RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 241308(R) (2009)

54

Large anisotropic adatom Kkinetics on nonpolar GaN surfaces:
Consequences for surface morphologies and nanowire growth
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The diffusion barriers of Ga and N adatoms on the nonpolar a- and m-plane surfaces have been studied
employing density-functional theory calculations. Our calculations reveal a strong in-plane anisotropy of the
diffusion barriers for both surfaces: for the a-plane surface larger diffusion lengths parallel to the ¢ axis are
observed. For the m-plane surface the in-plane anisotropy is reversed, and significantly smaller barriers are
found for diffusion normal to the [0001] direction. These results are consistent with the experimentally ob-
served in plane growth anisotropy of the nonpolar GaN surfaces. Moreover, they indicate that the large aspect
ratio achieved for c-axial GaN nanowires is not a consequence of a strong anisotropy in the adatom mobilities
but is rather related to surface thermodynamics and nucleation.
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GaN and related IIl-nitride-based semiconductors are ma-
terials widely used in the optoelectronics industry for short-
wavelength photonic applications as well as for high-
frequency high power devices. The majority of the devices
are traditionally grown on the ¢ plane of the wurtzitic struc-
ture. However, in order to avoid the built in spontaneous
polarization fields associated with the polar ¢ axis, the

growth of nonpolar a-(1120) and m-(1100) plane surfaces
has attracted considerable interest over the recent years.! A
characteristic feature in the growth morphology of nonpolar
GaN surfaces is a strong in-plane anisotropy: atomic force
microscopy images reveal elongated stripes along the [0001 ]

([1120]) direction on the (1120) [(1100)] surfaces.>”’” The
anisotropic in-plane growth character of the nonpolar GaN
surfaces has been attributed (i) to largely different adatom
sticking coefficients at the various low index step edges,? (ii)
to replicating the substrate morphology onto the film surface,
and (iii) to the presence of stacking faults.® A detailed study
on the adatom kinetics on the nonpolar GaN surfaces which
would provide a deeper understanding of the above issues is
lacking. Such a study would be also desirable to better un-
derstand and optimize the growth of modern one-
dimensional nanostructures. An example are GaN-based
nanowires (NWs) which have recently emerged as potential
candidates for nanodevice applications.”!® The majority of
the reported GaN NWs have their axial direction along the ¢
axis, while the facets are assumed to consist of nonpolar
surfaces.

Theoretical studies on the properties and growth of the
nonpolar GaN surfaces are sparse and focus mainly on the
atomic and electronic structure and the thermodynamics of
those surfaces.!!~'* Therefore, in this Rapid Communication
we present first-principles calculations on the adatom kinet-
ics on both nonpolar GaN surfaces. Our calculations are
based on density-functional theory using the generalized gra-
dient approximation and the projector augmented wave
approach.'>!® The calculated lattice parameters are a
=3.248 10\, c/a=1.629, and u=0.377. The surfaces are mod-
eled by a slab geometry consisting of six GaN double layers
and a vacuum region of 10 A. Equivalent 8 X4 X 1 and
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PACS number(s): 61.46.Km, 68.35.Fx, 81.05.Ea, 71.15.Nc

4 X4 X1 Monkhorst-Pack meshes are used for the 1 X1 m
and a surface unit cells, respectively. The bottom side of the
slab is passivated by partially charged pseudohydrogen at-
oms. The atoms in the top three layers have been allowed to
fully relax until the forces are smaller than 1 meV/A. The
potential-energy surface (PES) is calculated by fixing the
adatom laterally at various positions and allowing vertical
relaxation. For calculating the adatom adsorption energies
2 X 2 surface unit cells are used for both nonpolar surfaces.
Convergence with respect to cut-off energy, k-point sam-
pling, supercell size, slab, and vacuum thickness has been
explicitly checked and provides an accuracy in binding en-
ergies and energy barriers of better than 5 meV.

Using this approach we have studied the kinetics of a Ga
adatom on the m-plane surface. We use 18 inequivalent lat-
eral positions to sample the 1 X 1 surface unit cell. The cor-
responding energies are used to construct the potential-
energy surface based on an expansion in symmetrized plane
waves and employ a singular value decomposition to obtain
the expansion coefficients. The resulting potential-energy
surface is shown in Fig. 1(a). Our results show a single en-
ergy minimum. This minimum corresponds to an adsorption
position [point (m1) in Fig. 1(a)] where the Ga adatom forms
a bond with the N surface atom. The corresponding bond
length is 2.09 A which is by =5% elongated with respect to
the bond length in bulk GaN. The binding energy is 2.17
eV.!7 The energetically lowest transition site for diffusion
along the a direction is exactly at the midst of two N surface
atoms [point (t2) in Fig. 1(a)] and the corresponding barrier
is AE’f'[%lggf]:OQI eV. In contrast, the energetically lowest
transition site for diffusion along the ¢ direction is found to
be exactly at the midst of two Ga surface atoms [point (t1) in
Fig. 1(a)]. The corresponding barrier is significantly larger
(AEﬁ'Eb%lg?f =0.93 eV) than the one for diffusion along the a
axis.

