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The adsorption and desorption behavior of adatoms at step edges of GaN(0001) surface is investigated on the
basis of ab initio calculations. Our calculations of single layer step edges along the [11700] direction reveal that
the structure of step edge depends on the growth condition. Furthermore, the adsorption behavior of Ga and N
adatoms close to the step edges is found to be dependent on these structures. Under moderately Ga-rich and N-
rich conditions, Ga adatoms are preferentially incorporated at the step edge with low adsorption energy
(—3.7 eV) and the Ehrlich-Schwoebel barrier (ESB) is recognized. On the other hand, the ESB for Ga adatoms is

negligibly small under Ga-rich condition. These results suggest that island formation preferentially occurs away
from single layer steps under Ga-rich condition, reasonably consistent with experimental results.

1. Introduction

The surface morphology during epitaxial growth is of importance on
the efficiency of epitaxially grown quantum devices. It has been ex-
perimentally known that smooth GaN layers in the step-flow mode are
obtained by both metal-organic vapor phase epitaxy (MOVPE) and Ga-
rich plasma-assisted molecular beam epitaxy (PAMBE) [1-5]. It has also
been shown that transition between step flow and step bunching during
the MOVPE growth of AIN can be controlled by growth parameters such
as V/III ratio and substrate off angle [6,7]. Furthermore, hexagonal
hillock morphology appears for GaN under N-rich condition in am-
monia MBE [4,8] and PAMBE [2,3]. These behaviors are attributed to
the kinetic effects: There is an energy barrier located at the step edges
called Ehrlich-Schwoebel barrier (ESB), which adatoms need to over-
come for diffusing down the step and attach to the lower step edge
[9,10]. Since the presence of ESB makes the asymmetry of adsorption-
desorption behavior of adatoms, it induces specific self-assembled sur-
face features such as step bunching and meandering [11-13].

Fig. 1 schematically shows the relationship between epitaxial
growth and ESB. During the step-flow growth adatoms attach to both
the downward or upward step edges as shown in the upper part of
Fig. 1(a), while the ESB prevents the incorporation at the downward
step edge (Fig. 1(b)). If the ESB is absent, adatoms can be incorporated
from both sides of step edges, and step-flow growth occurs when dif-
fusion length 2 is much larger than terrace width L. On the other hand,
if A is smaller than L, islands are formed in terrace region, as described
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in the bottom part of Fig. 1(a). If the ESB is present, adatoms are in-
corporated from only lower step, and the nucleation occurs at lower
step depending on the diffusion length.

Indeed, the observations of GaN(0001) surfaces in the MBE by
scanning tunneling microscopy (STM) clearly demonstrate these kinds
of behaviors [14]. The STM images have revealed that islands are
formed around terrace and step edges depending on the surface treat-
ment. In particular, triangular-shape islands have been observed in the
terrace regions of the surface with 2 monolayer (ML) excess Ga, in-
dicating the absence of ESB in both single and double layer steps. On
the other hand, the nucleation close to double layer steps of the surface
with 1 ML excess Ga has been found due to the presence of ESB only in
double layer steps. Furthermore, the nucleation on the surface without
excess Ga layers indicates the presence of ESB for both single and
double layer steps. In spite of these experimental findings, the effects of
ESB on the growth processes have never been examined from the atom-
scale viewpoints.

In our previous study, we have theoretically investigated adsorption
and desorption behavior on Ill-nitride surfaces during the epitaxial
growth and revealed characteristic features of adatom kinetics de-
pending on the growth condition such as temperature and pressure
[15,16]. Furthermore, we have recently investigated adsorption and
desorption behavior on Ill-nitride surfaces during the epitaxial growth
and revealed characteristic features of adatom kinetics depending on
the growth condition such as temperature and pressure [15,16]. In this
study, we systematically investigate the adsorption and desorption
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Fig. 1. Schematics of step-flow growth and nucleation on the terrace (a) without and (b) with an Ehrlich-Schwoebel barrier (ESB) at step edges with terrace width L.
The nucleation in the terrace occurs when L is much larger than the diffusion length of adatom 1.

behavior of adatoms on stepped GaN(0001) surfaces to clarify the ef-
fects of ESB barrier on the growth processes. On the basis of electronic
structure calculations within density functional theory (DFT), we ex-
amine adsorption and desorption behavior of Ga and N atoms on the
surface and discuss its difference between terrace and step edge regions.

