB induces the
asymmetry in adsorption and migration of adatoms, which results in
various interesting surface phenomena such as step meandering and
bunching [12-15]. However, there are very few studies for the growth

* Corresponding author.
E-mail address: akiyama@phen.mie-u.ac.jp (T. Akiyama).

https://doi.org/10.1016/j.jcrysgro.2021.126244

behavior of stepped AIN(0001) surfaces during MOVPE from atomistic
viewpoint. The relationship between ESB and resultant morphology on
AIN(0001) surface during MOVPE has never been examined by theo-
retical approach using ab initio calculations.

On the baisis of ab initio calculations, we have previously studied the
adsorption and desorption behavior on reconstructed GaN(0001) and
AIN(0001) surfaces during epitaxial growth such as molecular beam
epitaxy and MOVPE. We have elucidated specific features of adatom
behavior which depends on the growth parameters such as growth
pressure and temperature [16,17]. More recently, we have performed
comprehensive and systematic calculations to elucidate the adsorption
behavior of adatoms on vicinal GaN(0001) surface by means of ab initio
calculations [18-20]. It has been revealed that the adsorption and
migration behavior of gallium and nitrogen adatoms strongly depends
on the reconstructions including the atomic arrangements of step edges.
For the gallium adatom, the single-layer step edge tends to incorporate
the adatom and an inverse ESB has been obtained. We have inspected
the difference in the surface morphology during MOVPE in terms of the
calculated adsoprion energy, migration barriers and ESB on the vicinal
surfaces. In this study, we extend our theoretical study to clarify the
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effects of step edges of vicinal AIN(0001) surface taking account of
MOVPE condition on the growth kinetics. Here, we assume that Aland N
atoms decomposed from source gases such as trimethylaluminum and
NH;3 mainly contribute to the growth during MOVPE. The behavior of
aluminum and nitrogen adatoms for vicinal AIN(0001) surfaces taking
account of the MOVPE condition is verified on the basis of theorerical
approarch using ab initio calculations. The relationship between ESB and
AIN surface morphology under MOVPE condition is also discussed.

2. Methodology

In this study, the surfaces with step edges during MOVPE are simu-
lated by vicinal slab models with (2 x 9) periodicity, which is con-
structed by six bilayers AIN with artificial H atoms terminating bottom
surface [21]. The interactions between adjacent slabs are eliminated by
including 15 A vacuum region in the slab model. Details of slab geom-
etry is described elsewhere [18,20]. Fig. 1 shows typical atomic con-
figurations at the step edge as well as terrace region considered in this
study. The step edge is constructed by a bilayer step, which has been
reported by the atomic force microscopy (AFM) observations [8]. The
geometry of the ideal surface is shown in Fig. 1(a). In addition, we
construct various models, which are inferred by the electron counting
(EC) rule [22] and surface reconstructions on planar one under MOVPE
growth condition in previous calculations [16,17,23-26]. In the slab
models taking account of the reconstruction, we adopt a terrace region
whose periodicity is a multiples of the (2 x 2) surface unit cell which is
required to satisfy the EC rule. Therefore, one (2 x 8) terrace region and
a bilayer layer step constitutes periodic (2 x 9) vicinal slabs. For the
reconstructions under extreme Al-rich condition, the surface covered by
1 monolayer (ML) excess Al (Al adlayer) shown in Fig. 1(b) is taken into
account. For the MOVPE growth on planar AIN(0001) surface, there are
many reports for reconstructed structures with H atoms and NHjy
[16,17,23-26]. According to previous calculations, we make consider-
ations of hydrogen terminated surface (3Al-H) shown in Fig. 1(c), which
is taken from the (2 x 2) surface with three Al-H bonds. Furthermore,
we take hydrogen terminated surfaces with pre-adsorbed N atoms
shown in Fig. 1(d) into account according to the (2 x 2) surface with a
Al-H bond and hydrogen terminated N adatom, which becomes stable
under intermediate condition with high Hy pressure ambient. The
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surface with both hydrogen terminated N atom and NH; (N-H + Al-NHj)
shown in Fig. 1(e) is also considered. This comes from the stable (2 x 2)
surface under N-rich with high Hy pressure ambient. For each re-
constructions, various atomic arrangements at the step edge are exam-
ined. For instance, we consider NH, and NH groups attaching the step
edge, as shown in Fig. 1(f). We examine in total 14 different cofigura-
tions including the surfaces without H atoms, which are based on the
(2 x 2) reconstructions with either N or Al atom in Ref. [19].