A striking result of our calculations is the large anisotropy
in the diffusion barriers along and perpendicular to the ¢
axis. In order to understand the origin of the large anisotropy
in the diffusion barriers we plot the valence charge density
for selected lateral positions of a Ga adatom along the low
and high diffusion barrier paths. We chose four lateral posi-
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FIG. 1. (Color online) Contour plot of the PES for Ga adatom
diffusion on the (a) m-plane and (b) a-plane surfaces. White large
(small) balls correspond to first (second) layer Ga atoms and black
large (small) balls to first (second) layer N atoms. The black dia-
monds (denoted by ml and m2) represent minima and white dia-
monds (denoted by tl, t2, and t3) represent saddle points of the
PES. The white rectangles denote the corresponding 1X 1 surface
unit cells. The arrows denoted by (i)—(iv) show the lateral positions
of the Ga adatom shown in Fig. 2(i)—(iv), respectively. Each con-
tour line in both plots represents an energy step of 0.1 eV. Cold/
lighter (hot/darker) colors correspond to smaller (larger) energy
values.

tions for the Ga adatom: on top of a N surface atom [point (i)
in Fig. 1(a)], and at the transition sites for diffusion along the
a and ¢ directions [points (iii) and (iv) in Fig. 1(a), respec-
tively]. The corresponding plots are shown in Fig. 2. At the
first position which is close to the minimum of the PES the
Ga adatom forms a single strong bond with the nearest N
surface atom. In order to move the Ga adatom over to the
neighboring adsorption site this bond has to be broken. As
the adatom moves toward the next minimum (along the

[1120] direction) the system is initially able to conserve the
bond length [Fig. 2(ii)]. However, when the Ga adatom is at
the transition site [Fig. 2(iii)] it is no longer able to keep the
ideal bond length. The bond is stretched by =16% which
indicates a significant reduction in bond strength. This reduc-
tion in the original bond is to a large extent compensated by
the formation of a second bond. This bond is equivalent to
the original one and belongs to the next minimum the ada-
tom is jumping into. We can therefore state that the origin of
the low diffusion barrier along the a axis is the rather small

(i) (i) (iii) (iv)

2,

FIG. 2. (Color online) Cross-sectional view of the valence
charge density for selected points of the low-energy diffusion path
of a Ga adatom on the m-plane. The corresponding lateral positions
[(1)—(iv)] are indicated by the four arrows in Fig. 1(a). Large (small)
balls denote Ga (N) atoms. Hot/dark colors represent larger charge-
density values.
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FIG. 3. (Color online) Schematic (top) view of a Ga adatom at
three selected lateral positions along the low barrier diffusion path
on the a-plane surface: (i) at the minimum of the PES [point (m1) in
Fig. 1(b)], (ii) at the transition point [point (t1) in Fig. 1(b)], and
(iii) at the shallow valley of the next PES minimum [point (p) in
Fig. 1(b)]. Green/light (blue/dark) balls denote Ga (N) atoms.

separation distance of two neighboring N surface atoms
(=3.25 A), which allows the Ga adatom to form the new
Ga-N bond before the original one is broken. In contrast to

the diffusion along [1 120], the distance between two minima
along the [0001] direction is as large as =5.29 A. In order to
move the Ga adatom along this direction the strong covalent
cation-anion bond has to be broken and be replaced at the
transition point [point (t1) in Fig. 1(a)] by two rather weak
metallic Ga-Ga bonds (bond length 2.67 A). The corre-
sponding charge-density plot is shown in Fig. 2(iv). As a
consequence of the unfavorable barrier geometry, the Ga
adatom exhibits a substantially larger energy barrier for dif-
fusion along the ¢ direction.