2. Methods and models

The total-energy calculations are performed by plane-wave pseu-
dopotential approach using generalized gradient approximation [17]
within DFT. We use normconserving pseudopotentials [18] for Ga
atoms and ultrasoft pseudopotentials [19] for N atoms. Ga-3d orbitals
are adopted by nonlinear core corrections [20]. The calculations using
3d states as valence electrons have found that the structural and elec-
tronic properties with partial core corrections are identical to those
including 3d electrons as the valence band. The accuracy of the total-
energy difference between different structures is estimated to be within
0.1 eV.[21] The conjugate gradient technique [22,23] is utilized for
both electronic structure calculations and geometry optimization, and
the valence wave functions are expanded by the plane-wave basis set
with a cutoff energy of 30.25 Ry. The k-points sampling corresponding
to 216-k points in the (1 X 1) unit cell, which gives enough convergence
of total energy (within 0.06 eV) to discuss the relative stability, is
employed. The calculated lattice constants for GaN (a = 3.19 Aand
¢ = 5.25 A) in wurtzite structure agree well with the experimental
values [24] as well as previous calculations [25]. Computations have
been performed using extended Tokyo Ab initio Program Package
(xTAPP) [26,27].

In this study, we consider stepped surface models for the MBE
growth. Fig. 2 depicts the slab models to clarify the adsorption and
desorption behavior of Ga and N adatoms on stepped GaN(0001) sur-
face. We consider only single layer steps, and these are simulated by
vicinal (2 X 9) slab models consisting on six bilayer GaN terminated by
artificial H atoms [28]. The surfaces consist of two (2 X 4) terrace re-
gions and two single layer steps, resulting in periodic (2 X 9) vicinal slab
models. Details of the unit cell of vicinal (2 x9) slab models are de-
scribed in Fig. 3. Owing to the presence of step edges, the (2 x9) unit
cell is necessary to simulate the vicinal surface consisting of two (2 x 4)
and two single layer step edges. It should be noted that two different
atomic configurations labeled as Step A and Step B in Figs. 2(a) and 3(b)
appear at the step edge due to the stacking sequence (AB stacking) of
wurtzite structure along the [0001] direction. The slab models contain
12 A vacuum region to eliminate the interaction between adjacent
slabs, and various atomic configurations and structures are considered.
These models are constructed on the basis of electron counting (EC)
rule [29] and previously reported reconstructions on GaN(0001) sur-
face during the MBE growth [15,16,30-32]. Terrace regions are con-
structed by multiplying the (2 X 2) periodicity to satisfy the EC rule

[29]. The surface with N atoms (N,q) shown in Fig. 2(a) is constructed
based on the (2 x 2) surface with N adatom under N-rich condition and
that with Ga atoms (G,q) shown in Fig. 2(b) on the (2 X 2) surface with
Ga adatom under moderately Ga-rich condition. Furthermore, the sur-
faces with 1 and 2 ML excess Ga (Figs. 2(c) and 2(d), respectively) are
taken into account for the reconstructions under Ga-rich condition. In
order to determine the stable step edge structures, we evaluate the
formation energy of step edge Egym (4g,) as a function of Ga chemical
potential u,. The formation energy is given by

Etorm (Ju(}a) = Eiot — Eret — (Nga — nN);uGa — nxEgan, 1

where Ei and E, are the total energy of the slab under consideration
and that of the reference (i.e., ideal stepped surface), respectively. ng,
and ny are the number of excess or deficit Ga and N atoms with respect
to the reference, respectively, and Eg,y is the total energy per formula
unit of bulk GaN. The relationship between u;, and the chemical po-
tential of N (uy) expressed as ug, + py = Egan, is used as the equili-
brium condition.

The adsorption behavior along the [11700] direction on the vicinal
(2x9) surface is obtained from the calculated adsorption energies at
various positions. To elucidate adsorption and diffusion of adatoms on
the surface, the potential-energy profiles are calculated by fixing the
adatom in the [11700] direction at various positions and allowing the
relaxation of adatom normal to the [11700] direction, while the other
atoms are fully relaxed. The initial positions of the adatom are de-
termined on the basis of the results of adatoms on planar GaN(0001)
and AIN(0001) surfaces [33-36]. We use 27 inequivalent linear posi-
tions to sample the unit cell. The adsorption energy of Ga and N ada-
toms E,q is obtained by the total energy difference between the surfaces
with and without adatom. In addition to the calculations for potential-
energy profiles on the vicinal (2 x 9) surfaces, we calculate the poten-
tial-energies on flat (2 x 2) surfaces to clarify the effect of step edges on
the adsorption and desorption behavior of Ga and N adatoms. Details of
calculation procedure are described elsewhere [35].

