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GaN homoepitaxial growth by molecular-beam epitaxy under both excess gallium �Ga� and excess nitrogen
�N� conditions is investigated. Based on two-dimensional island shape and surface step structures, we suggest
the growth is kinetic-limited under the excess-Ga condition but diffusion-limited in the excess-N regime. The
triangular GaN islands and double step bunching seen on surfaces prepared under excess-Ga are attributed to
a difference in adatom attachment and/or site exchange rates between A and B steps, which is induced by
surfactant Ga adlayers on GaN�0001�.
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I. INTRODUCTION

Progress in III-nitrides in the past decades has been tre-
mendous, especially in the areas of material growth and de-
vice applications.1,2 Accompanied with such technological
advancements, knowledge of surface structure and film
growth kinetics of nitride films is also gained. For example,
it was realized based on both experimental and theoretical
studies that layers of gallium �Ga� atoms would wet the sur-
face of a growing film when a Ga-rich flux was used during
molecular-beam epitaxy �MBE�.3–6 These excess-Ga adlay-
ers in turn affected the kinetics of adatom diffusion7,8 and
island nucleation.9,10 On a bare GaN�0001� surface, the en-
ergy barrier for nitrogen �N� adatom diffusion was �1.5 eV
according to density-functional theory calculations,7 whereas
it was reduced to about 0.5 eV when diffusing along a path
underneath the surface excess metal adlayers.8 The conse-
quent enhancement of adatom diffusion would then give rise
to smoother and better quality epi-films, which were consis-
tent with experimental observations.11,12 On the other hand,
the surfactant effect of surface metallic adlayers also
changed island nucleation kinetics, and the experimentally
observed GaN “ghost” islands were seen to be directly re-
lated to surface Ga adlayers.9,10 The epitaxial growth mode
could also be changed by surfactant Ga when deposited on
some foreign substrates such as aluminum nitride.13

In an earlier study of GaN homoepitaxy by MBE under
excess-Ga fluxes, triangular island shape and double step
bunching were observed.14 Such morphological features sug-
gested anisotropic growth rates of surface steps, the kinetic
origin of which was not fully known. In this paper, we com-
pare GaN growth under Ga-rich versus N-rich conditions of
MBE and reveal different rate-limiting kinetics for different
deposition conditions. The kinetics leading to the triangular
island shape and double step bunching under excess Ga is
then examined. Using kinetic Monte Carlo �kMC� simula-
tions, factors such as adatom diffusivity and corner-crossing,
the energy barriers for adatom attachment at steps, and the
barriers for exchanging sites between atoms of the deposit
and surfactant Ga are all investigated.

II. EXPERIMENTS

Molecular-beam epitaxy of GaN films and subsequent
surface examinations by scanning tunneling microscopy

�STM� were conducted in a multichamber ultrahigh vacuum
�UHV� system, where the MBE reactor and the UHV-STM
chamber were connected via vacuum interlocks.15 The MBE
chamber was equipped with conventional effusion cells for
Ga and other group III metals plus a radiofrequency plasma
unit for N source. The MBE chamber also contained the
facility of reflection high-energy electron diffraction
�RHEED�, allowing in situ observations of growing surfaces
in real time. The base pressures of both MBE and STM
chambers were below 2�10−10 torr. However, in the MBE
chamber, the pressure increased to 5�10−5 torr during film
deposition at a N2 flow rate of 0.13 standard cubic centime-
ters per minute. Typical deposition rate of GaN was 0.1 bi-
layers per second �BLs/s� as measured by the RHEED inten-
sity oscillation.15