Next we focus on the diffusion of a Ga adatom on the
a-plane surface. We use 35 inequivalent lateral positions in
order to sample the potential-energy surface which is shown
in Fig. 1(b). Our results show two minima which are denoted
as (ml) and (m2) in Fig. 1(b). Both are located close to the
two N surface atoms. The corresponding Ga-N bond length
is 2.15 A which is slightly larger (=8%) compared to the
corresponding bond length in bulk GaN (1.98 A). In addi-
tion to the bulklike bonds, it forms two bonds with neighbor-
ing surface Ga atoms. The corresponding bond lengths 2.78
and 2.91 A are close to the nearest-neighbor distance in bulk
a-Ga [2.79 A,'8 see also Fig. 3(i)]. The binding energy of
the Ga adatom at this site is 2.30 eV.!” To move to a neigh-
boring minimum three barrier configurations (transition
points) denoted as (t1), (t2), and (t3) exist: (t1) and (t2) are
symmetry equivalent and correspond to the diffusion barriers
when going along the ¢ axis (i.e., along the Ga-N dimer
chains), while (t3) is the barrier for crossing one of the
chains, i.e., for moving along the m axis. Our calculations
reveal a strong anisotropy for diffusion along and perpen-
dicular to the Ga-N dimer chains: The diffusion barrier along
the ¢ axis is AEﬁ’f&%‘ﬁ:OBZ eV, while for diffusion perpen-
dicular to it, it is almost two times larger: AE‘IF&%‘(‘)CI]
=0.63 eV. The diffusion along the low barrier path on the
a-plane surface is schematically shown in Fig. 3: The diffu-
sion can be viewed as a zigzag jump of the Ga adatom be-
tween two adjacent Ga-N dimer chains. The fact that the Ga
adatom is able to form alternating bonds explains the low
diffusion barrier along this path.

The anisotropy in the kinetic parameters of the Ga ada-
toms may be attributed to the specific geometry and stoichi-
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TABLE I. Ga adatom diffusion barriers Eg;s on a- and m-plane
Ga-N dimer surfaces for migration paths parallel and normal to the
¢ axis and the corresponding axial over lateral diffusion length ra-
tios for 1000, 1150, and 1400 K, characteristic of molecular beam
epitaxy (MBE) growth of GaN, of NWs, and hydride vapor phase
epitaxy (HVPE) growth of GaN films, respectively.

Laxial / Llateral

Il to [0001] L to[0001]
Surface (eV) (eV) 1000 K 1150 K 1400 K
a-plane 0.32 0.63 6.042 4.778 3.614
m-plane 0.93 0.21 0.015 0.026 0.051

ometry of the nonpolar GaN surfaces: These surfaces consist
of two chemically very different species which exhibit dif-
ferent bonding properties in terms of enthalpies and lengths
with the Ga adatoms, i.e., weak metallic Ga-Ga bonds versus
strong covalent Ga-N bonds. Moreover, due to the specific
symmetry of the nonpolar surfaces and the relatively small
lattice constant of GaN, kinetic pathways are realized which
allow the Ga adatoms to efficiently compensate for the
strong covalent bonds they form at the PES minima. These
geometry driven directions correspond to the low diffusion
barrier pathways. Therefore the low diffusion barrier path on
the m-plane (a-plane) surface is normal (parallel) to the ¢
direction where the separation distance between two neigh-
boring adsorption sites is =3.25 A (=3.23 A), respectively.
We note, that in contrast for the high barrier diffusion paths
the separation distances are =5.29 A and =~5.63 A for m
and a planes, respectively. The migration barriers for both
nonpolar surfaces are summarized in Table I. We note that
the Ga adatom kinetics on the nonpolar surfaces are qualita-
tively different to that on polar GaN surfaces.'” Polar sur-
faces are strongly Ga stabilized, and the adatom surface in-
teraction is dominated by delocalized metallic Ga-Ga bonds:
as a consequence the diffusion barriers are low and isotropic
with values of =0.4 eV and =0.2 eV for the (0001) and

(0001) surface, respectively.

Finally, we studied the diffusion of a N adatom on these
surfaces. Our results show for this case qualitatively different
adatom kinetics: placing a N adatom close to a surface N
atom, it attracts the N surface atom, forms a strong N-N
bond, and desorbs together with a surface N atom as a N
molecule. This hitherto not reported behavior has been found
for both a- and m-plane surfaces. We therefore conclude that
both nonpolar and stoichiometric surfaces are unstable
against atomic N. Moreover, this finding clearly indicates
that the diffusion anisotropy on the nonpolar surfaces can be
attributed solely to Ga adatoms: they thus constitute the rate
limiting factor in adatom kinetics. This is in clear contrast to
the adatom kinetics on the polar GaN surfaces where calcu-
lations by Zywietz et al.'® revealed that N-rich surface mor-
phologies can be kinetically stabilized on the polar GaN sur-
faces and that N adatoms diffuse significantly slower than Ga
adatoms and are therefore the rate limiting factor.