We perform ab initio calculations within density functional theory
using pseudopotential approach with plane-wave basis set. For
exchange-correlation functionals of valence electrons, we use the
generalized gradient approximation [27]. To simulate nuclei and core
electrons, norm-conserving pseudopotentials [28] are used for Al and H
atoms and ultrasoft pseudopotential [29] is used for N atoms. The plane-
wave basis set with a cut-off energy of 30.25 Ry is employed to expand
the valence wave functions. The conjugate-gradient technique [30,31] is
utilized for both electronic structure calculation and geometry optimi-
zation. The calculated lattice parameters of AIN (a = 3.12 A and ¢ =
5.02 A) with wurtzite structure coincide with the experimental data
[32]. We have carried out the computations using extended Tokyo Ab
initio Program Package (xTAPP) [33,34].

To evaluate the stability of vicinal surfaces, the formation energy
Efom is evaluated as a function of Al chemical potential y,,. The for-
mation energy is defined as

Eform (,MA]) = Elu! - Eref - (nAl - nN)ﬂAl - nNEl/J\ulkl( — iy, (1)

where E, is the total energy of the slab under consideration, E, is the
total energy of the slab for reference, and E} is the total energy of bulk
AIN per formula unit. Here, we set the reference surface as the vicinal
surface shown in Fig. 1(a). The number of either excess or deficit atoms
compared with the reference are described by na,ny and ny for
aluminum, nitrogen, and hydrogen, respectively. The equilibrium con-
dition for y,, and N chemical potential () for the crystal growth, which
is expressed as y,; + pn=EXK, is used. It should be noted that there is a
thermodynamically allowed range in y,;. The upper (lower) limit in y,,
corresponds to Al-rich (N-rich) condition. The energy range of su,, is

equivalent to the formation enthalpy AHy = Eyj% —Ef<~A! —EN?, where

EN2 and Ef~A! are the total energies (per atom) of N2 molecule and fcc

Fig. 1. Side views along the [1100] and
[0001] directions of slab models for (2 x
9) vicinal surface with bilayer step edge
for (a) ideal surface, and the recon-
structed surface with (b) one monolayer
(ML) excess aluminum atoms (Al
adlayer), (c) hydrogen atoms (3Al-H),
(d) hydrogen terminated nitrogen atoms
(N-H + Al-H), (e) hydrogen terminated
nitrogen atoms and amino group (N-H
+ Al-NH,), and (f) N-H + Al-H with
amino group at the step edge. Aluminun,
nitrogen, and hydrogen atoms are rep-
resented by blue, purple, and pink cir-
cles, respectively. Step edge and terrace
regions are indicated by dashed stepwise
lines. Periodic boundary condition are
imposed and the unit cell includes one
bilayer step edge with 5.24 A height.
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Al The range of u,, is therefore described as p'f +AHy <pu, <plsy, where
i is the chemical potential of fce Al The calculated AH; for AIN is
—2.80 eV, reasonably consistent with the experimental value [35].
Moreover, for hydrogen chemical potential y;,; we here assume H-rich
condition corresponding to MOVPE growth using H» carrier gas. The H-
rich condition is set by the gas phase chemical potential of H atoms to
the experimental condition. We employ the value corresponding to Hy
molecule for pressure at 76 Torr and 1370 K written as yy —y,=—1.05
eV, where yy, denotes the chemical potential (per atom) for single Ha
molecule at 0 K. The adsorption behavior on the vicinal (2 x 9) surface
along the [1100] direction is obtained by constructing one-dimensional
energy mapping in which the adatom is fixing at a certain initial position
in the [1100] direction and allowing the relaxation of the other atoms.
The mapping of adsorption is accomplished by sample the adsorption
energies at various positions. 27 equidistant linear positions along the
[1100] direction are chosen in total. To determine the initial position of
adatoms at each position of vicinal surfaces along the [112" 0] direction,
we also perform the calculations of adatom on planar AIN(0001) surface
using the (2 x 2) slab model. In addition to the calculated results on
planar AIN(0001) surface, the calculations for various positions along
the [1120] direction are furthermore performed at the step edges. We
calculate the adsorption energy E, from the total energy difference
between the vicinal surfaces with and without adatom. The origin of the
adsorption energy corresponds to the energy of the surface with adatom
in vacuum region at 0 K.