3. Results and discussion

Fig. 4 shows the calculated formation energy of vicinal (2 X 9) sur-
faces as a function of yug,. It is found that the stable structure depends
on the Ga chemical potential and three types of structures can be
mainly stabilized during the MBE. The surface with Ga atoms shown in
Fig. 2(b) is stabilized under moderate Ga-rich and N-rich conditions (for
Mg, < —1.04 eV), while that with 1 ML excess Ga shown in Fig. 2(c) is
favorable under Ga-rich condition. Furthermore, the surface with 2 ML
excess Ga is stabilized close to Ga-rich limit for u;, > —0.03 eV. Since
the surface with N atoms is stabilized under N-rich limit, it is reasonable
to assign three types of reconstructions for the MBE. The trend of stable
structures is therefore similar to the trend of planar GaN(0001) surface
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Fig. 2. Geometries of vicinal (2 x 9) slab models for stepped GaN(0001) surfaces with (a) N atoms (N,q), (b) Ga atoms (Ga,q), (c) 1 ML excess Ga, and (d) 2 ML excess
Ga considered in this study. Green and purple circles denote Ga and N atoms, respectively. Dashed stepwise lines indicate the step and terrace regions along the
[11700] direction. Ga-Ga dimers formed at one of step edges are indicated by arrows. Note that periodic boundary conditions is imposed along the [11700] direction

and two single layer steps whose height is 2.63 Aare included in the unit cell.

[30]. It should be noted that different atomic configurations appear at On the basis of step edge structures obtained by the formation en-
the step edges due to the symmetry of wurtzite structure. Ga-Ga dimers ergies shown in Fig. 4, the adsorption and desorption of Ga and N is
are formed at the lower step edge of N,y and Ga,q shown in Figs. 2(a) examined. We note that the potential-energy profile near Step A is
and 2(b), respectively, to reduce the number of dangling bonds. Indeed, different from that near Step B due to the inequivalent step edges. Fig. 5
the difference in atomic configurations at the step edge is crucial for the shows the positions of Ga and N atoms and their potential-energy
adsorption behavior of adatoms, which is discussed later. profiles along the [11700] direction on the stepped surface with Ga
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Fig. 3. (a) Top and (b) side views of vicinal slab
model for ideal GaN(0001) surface. Green, purple,
and pink circles denote Ga, N and artificial H
atoms, respectively. Black circles represent the
atoms of step edges. Black rectangles represent the
unit cells. The unit cell is multiplied along the
[11700] direction for visual understanding. Dashed
stepwise lines in side view indicate step and terrace
regions along the [11700] direction. The surface
consists of two (2x4) terrace regions (red rec-
tangles) and two single layer steps, which results in
(2% 9) vicinal slab model. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Calculated formation energies of various step-edge structures on GaN
(0001) surface as a function of Ga chemical potential y,. The origin of u, is
set to the energy of bulk Ga. Geometries of step edges are shown in Fig. 2.

atoms shown in Fig. 2(b). As seen in the potential-energy profile of the
Ga adatom shown in Fig. 5(a), the most stable adsorption site is located
close to Step B with E,4 = —3.71 eV. This value is much lower than the
adsorption energy on the flat (0001) surface, indicating that the Ga
adatom is easily incorporated in the step edge. Another important
feature in the potential-energy profile is found in the step edge con-
sisting of Ga-Ga dimer. The adsorption energy is much higher than that
in the terrace regions. As a result, there is a large energy barrier to
overcome for diffusing down the step, which corresponds to the ESB.
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The values of ESB (Egsg) estimated from the difference in barriers for
step attachment between the upper and lower terraces are thus 1.0 eV
for Step A and —1.2 eV for Step B. By comparing the adsorption energy
with gas-phase chemical potential of Ga atom using the partition
function of translational motion for ideal gas (—3.5 eV)[37] at 1000 K
with low pressure condition, it is thus suggested that Ga adatoms near
the step edge with Ga-Ga dimer easily desorb from the surface in ad-
dition to the inhibition of Ga diffusion. Another important quantity for
step flow growth in MBE is the step attachment energy, which is the
energy difference between the adatom at the step edge and that at the
neighboring terrace. The calculated attachment energy is 1.27 (—0.78)
eV for Step A (Setp B), implying that the attachment of Ga adatoms is
preferable only at Step B.