The calculated strong in-plane anisotropy of the Ga ada-
tom kinetics is an inherent and universal characteristic of the
atomic geometry and chemistry of stoichiometric nonpolar

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 241308(R) (2009)

GaN surfaces. It is also in accordance with the experimen-
tally observed slatelike morphology on nonpolar surfaces.
Although also other mechanisms such as surface preparation,
off-axis substrates, and/or the presence of stacking faults
may cause surface anisotropy, we note that the fast diffusion
directions agree with the experimentally observed orientation
of the slates. Recent experimental reports also provide strong
evidence that the in-plane growth anisotropy is reduced by
increasing the growth temperature.?? This observation is con-
sistent with our data (Table I): with increasing temperature
the anisotropy in the diffusion lengths decreases. It also ex-
plains the m-plane GaN quantum dot to quantum wire tran-
sition reported recently by Amstatt el al.?!

Recent experiments provide evidences that the side facets
of the c-axis GaN NWs consist of m-plane surfaces.?>?3 This
is consistent with previous'! and our present results that the
m plane has a =5 meV/A? lower surface energy than the a
plane. Based on the corresponding diffusion barriers a quali-
tative analysis on the anisotropy of the Ga adatom diffusion
lengths can be drawn. Thgliffusion length Ly for an ada-
tom is proportional to ~\I'7, where 7 is the average adatom
life time, e.g., the time between the events of adatom adsorp-
tion and adatom incorporation or desorption. I is the diffu-
sion coefficient which is proportional to ~exp(—Eqs/ kgT),
where E g is the diffusion barrier and kg and T are the Boltz-
mann constant and temperature, respectively. Assuming typi-
cal growth temperatures of 1000 K we find that for the dif-
fusion of the Ga adatoms on m-plane side facets the axial
diffusion length is by 2 orders of magnitude smaller than the
lateral one (see Table I). On the other hand the axial diffu-
sion length on the a-plane side facets is by 1 order of mag-
nitude larger than the lateral one. Thus, the diffusion induced
mechanism, which describes the growth of a NW by material
transfer from the side facets to the top, will be less pro-
nounced on m-plane side facets. An interesting conclusion of
these results is that only Ga adatoms adsorbing in close prox-
imity to the top of the NW are able to reach the top before
getting desorbed or incorporated into the side facets. There-
fore only a small fraction of Ga adatoms reaching the wire
contribute to axial growth. Alternatively at the edges of the
NW a-plane facets may form which provide much faster
diffusion to the top. This conclusion is consistent with ex-
perimental observations on MBE grown GaN NWs: Based
on SEM micrographs the adatom diffusion length on the NW
side facets was estimated to be less than 100 nm.?*

Our calculations further revealed that stoichiometric non-
polar GaN surfaces, which are thermodynamically stable for
a wide range (moderate to N rich) of N chemical potentials,'#
are intrinsically unstable against atomic N. Since it is not
clear whether the active N in, e.g., a plasma-assisted MBE
chamber corresponds to atomic N, charged N, or excited mo-
lecular N, further experiments are required in order to eluci-
date the role of N on the growth kinetics of the nonpolar
GaN surfaces. N-rich surface configurations or reconstruc-
tions are thermodynamically highly unfavorable even for ex-
treme N-rich growth conditions. This is in contrast to the
c-plane GaN surfaces where N adatoms can be either ther-
modynamically stabilized in the form of a 2X2 N adatom
reconstruction for extreme N rich conditions® or kinetically
due to the huge N adatom diffusion barriers.!® Therefore,
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island nucleation and Ga adatom incorporation events are
expected to be more probable and frequent on the c-plane
surface which forms the top of the NW. The higher nucle-
ation rate at the top is expected to promote the axial over
radial growth of the NWs. A consequence of this finding is
that the NW diameter should be preserved during growth.
This has indeed been observed experimentally by Risti¢ et
al.®® A counterintuitive consequence of this mechanism is
that under N-rich conditions N adatoms will be the limiting
factor for island nucleation.

In summary, we have investigated adatom kinetics on a-
and m-plane GaN surfaces using density-functional theory.
We have found a strong in-plane anisotropy of the diffusion
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barriers for both surfaces: on the a- (m-)plane surface Ga
adatoms exhibit substantially smaller (larger) diffusion barri-
ers along the ¢ axis. These findings have interesting conse-
quences on the growth of GaN NWs oriented along the ¢
axis: the larger axial over lower radial growth rates cannot be
attributed only to the diffusion-induced mechanism. Rather
the c-oriented NW growth is promoted by the larger nucle-
ation and incorporation rates on the top NW surface with
respect to the corresponding rates on the side facets.
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