Nominally flat 6H-SiC�0001� wafers �Cree� were used as
the substrate for GaN deposition. They were diced into 11
�4 mm2 rectangular pieces and cleaned consecutively in ac-
etone, alcohol, and deionized water before being loaded into
UHV chambers. After a degassing procedure in vacuum
overnight at �400 °C, the substrates were deoxidized at
�1000 °C under a flux of silicon until sharp ��3
��3�R30° diffraction patterns were obtained as seen by
low-energy electron diffraction �LEED�. They were then
transferred to the MBE chamber, where thick ��0.5 �m�
GaN buffer layers were grown at 650 °C. The III/V flux ratio
for GaN buffer layer deposition was �2, which led to rela-
tively flat surfaces and the Ga polarity of the films.15 The
latter assignment for the film’s polarity was made based on
surface reconstruction observations by RHEED at different
temperatures and different Ga coverage.3–5 For some
samples, they were immediately cooled upon the completion
of buffer layer deposition to temperatures below 500 °C,
while for others an annealing procedure was adopted prior to
sample cooling. The films prepared using excess-Ga fluxes
contained excess Ga adlayers on surface,3–6 whereas for
those undergoing the annealing procedure, Ga adlayers were
desorbed and there was no excess Ga on the surface.

Island nucleation experiments were conducted on both
Ga-adlayer covered and bare GaN�0001� surfaces at
�500 °C. It was done by depositing a submonolayer mate-
rial �e.g., �0.3 BLs� on the buffer layer surface, where the
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low substrate temperature ensured the nucleation growth
mode due to reduced diffusion length of adatoms. Having
completed the submonolayer deposition, the samples were
thermally quenched by switching off the heating current
flowing through the long side of the rectangular sample
pieces. They were then examined by STM at room tempera-
ture at a tunneling current of 0.1 nA and sample bias of
−2.5 V.

III. RESULTS

Figure 1�a� shows an example of the buffer layer surface
prepared using an excess-Ga flux. It depicts the relative
smoothness of the surface as well as the particular features of
surface steps on GaN�0001�. On a large length scale, how-
ever, the surface is composed of spiral mounds due to pref-
erential growth at threading screw dislocations.16 The density
and size of the spiral mounds depend on the initial substrate
surface condition as well as the growth parameters used for
initial stage buffer film growth. An example of a well devel-
oped spiral mound is shown in Fig. 1�b�. Such spiral mounds
show hexagonal shape in their bases, reflecting the lattice
symmetry of wurtzite phase GaN on its �0001� plane. From
Fig. 1, one may also note that the steps are two bilayers high

running perpendicular to �101̄0� directions, i.e., there is a

double bilayer step bunching. Perpendicular to �112̄0�, how-
ever, one observes debunched steps. As explained in Ref. 14,
such step features are characteristic of a wurtzite crystal sur-
face. Another observation from Fig. 1�b� is the curved steps
far from the mound top but straight steps near the mound
top.

Figure 2�a� shows a GaN surface following a submono-
layer material deposition on the buffer layer surface at low
temperature using an excess-Ga flux, while Fig. 2�b� shows a

(a)

(b)
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FIG. 1. STM images showing �a� a GaN buffer layer surface
following deposition under excess Ga flux conditions, revealing the
particular step structure of the surface �image size 100 nm
�100 nm�, and �b� a similar surface viewed in a large length scale,
depicting the spiral mound caused by growth at threading screw
dislocations �image size: 1500 nm�1500 nm�.

(a)

(b)
FIG. 2. STM images of surfaces following �0.3 BLs GaN

deposition at �500 °C on �a� a GaN�0001� surface covered with
excess-Ga adlayers �image size: 200 nm�200 nm� and �b� a bare
GaN surface without the excess Ga adlayer �image size: 300 nm
�300 nm�.
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similar surface prepared on a bare GaN�0001� and using an
excess N flux. Comparing the two, one observes that the
island density, size, and shape are all different. In Fig. 2�a�,
islands are relatively large but low in density, showing dis-
tinct triangular shape. On the other hand, islands in Fig. 2�b�
are noticeably small but with a higher density. The shape of
the latter islands is more circular. Line profiles across the
islands reveal they are one bilayer high and so they are all
two-dimensional islands. It should be mentioned, however,
that for islands in Fig. 2�a�, they were mostly converted from
“ghost” islands by continuous STM imaging, which was de-
tailed in Refs. 9 and 10.