3. Results and discussion

Fig. 2 shows the calculated formation energy using Eq. (1) for various
vicinal (2 x 9) surfaces as a function of Al chemical potential y,,. The
calculated formation energies clearly demonstrate that the stable
structure of the vicinal surface is dependent on Al chemical potential.
The N-H + Al-H with NH; at the step edge shown in Fig. 1(f) has the
lowest Eform (41;) and is stabilized in the wide range of y1,,. This is ranging
from —2.15 to —0.90 eV. In contrast, N-H + Al-NH; shown in Fig. 1(e)
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Fig. 2. Results of relative formation energy Egom(i,,) using Eq. (1) for of
various atomic configurations on vicinal AIN(0001) surfaces as a function of Al
chemical potential y,, under H-rich condition. The origin of y,, corresponds to
the energy of fcc Al. The value of hydrogen chemical potential u; corre-
sponding to H, ambient at 76 Torr for 1370 K written as jy; —uy,=—1.05 eV
(uy, is the chemical potential per atom for single Hy molecule at 0 K) is used.
Note that only data for surface structures which can be stabilized in thermo-
dynamically allowed range in y,, are shown. Geometries are shown in Fig. .1.
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has the lowest under N-rich limit for u,; —u$<—2.15 eV. Furthermore,
3Al-H and N-H + Al-H shown in Figs. 1(c) and 1(d) are stabilized for
relatively Al-rich condition for —0.90 <u, —u'S$<—0.20 eV, respec-
tively. Under Al-rich condition for y,; —u'sf <—0.20 eV, Al adlayer shown
in Fig. 1(b) is found to be stabilized. Therefore, five types of stable
surface structures could appears depending on the growth condition of
MOVPE. It is thus implied that the trend in the stable vicinal surface
structure is similar to that of planar AIN(0001) surface [25]. Further-
more, the trend of stable atomic configurations on vicinal AIN(0001)
surface is found to be similar to that of vicinal GaN(0001) surface [20].
In Figs. 1(e) and 1(f), hydrogen atoms partially terminate the dangling
bonds located at bilayer step edge for the requirement of the EC rule
[22].

Using the stable vicinal surfaces resolved in terms of the formation
energies depicted in Fig. 2, the behavior of aluminum and nitrogen
adatom adsorption is assessed for N-H + Al-H with NH; at the step edge
and N-H + AIl-NH,. Since AIN is generally fabricated by the MOVPE
growth under N-rich conditions, we take N-H + Al-NH; and N-H + Al-H
with NH; at the step edge shown in Figs. 1(e) and 1(f) as prototypical
vicinal surfaces during MOVPE, respectively. By comparing the value of
Al chemical potential with the gas chemical potential of Al atoms [36], it
is found that N-H + Al-H with NH; at the step edge and N-H + Al-NHj,
correspond to the reconstructed surfaces for low and high temperatures
in MOVPE, respectively. Fig. 3 illustrates the positions of aluminum and
nitrogen adatoms along the [1100] direction and their energy profiles
for N-H + Al-H with NH; at the step edge shown in Fig. 1(f). The results
shown in Fig. 3 are applicable for the reconstruction under moderate N-
rich ambient. According to the energy profile of aluminum adatom
shown in Fig. 3(a), we find that the most stable adsorption site is located
close to the step edge with E,,=—3.94 eV. It is obvious that the
adsorption energy closed to the step edge is much lower than those on
terrace region and planar AIN(0001) surface of E,4=—1.89 eV in previ-
ous calculations [24]. Therefore, the vicinal AIN(0001) surface prefer-
entially incorporates the Al adatom at the step edge. The formation of
two Al-N bonds with nitrogen atoms at the step edge indicated by black
arrow in Fig. 3(a) is the origin of lower adsorption energy. Furthermore,
we find a asymmetry in the energy barriers for downward and upward
diffusion at the step edge, resulting in the appearance of ESB. We esti-
mate the ESB (Egsg) on the basis of the difference in barrier heights
toward upper and lower terraces given by Egsg = E| —E;, in which E, is
barrier height for diffusing down and E; is barrier heights for diffusing
up the step edge. The values of E| and E; obtained from Fig. 3(a) are 0.21
and 1.61 eV, respectively. For bilayer step edge, we can estimate the
value of the ESB of —1.40 eV. The appearence of negative (inverse) ESB
suggests the migration of aluminum adatoms from the upper terrace to
the lower terrace is prominent compared with that from the lower
terrace to the upper terrace.