In contrast, as for the adsorption of N adatom shown in Fig. 5(b),
there are large energy differences depending on the position of ad-
sorption sites. The most stable adsorption site for the N adatom is lo-
cated in the terrace region rather than step edges, and the value
(—5.04 eV) of E,q is much lower than that of Ga adatom. Due to the
large energy difference more than 2 eV between the most stable site and
the other site, it is expected that the N adatom hardly diffuses and is
trapped in the stable sites. Although the reduction of diffusion energy
barrier of N adatom in the presence of a nearby Ga adatom on the flat
(0001) surface has been proposed [36], the effect of Ga preadsorbed
atoms on the diffusion of N adatom is hardly found near the step edges.
The calculated attachment energies for the N adatom are 0.75 and
0.57 eV for Step A and Step B, respectively.

Fig. 6 shows the positions of Ga and N atoms and their potential-
energy profiles along the [11700] direction on the stepped surface with
1 ML excess Ga shown in Fig. 2(c). The potential-energy profile of the
Ga adatom shown in Fig. 6(a) reveals that the most stable adsorption
site is located close to the step edge. However, the adsorption energy
near Step B (E,qy = —2.68 eV) is close to those in the other positions.
The small energy difference in the adsorption energy is due to the
formation of Ga-Ga bonds between the adatom and topmost atoms
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Fig. 5. One-to-one correspondence between the position of the adatom and its adsorption energies along the [11700] direction for (a) Ga and (b) N near the step edges
on GaN(0001) surface with preadsorbed Ga atoms shown in Fig. 2(b). Side views of Ga and N adatoms at each position on the stepped GaN(0001) surface are shown
by blue and read circles, respectively. Green and purple circles denote Ga and N atoms of stepped surface, respectively. Calculated adsorption energies of Ga and N
atoms at the most stable site are also shown. Attachment energy of the adatom for each step edge is represented by green arrow. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. One-to-one correspondence between the position of the adatom and its adsorption energies along the [11700] direction for (a) Ga and (b) N near the step edges
on GaN(0001) surface with 1 ML excess Ga shown in Fig. 2(c). Notations of atoms are same as those in Fig. 5. Calculated adsorption energies of Ga and N atoms at the
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Fig. 7. One-to-one correspondence between the position of the adatom and its adsorption energies along the [11700] direction for (a) Ga and (b) N near the step edges
on GaN(0001) surface with 2 ML excess Ga shown in Fig. 2(d). Notations of atoms are same as those in Fig. 5. Calculated adsorption energies of Ga and N atoms at the
most stable site are also shown. Attachment energy of the adatom for each step edge is represented by green arrow.

irrespective of the position of Ga adatom. Furthermore, the energy
barrier for the Ga adatom around the step edge is at most 0.67 eV. The
calculated values of ESB are 0.19 eV for Step A and —0.14 eV for Step
B, implying that there is few specific energy barrier to overcome for
diffusing up and down the step. The calculated attachment energies for
the Ga adatom are 0.05 and —0.42 eV for Step A and Step B,

respectively.

The adsorption of N adatom shown in Fig. 6(b) is rather different
from that of Ga adatom. In the case of surface with 1 ML excess Ga, the
most stable adsorption site for the N adatom is located close to Step B
with E,y = —5.09 eV, but the value is only 0.2 eV lower than the other
positions. The small energy difference in the adsorption energy implies
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Fig. 8. Schematics of adsorption and desorption behavior of Ga adatoms near
the single step edges of reconstructed GaN(0001) surfaces with (a) Ga atoms,
(b) 1 ML excess Ga, and (c) 2 ML excess Ga obtained from Figs. 5(a), 6(a), and
7(a). The adsorption energies at terraces are obtained from the (2 x 2) flat slab
models. Stepwise lines indicate the step and terrace regions along the [11700]
direction. Shaded area denote Ga adlayer and Ga bilayer.

that the adsorption of N adatoms occurs not only near the step edge but
also in the terrace region. In addition, there is a large energy barrier to
overcome for diffusing upward the step, which corresponds to inverse
ESB. This is because the N adatom forms a single Ga-N bond resulting in
a high adsorption energy. The values of Egsy estimated from the dif-
ference in barriers for step attachment between the upper and lower
terraces are —0.23 eV for Step A and —0.39 eV for Step B. However,
the N adatom is also stabilized when it is located underneath the Ga
layer by forming Ga-N bonds: The adsorption energy for this config-
uration is —5.94 eV. Therefore, the N adatom tends to diffuse into the
bulk and is trapped in the adsorption sites underneath the Ga layer. The
calculated attachment energies for the N adatom are —0.13 and
—0.30 eV for Step A and Step B, respectively. For the N adatom on
planner GaN(0001) surface under Ga-rich condition, the diffusion
within subsurface has been verified [38]. This indicates that the diffu-
sion of N adatom within subsurface could occur even at the step edges.
Further calculations might be necessary for detailed understanding of
the diffusion of N adatoms at the step edges.