IV. DISCUSSIONS

A. Diffusion versus kinetic limited growth

The differences between the two surfaces shown in Figs.
2�a� and 2�b� obviously reflect different kinetics governing
the growth of GaN films under different flux and surface
conditions. Recent theoretical studies have revealed a signifi-
cant change in surface diffusion kinetics on excess-metal
covered GaN�0001� from that on a bare surface.8 A much
lower energy barrier for diffusion was found when excess
metal adlayers were present. The existence of excess Ga ad-
layers may also change the characteristics of surface steps,
affecting adatom attachment rates at steps. For growth on
bare surfaces, the high-energy barrier for diffusion leads to
high densities of nucleation islands, while limited edge dif-
fusion of atoms along the peripheries of islands makes the
island edges rough and less distinct in shape. The result of
Fig. 2�b� seems to conform to such expectations. In fact,
under such growth conditions, adatom incorporation at steps
readily occurs. The comparatively slower rate of adatom sur-
face diffusion than that of attachment at steps makes GaN
growth on its bare surface diffusion-rate-limited.17 In this
diffusion-limited regime, the difference in reactivity of sur-
face steps will not become manifest. The attachment rates of
adatoms at different steps, though they may differ, will all be
quicker than that of adatom transport to steps by diffusion, so
the step growth rate becomes determined by surface diffu-
sion and is isotropic.

Under Ga-rich fluxes and when the surface is covered by
excess Ga adlayers, the energy barrier for diffusion is signifi-
cantly reduced,8 so fewer islands are nucleated. Further, ex-
cess Ga atoms on the surface may decorate steps, passivating
the dangling bonds of edge atoms, so adatom attachment and
incorporation at those steps becomes difficult. It requires
overcoming additional energy barriers to displace these step-
decorating atoms,18 so the rate will become slower. The re-
duced rates of attachment at steps compared with the in-
creased rate of diffusion on terrace makes the growth
kinetic-limited.17 In this latter growth regime, any difference
between steps in their kinetic coefficients will lead to aniso-
tropic step growth rates and thus to step bunching and trian-
gular island shape, as seen by experiments.

For the kinetic-limited growth regime, there exist differ-
ent surface processes that may give rise to similar island
shape selection and/or step bunching. In the following, we
shall examine each individual process and identify the most

relevant kinetics governing GaN growth by MBE under ex-
cess Ga.

B. Kinetics leading to triangular island shape
and double step bunching

1. Adatom diffusivity, corner crossing, and detachment

As detailed in a previous paper,14 there are two types of
steps on a GaN�0001� surface: a type-A step which has two
dangling bonds per edge atom, and a type-B step, where
there is only one dangling bond per edge atom. The two steps
alternate upon turning 60° on the same surface or upon de-
scending a single or odd number of bilayer steps.14 One ap-
parent consequence of such a bonding characteristics is the
difference in binding energy between the two steps. For an
atom to detach from an A step, more chemical bonds need to
be broken, the rate of which will be noticeably smaller than
that for detachment from a B step. If not for detachment,
adatom diffusion along the step edges would also show dif-
ferent rates between the two steps. There can further be an
asymmetry in corner crossing of edge atoms when diffusing
from A to B versus that from B to A steps. All of these may
result in different atom fluxes to different steps and thus the
anisotropic growth rates of the step.

Unlike the case of GaN growth under excess N, signifi-
cant edge diffusion and corner crossing of atoms when de-
posited under excess Ga can be apparent from the compact
islands in Fig. 2�a�. Otherwise, less distinct or dendritic is-
lands would have resulted.19 Adatom edge diffusion is fur-
ther evident from the curved steps constituting the spiral
mound in Fig. 1�b�. Due to the point effect of island �mound�
edges, more atoms are captured by the corners of the mound,
which then diffuse away toward the centers of steps.19 If the
length of a step is longer than twice the diffusion length of
edge atoms, the initial straight step edge may not be main-
tained but a curvature will develop. In Fig. 1�b�, straight
steps are seen near the top of the spiral mound, where the
steps are short, whereas curved steps are seen away from the
mound top where they are longer. By measuring the length of
the step at which it starts to develop curvature, one may
provide a rough estimate of the edge diffusion length.