On the basis of Fig. 3(b), it is found that the stable adsorption sites for
the nitrogen adatom are located in the terrace. The adsorption energy at
the most stable site is E,g=—4.11 eV. The result of adsorption energy on
vicinal surface is comparable to its counterpart on planar AIN(0001)
surface of E,g=—4.17 eV. The origin of low adsorption energy is
attributed to the formation of three AI-N bonds with topmost Al atoms
and single N-H bond. Furthermore, the energy barrier of N adatom
diffusion in the terrace is found to be about 1.5 eV. Similar to the case of
nitrogen adatoms on vicinal GaN(0001) surface [20], the adsorption
results in Np molecule formation by the topmost hydrogen terminated N
atom at the step edge. Thus, it is indicated that the migration of N
adatom on vicinal surface is suppressed due to large diffusion barrier
heights of ~ 1.5 eV and the formation of N molecule. From the energy
profile around the step edge, the values of E; and E, are found to be 1.54
and 1.44 eV, respectively. Therefore, the the ESB of —0.10 eV, which is
much higher than the ESB for aluminum adatom, is estimated for bilayer
step edge.

The calculated results for the positions of aluminum and nitrogen
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Fig. 3. Side views of positions of (a) aluminum and (b) nitrogen adatoms in the [1100] direction along with crresponding adsorption energy on vicinal AIN(0001)
surface for N-H + Al-H with NH, at the step edge shown in Fig. 1(f). Notations of atoms in geometries are the same as those in Fig. 1. Adatoms of aluminum and
nitrogen at each position are shown by green and red circles, respectively. The desorption as N, molecule is indicated by purple circle in the adsorption energy.
Barrier height in energy for diffusing up (down) are described by E; (E,) with green (purple) arrows. Black arrow in side view represents the N atoms which form two
Al- N bonds at the most stable site for the Al adatom. Dashed horizontal lines in adsorption energies represent gas-phase chemical potential of Al and N atoms at 1 x

1072 Torr for 1370 K..

adatoms along the [1100] direction and their energy profiles for N-H +
Al-NH; in Fig. 1(e) are depicted in Fig. 4. The results shown in Fig. 4 are
applicable for the surface reconstruction under N-rich limit. It is clearly
seen in Fig. 4(a) that the location of most stable adsorption site for
aluminum is close to the step edge with E,;=—4.74 eV. The adsorption
energy closed to the step edge is much lower than its counterparts on
terrace region and planar AIN(0001) surface of E,y=—2.03 eV. There-
fore, the vicinal AIN(0001) surface preferentially incorporates the Al
adatom at the step edge. Moreover, we find a asymmetry in the energy
barriers for downward and upward diffusion at the step edge, resulting
in the appearance of ESB. This indicates that analogous to the results of
N-H + Al-H with NH; shown in Fig. 3(a) the vicinal surface of N-H + Al-
NH; preferentially incorporates the Al adatom at the step edge. The
formation of Al-NHy bond with pre-adsorbed Ny in addition to two Al-N
bonds indicated by black arrow in Fig. 4(a) is a physical origin of lower
adsorption energy. From the energy profile around the step edge, the
values of E; and E, are found to be 2.29 and 0.42 eV, respectively.
Therefore, we can estimate the value of the ESB of —1.87 eV for the
aluminum adadtom at bilayer step edge under N-rich limit. It is thus
indicated that the amplitudes of the ESB for N-H + Al-NH; shown in
Fig. 4(a) is larger than that for N-H + Al-H with NH; at the step edge
shown in Fig. 3(a).

For the behavior of nitrogen adatom adsorption shown in Fig. 4(b),
there are large energy differences of about 2 eV between the most stable
site and the other metastable sites. It is found that the most stable
adsorption site lies in the terrace region rather than step edge. The
calculated adsorption energy at the most stable site is found to be —3.95
eV. From the energy profile around the step edge, the values of E; and E,
are found to be 1.05 and 1.78 eV, respectively. The ESB for nitrogen
adatom is thus estimated to be 0.73 eV, which is much higher than the
ESB for aluminum adatom. However, the migration of nitrogen adatom
on vicinal surface is suppressed owing to large diffusion barrier heights

of ~ 2 eV. Similar to the nitrogen adatom for N-H + Al-H with NH at the
step edge, the adsorption results in Ny molecule formation by the
topmost hydrogen terminated N atom at the step edge. This indicates
that N adatoms desorb from the step edges by Ny desorption. Conse-
quently, the behavior of the N adatom for N-H + Al-NHy is expected to
be similar to that for N-H + Al-H with NH,.