Similar trends in the adsorption and desorption behavior of Ga and
N adatoms on the surface with 1 ML excess Ga are found in the po-
tential-energy profile of the stepped surface with 2 ML excess Ga. Fig. 7
shows the positions of Ga and N atoms and their potential-energy
profiles along the [11700] direction on the stepped surface with 2 ML
excess Ga shown in Fig. 2(d). As shown in the potential-energy profile
of the Ga adatom shown in Fig. 7(a), the most stable adsorption site is

Journal of Crystal Growth 532 (2020) 125410

located close to the step edges, but the adsorption energy near Step B
(E,q = —2.80 eV) is close to those in the other positions. The energy
barrier for around the step edge is at most 0.74 eV, and the calculated
ESB is —0.07 eV for Step A and —0.32 eV for Step B. The values of
energy barriers for diffusion thus suggest that there is few specific en-
ergy barrier to overcome for diffusing up and down the step. The cal-
culated attachment energies for the Ga adatom are — 0.07 and
—0.13 eV for Step A and Step B, respectively. The most stable ad-
sorption site for the N adatom is located away from the step edges with
E,q = —5.02 eV, but the value is only 0.07 eV lower than those near
the step edges. The small energy difference in the adsorption energy
implies that the adsorption of N adatoms occurs not only near the step
edge but also in the terrace region. The value of Egsp estimated from the
difference in barriers for step attachment between the upper and lower
terraces is 0.28 (0.29) eV for Step A (Step B), which corresponds to the
attachment energy. Therefore, the N adatom diffuses in both terrace
and step edge regions with negligible ESB. Similar to the surface with 1
ML excess Ga, the N adatom is also stabilized with low adsorption en-
ergy (—5.35 eV) when it is located underneath the topmost Ga layer. It
is also expected that the N adatom tends to diffuse into the bulk and
affect the growth mode.

The calculated results on vicinal surfaces shown in Figs. 5-7 as well
as the results on flat (0001) surfaces suggest that Ga adatoms diffuse
much faster than N adatoms. Although this feature should be carefully
examined by considering the the enhancement of N diffusion [36,38],
we examine the Ga adatom diffusion on the stepped surfaces to un-
derstand the growth modes as follows. Fig. 8 illustrates the behavior of
Ga adatoms on the stepped GaN(0001) surface along the [11700] di-
rection depending on the reconstruction. The adsorption energies at
terraces in Fig. 8 are obtained from the (2 x 2) flat slab models. The ESB
of Ga adatoms is present for the surface without Ga layer (Fig. 8(a)),
while the ESB is negligibly small on the surface with 1 and 2 ML excess
Ga (Figs. 8(b) and 8(c), respectively). The presence of ESB on the sur-
face without excess Ga layers shown in Fig. 8(a) leads to the formation
of islands near the edges of descending steps, consistent with the STM
observation [14]. Furthermore, the absence of ESB and small diffusion
barrier for the surface with 1 and 2 ML excess Ga shown in Figs. 8(b)
and 8(c), respectively, suggests the inhibition of islands near the single
layer steps. This trend has been actually observed by the STM for the
surface with 1 and 2 ML excess Ga [14]. Furthermore, the absence of
ESB implies that islands can be formed in the terrace region depending
on the diffusion length. Although further studies to verify the presence
or absence of ESB in the double layer steps depending on the re-
construction should be necessary, our calculations clarify the effect of
ESB on the behavior of adatoms depending on the growth condition.

4. Summary

We have investigated the adsorption and desorption behavior of Ga
and N atoms at step edges of GaN(0001) surface on the basis of ab initio
calculations. We have found that the structure of single-layer step edges
along the [11700] direction depends on the growth condition.
Furthermore, the adsorption behavior of Ga and N adatoms close to
these step edges is found to be dependent on these structures. The Ga
adatoms are preferentially incorporated at the step edge with low ad-
sorption energy (—3.71 eV) and the ESB is recognized under moder-
ately Ga-rich and N-rich conditions, while the ESB is negligibly small
under Ga-rich condition. These results suggest that the nucleation
preferentially occurs in the terrace under Ga-rich condition, reasonably
consistent with the STM observation of GaN(0001) surface fabricated
by the MBE.
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