Some previous studies have shown, however, that adatom
edge diffusivity is not quite relevant to step growth rate.20,21

On the one hand, a low diffusion rate of atoms along steps
will result in high kink densities and thus promote incorpo-
ration of atoms at such steps. On the other hand, the low
diffusivity of atoms also means it takes longer for adatoms to
find the kinks. The two factors counterbalance each other,
therefore edge atom diffusivity will not have much influence
on step growth rate.21 Subsequent studies of the problem
revealed that the asymmetry of adatom corner crossing might
be more relevant.22 For example, a lower rate of adatom
transport from A to B by corner crossing than that from B to
A will generate a net atom flux from B to A, leading to a high
growth rate of A steps. Asymmetric corner crossing was
shown to account for the shape selection of Pt islands on its
�111� surface.22 For GaN growth concerned here, however, in
addition to triangular islands, double step bunching is con-
sistently observed in the step-flow growth regime �see, for
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example, Fig. 1 and those found during vicinal surface
growth16�. As for the latter, corners are rare in the length
scale of adatom diffusion and the steps are at different levels
for growth of vicinal surfaces, yet they grow at different
rates causing the step bunching. Asymmetry of edge atom
corner crossing cannot be the dominant factor here.

Another possible cause for island shape selection and step
bunching is the rate of atom detachment from steps. If these
rates are different for different steps, subsequent recapture of
the detached atoms by all steps naturally generates a net flux
from one step to another, giving rise to the anisotropic
growth rates. As some earlier works showed, such a factor
indeed resulted in island shape transition from initial hexa-
gons to triangles.20 For growth of vicinal surfaces in the
step-flow regimes, our kMC simulations also produced
double step bunching.23 However, in order to produce such
growth features, the temperature of deposition has to be high
so that atom detachment is significant. For GaN, the chemi-
cal bonds are quite strong ��2.1 eV �Ref. 24��, so it is highly
questionable whether atom detachment is active at the tem-
peratures of our experiments �T�500 °C for Fig. 2�a� and
T�650 °C for Fig. 1�. We thus may also rule out its rel-
evance to GaN growth considered here.

2. Energy barriers at steps

For growth of long steps and at moderate temperatures,
neither corner crossing nor atom detachment is relevant. So
we ought to seek some other causes for the observed growth
phenomena of GaN under excess Ga. In this subsection, we
examine the effect of step-edge barriers. Specifically, con-
sider growth of a vicinal surface of Fig. 3�a�. The step
growth rates may be expressed as

�xA,B

�t
= �A,B

+ �nA,B
+ − nA,B

0 � + �A,B
− �nA,B

− − nA,B
0 � , �1�

where t is the deposition time and xA,B are positions of A or
B steps. �± represent step kinetic coefficients expressing the
effectiveness of a step to capture adatoms from its upper
�+� or lower �−� terraces. n± is the adatom concentration in
the vicinity of a step during deposition while n0 is that at
equilibrium. The above one-dimensional expression obvi-
ously neglects the lateral fluctuations of steps, which may be
justifiable for straight steps. Under the condition of local
mass transport, i.e., when adatoms are confined within an
individual terrace bounded by nontransparent steps,25,26 one
may solve for n and find the step growth rate to be27–29

�xA

�t
= kA

−W + kA
+W+, �2�

�xB

�t
= kB

−W− + kB
+W , �3�

where constants k’s are proportional to �’s, and W’s are the
terrace widths.29 Subtracting the above two equations, noting
that W=xB−xA	0 when double step bunching has occurred
and W+	W− �statistically these two terraces are equivalent,
see Fig. 3�a��, one has30