According to the adsorption energies of adatoms on vicinal AIN
(0001) surfaces obtained in Figs. 3 and 4, it is suggested that the
migration of aluminum adatoms is much faster than that of nitrogen
adatoms. We thus deduce the growth mode such as step-flow and step
bunching on the basis of the calculated results of aluminum adatoms
shown in Figs. 3(a) and 4(a). Fig. 5 depicts the behavior of aluminum
adatoms on vicinal AIN(0001) surfaces corresponding to the MOVPE
growth at low and high temperatures. Here, the adsorption energies in
the terraces in Fig. 5 are embed from the calculated results on planar AIN
(0001) surface [24]. The appearance of inverse ESB at bilayer step edge
shown in both Figs. 5(a) and 5(b) suggests that aluminum adatoms
diffuse down the step edge from upper terrace toward lower terrace
easily. This feature prevent step meandering [12], and is consistent with
the AFM observations of step-flow and step-bunching without
meandering at low and high temperature conditions in MOVPE [8].
However, it is difficult to understand the step-bunching at high tem-
perature in MOVPE from the calculated ESB. One of possible explana-
tions for the step-bunching at high temperature is low ESB in N-H + Al-
NH; compared with that in N-H + Al-H with NH,. Since the difference in
ESB of 0.5 eV results in ~ 10 times larger probability for diffusing up the
step in N-H + Al-H with NH; than N-H + Al-NH; at 1370 K, the growth
condition dependence in diffusion behavior at the step edge could causes
the difference in growth mode by growth condition. The adsorption of
further aluminum and nitrogen atoms and clarifying the relationship
between ESB and surface morphology on the basis of Burton-Cabrera-
Frank theory [37] using calculated data should be examined for
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Fig. 4. Side views of positions of (a) aluminum and (b) nitrogen adatoms in the [1100] direction along with crresponding adsorption energy on vicinal AIN(0001)
surface for N-H + Al-NH, shown in Fig. 1(e). Notations of atoms in geometries are the same as those in Fig. 1. Adatoms of aluminum and nitrogen at each position are
shown by green and red circles, respectively. The desorption as N molecule is indicated by purple circle in the adsorption energy. Barrier height in energy for
diffusing up (down) are described by E; (E,) with green (purple) arrows. Black arrows in side view represent pre-adsorbed NH; and N atoms which form Al-NH, and
two Al-N bonds at the most stable site for the Al adatom. Dashed horizontal lines in adsorption energies represent gas-phase chemical potential of Al and N atoms at

1 x 1073 Torr for 1370 K..
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Fig. 5. Schematic views for the behavior of aluminum adatoms around bilayer
step edges of (a) N-H + Al-H with NH, at the step edge and (b) N-H + Al-NH,
for on vicinal AIN(0001) surfaces obtained from Figs. 3(a) and 4(a). The vicinal
surfaces with N-H + Al-H with NH, at the step edge and N-H + Al-NH,
correspond to low and high temperatures in MOVPE, respectively. Step edge
and terrace regions are indicated by dashed stepwise lines. The adsorption
energies at terrace are calculated by using conventional planar (2x 2)
slab models.

understanding of the morphology of vicinal AIN(0001) surfaces.
4. Conclusions

We have studied the adsorption behavior of adatoms on vicinal AIN
(0001) surface during MOVPE growth from theoretical viewpoints by
using ab initio calculations. From the calculated formation energies of
vicinal surfaces with bilayer step edge for the [1100] direction, we have
found the growth condition dependence of the stable structure of bilayer
step edge. The surface terminated by nitrogen atoms with H and NHy (N-
H + Al-NH,) is found to be stable under N-rich limit, whereas the surface
with hydrogen terminated N atoms (N-H + Al-H) with NH;, at the step
edge is favorable under moderate N-rich condition. Moreover, we have
revealed specific adsorption behavior of aluminum and nitrogen ada-
toms caused by the bilayer step edge from the energy profiles of
adsorption energy in the [1100] direction. Regardless of growth con-
dition, the vicinal AIN(0001) surface preferentially incorporates the
aluminum adatom at the bilayer step edge. The estimated ESB of
aluminum adatom under N-rich limit and moderate N-rich condition are
—1.9 and —1.4 eV, respectively, indicating that an inverse ESB exists on
vicinal AIN(0001) surface during MOVPE. In contrast, the nitrogen
adatom adsorbs on the terrace region rather than step edge. An Ny
molecule is found be formed by the adsorption at the step edge and
desorbs from the surface. The morphology difference depending on the
MOVPE growth condition could be attributed to the difference in ESB
between the surfaces corresponding to high and low temperatures.
Although further examination for the relationship between ESB and
surface morphology in addition to the effects of other species such as
AlH, and NH, (x = 1, 2, 3) [38,39] on the adsorption behavior are
necessary, the results provide some insights for understanding and
controlling the growth morphology of AIN.
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