�W

�t
� kB

− − kA
+ . �4�

In order to promote and maintain double step bunching
during growth, one obviously requires �W

�t �0, which means
that kB

− �kA
+. In other words, adatom capture by a B step from

its lower terrace has to be no more efficient than that for an
A step to capture adatoms from its upper terrace.30

To satisfy the above condition, we may let EB
−, the energy

barrier for a B step to capture adatoms from its lower terrace,
be greater than EA

+, the barrier for an A step to capture ada-
toms from its upper terrace �see Fig. 3�b��. A number of
surface energy profiles may be devised to conform to the
above condition. However, we first rule out those where EB

−

and EA
+ are both smaller than Ed, the barrier for adatom dif-

fusion on terraces. This is because such energy profiles will
make growth diffusion-limited. In other words, the smaller
EA,B

− and EA,B
+ make adatom attachment to steps quick pro-

cesses, and the step growth rate becomes limited by adatom
transportation to steps by diffusion. As noted earlier, under
such a circumstance, the difference in step kinetic coeffi-
cients between A and B may not manifest and step growth
rate is isotropic. Another set of energy landscapes that we
can also rule out is for cases in which EA

− �EA
+ and EB

− �EB
+,

otherwise it creates the so called Ehrlich-Schwoebel barriers
at steps.31 The existence of such energy barriers will either
create growth instability leading to multistep bunching or
oppositely stabilize growth giving rise to unbunched step
structures.29 Experimentally, we always observe double step
bunching while multistep bunching is observed only under
special occasions.32 Having ruled out all those mentioned
above, we are left with only an energy profile as shown in
Fig. 3�b�, where EA

− =EA
+ and EB

− =EB
+ and that EA�EB. Note

W−W +W

−
Bk

+
Bk

−
Ak

+
Ak

x
xB xA

Ed

E

+
AE

−
BE

En

(a)

(b)

(c)

FIG. 3. Schematic diagram showing in one dimension a vicinal
surface �a� and the associated energy landscape near steps �b�. A
simulated surface after growth of 100 layers is shown in �c�, where
it is assumed that Ed=1.0 eV, the binding energy En=1.0 eV, EA

±

=1.2 eV, and EB
± =1.3 eV. The temperature is 950 K and the depo-

sition rate is 0.1 layers per second. The dark and gray colors mark
the A and B steps, respectively.
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that both EA and EB are greater than Ed and that En�0 en-
sure the local mass transport kinetics considered here. KMC
simulations of growth of such surfaces indeed produced
double step bunching in the step-flow growth regime and
triangular island shape in the nucleation regime. An example
of the simulated vicinal surface in 1+1 dimension is shown
in Fig. 3�c�.

Physically, the higher-energy barriers at steps can be cre-
ated by surface excess Ga adatoms decorating the steps. For
a diffusing N atom to attach to the step, it needs to displace
the step-decorating Ga through a site-exchange process,
which costs additional energy.28 The difference between A
and B steps may originate from the difference in the number
of bonds it needs to break when displacing Ga.14

3. Exchange barriers

The precise nature of steps as affected by excess Ga is not
fully known at the moment. The assumption made above of
high-energy barriers at steps as caused by surface excess Ga
is thus speculative. There can be another scenario where ada-
tom incorporation at steps as well as on terraces both involve
the site-exchange process as proposed for surfactant medi-
ated growth,33 and the surfactant makes adatom surface dif-
fusion global. Figure 4�a� shows a schematic energy profile
for the case in which adatom diffusion on top of the surfac-
tant layer is dictated by the energy barrier Ed, while atom site
exchange on the terrace or at step sites is determined by the
barriers Eex and Eex� , respectively. Generally, adatoms diffuse
rapidly atop the surfactant layer �or within the excess Ga
adlayer8� with a smaller Ed. During diffusion, adatoms at-

tempt to exchange sites with surfactant atoms on terrace by
surmounting the energy barrier Eex and become buried un-
derneath the surfactant, which acts as the nuclei for island
growth, or they exchange sites at the peripheries of islands or
step edges by overcoming the barrier Eex� �Eex �the so called
aided exchange� and become trapped by steps.33 As is
shown, this kinetics is different from that considered in the
previous subsection, as now the surface has become globally
accessible by adatoms and the steps are transparent.25,26 Ada-
toms diffuse a long distance, crossing many steps, before
accomplishing the site-exchange event and becoming incor-
porated in film. In this latter case, adatom concentration n
will be fairly constant across the whole surface, and so, ac-
cording to Eq. �1�, the step growth rate is directly related to
the step kinetic coefficient �. If they are different between A
and B steps, anisotropic growth rates of these steps can be
expected.

Step kinetic coefficients � are primarily determined by the
energy barriers at steps, including Eex� introduced here. If Eex�
at step A and B differ, the growth rates of A and B steps will
be different, giving rise to the triangular island shape and
double step bunching on a wurtzite crystal surface. Figures
4�b� and 4�c� show simulated surfaces in 2+1 dimensions
following deposition on flat and vicinal hcp surfaces, respec-
tively, revealing the expected island shape and the doubly
bunched step structures.

Finally, it is noted that both kinetics of local adatom trans-
port considered in Sec. IV B 2 and that of global adatom
transport studied in this subsection result in the same growth
phenomena of triangular island shape and double step bunch-
ing. Thus, based on such morphological features alone, one
may not distinguish the two. Nevertheless, to account for the
larger EA and EB in Sec. IV B 2 and the Eex� in this subsec-
tion, we have invoked the same site-exchange process for
adatom step incorporation. If such a site-exchange process is
indeed involved during MBE of nitride films under excess
Ga, in the island nucleation regime, one expects to observe a
characteristic island size distribution that shows no peak ac-
cording to theoretical predictions.34,35 We thus have exam-
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FIG. 5. Island size distribution curves for two independent sets
of data prepared under similar excess Ga conditions �III/V �2� and
at 420 °C.
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barrier Eex
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on terrace with
barrier Eex
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ex ’
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FIG. 4. �a� A schematic of the surface energy diagram dictating
�1� adatom diffusion on a surfactant layer and for site exchange
with surfactant atoms at �2� steps or �3� on terraces. �b� A simulated
surface following 0.2 ML material deposition on a flat surface. �c�
A simulated vicinal surface following 10 ML deposition. In simu-
lation, it was assumed that the rates of exchange on a flat terrace
Rex, at A steps Rex

A and at B steps Rex
B , followed a relation

Rex :Rex
A :Rex

B =1:50:502 �which translated into an energy difference
between Eex and EA,ex� or between EA,ex� and EB,ex� of about 3.9kT�.
Size of �b� and �c�: 600�600 sites.
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ined many such islands and their size distributions are given
in Fig. 5 �see also Fig. 3 of Ref. 9�. The distribution curves
of two independent sets of data show no clear peaks, sug-
gesting that nitride growth under excess Ga may indeed be
surfactant mediated, involving the site-exchange processes.
As for the question of whether adatom diffusion is local or
global, however, the available experimental data are not suf-
ficient to distinguish the two; further studies are needed in
this regard.

V. SUMMARY AND CONCLUSIONS

Different morphologies of GaN are observed during
growth by MBE under excess-Ga and excess-N conditions.
The presence of Ga adlayers on surface changes the growth

from diffusion-limited to kinetic-limited regimes, and the
growth phenomena of triangular island shape and double
step bunching are seen only under excess Ga conditions. The
very kinetics leading to anisotropic growth rates of surface
steps is the different energy barriers for adatom incorporation
at A versus B steps and/or for site exchange between atoms
of the deposit and surfactant Ga. The surfactant Ga adlayer
makes adatom diffusion faster and yet its incorporation at
step difficult.
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