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Growth mode and surface morphology of a GaN film deposited
along the N-face polar direction on c-plane sapphire substrate
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Department of Electrical and Electronic Engineering, Shizuoka University, 3-5-1 Johoku,
Hamamatsu 432-8561, Japan

K. Mizuno, M. Yoshimoto, and H. Koinuma
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama 226-8502, Japan

A. Ohtomo and M. Kawasaki
Department of Innovative and Engineering Materials, Tokyo Institute of Technology, 4259 Nagatsuta,
Midori-ku, Yokohama 226-8502, Japan

~Received 1 December 1999; accepted for publication 10 April 2000!

The dependence of polar direction of GaN film on growth conditions has been investigated by
changing either the group-V/group-III ratio~V/III ratio ! in supplying the source gas or the
deposition rate. GaN films were deposited on a nitrided sapphire by two-step metalorganic chemical
vapor deposition. The surface morphology changed from flat hexagonal to pyramidal hexagonal
facet with the increase of V/III ratio. However, the polar direction of GaN on an optimized buffer
layer of 20 nm thickness was N-face (2c) polarity, independent of both the V/III ratio and the
deposition rate. The polarity of the GaN epitaxtial layer can be determined by that of an interface
~nitrided sapphire, annealed buffer layer or GaN substrate! at the deposition of GaN epitaxial layer.
The higher V/III ratio enhanced the nucleation density, and reduced the size of hexagonal facets.
The nuclei, forming the favorable hexagonal facets of wurtzite GaN, should grow laterally along the

$101̄0% directions to cover a room among the facets until coalescence. After coalescence,2c GaN
growth on a flat hexagonal facet results in a pyramidal hexagonal facet. The growth mode for2c
GaN has been discussed with respect to surface structure and migration length of adsorbing
precursors, in comparison with Ga-face (1c) GaN. © 2000 American Institute of Physics.
@S0021-8979~00!02114-9#
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I. INTRODUCTION

Major progress in growth techniques1–5 for GaN related
materials has led to the success of blue-light emitt
devices.6 The impact of this progress has extended not o
to the commercialization of the blue laser diode, but has a
contributed to the understanding of heteroepitaxial growth
a highly lattice-mismatched system. Generally, the surf
reactions are important for thin film growth.7 The adsorption,
migration and incorporation of precursors are influenced
either the atomic arrangement of a substrate or by a grow
surface. Since GaN has a wurtzite crystal structure hav
polarity along thec-axis direction, two surface structure
correspond to the polarity of GaN: the~0001! Ga face and

the (0001̄) N face, which are defined as1c or 2c, respec-
tively, in the present article. The1c surface is composed o
three dangling bonds of nitrogen that point up toward
c-plane surface, and the2c surface is comprised of a singl
dangling bond that points upward. This difference in surfa
structure indicates the importance of GaN polarity when c

a!Author to whom correspondence should be addressed; electronic
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b!Also at Research and Development Division, Sanken Electric Co. L
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sidering the growth mode of a wurtzite GaN, as well as
development of potential GaN materials for device appli
tion.

In contrast to the other III–V materials, devices based
GaN are fabricated on thec plane, which is a polar axis o
the material. Both the strain of GaN film and the polar dire
tion of GaN growth should determine the direction of t
piezoelectric field.8 This electric field is so crucial to the
device performance. For example, the optical character
tion of lnGaN quantum wells has been studied intensiv
with respect to the piezoelectric field.9–11 The application of
GaN materials in electronic devices such as the thin fi
transistor12,13 requires consideration of polar direction whe
designing these devices. Thus, the device application of G
based materials requires not only investigation of the pola
of GaN film,14–18 but also an understanding of the mech
nism that determines the polar direction of GaN growth.

We have investigated the determination of GaN polar
using coaxial impact collision ion scattering spectrosco
~CAICISS! analysis.19 The polarity was found to be control
lable by the GaN deposition procedures:~1! the nitridation of
sapphire substrate resulted in GaN growth with2c polarity,
and~2! the polarity should be attributed to that of the buff
layer annealed by heating the substrate up to 1040 °C19,20

Since the GaN polarity is attributed to that of the annea
buffer, we were able to control the polarity by changing t

il:

.,
8 © 2000 American Institute of Physics
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1159J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Sumiya et al.
annealing time.19 In addition to this interface, the kineti
effect during the growth must be taken into account wh
considering determination of the polar direction.

The purpose of the present study is to investigate2c
GaN growth on a nitrided sapphire by changing the grow
conditions and the film thickness. The dependence of p
direction on deposition rate and V/III ratio has been inve
gated. The hexagonal facet surface morphology of2c GaN
is not appropriate for fabricating the devices, even thou
the 2c GaN is theoretically required for devices with im
proved performance.21 As the first step to improving the
quality of 2c GaN, further clarification of film growth is
necessary. Although the growth of1c GaN has been clari
fied to a great degree,22 this knowledge cannot be applied
2c GaN growth directly because the surface structure of2c
GaN is different from that of1c GaN. As far as we know
there has been no report of GaN growth in which the pola
is clearly taken into account. The present report consid
growth mode of2c GaN film, using CAICISS to determine
the polarity of GaN growth. The surface morphology~hex-
agonal facet size of shape! for 2c GaN is discussed with
respect to nucleation density. In addition, the growth mo
for 2c GaN is also discussed based on the migration len
of precursors on the surface structures for2c GaN films,
compared to the case for1c GaN films.

II. EXPERIMENT

GaN films were grown by atmospheric pressure me
organic chemical vapor deposition~MOCVD! via a vertical
reactor using tri-methyl gallium~TMG! and ammonia as the
group III and group V sources, respectively. GaN films we
grown on a c-plane sapphire substrate by the two-st
growth technique. After the sapphire substrate surface
exposed to H2 flow for 5 min at 1080 °C (H2 cleaning!, the
surface was nitrided in NH3 gas flow for 5 min at the sam
temperature. A 20 nm GaN buffer layer, which had be
optimized in advance,20,23 was deposited at 600 °C under
constant V/III ratio of 15 000. The buffer layer was subs
quently annealed by ramping the temperature up to 1040
under a gaseous mixture of N2, H2 and NH3(2:3:3). GaN
epitaxial layer ~epi-layer! was deposited on an anneale
buffer layer at 1040 °C. Since the crystallinity of GaN film
deposited at lower temperatures is poor, in the present st
the temperature for epi-layer deposition was fixed
1040 °C. For the samples, the V/III ratio in the epitaxial la
ers was varied over the range from 1000
30 000 (TMG1.0– 4.2 sccm, NH3250– 1500 sccm). When
TMG and NH3 flow rates were changed, the gas flow rates
mixed gases of H2 and N2 were also changed in order t
maintain the total gas flow rate constant at 2.0l /min. The
film thickness was approximately 1mm. In our deposition
system, the deposition rate is limited by supplying TM
source gas. In order to observe the growth mode on the
trided sapphire, the film thickness was varied from appro
mately 50 to 1200 nm for the films that were deposited un
the V/III ratios of 5000, 15 000 and 30 000. In order to i
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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vestigate the kinetic effect on GaN growth, these samp
were deposited by varying not only the V/III ratio, but als
the deposition rate, from approximately 0.9 to 5.0mm/h, the
entire range of our system. In addition, a GaN homoepita
growth was performed on the GaN substrate that was gro
on c-plane sapphire by hydrogen vapor phase epita
~HVPE! and molecular beam epitaxy~MBE! under the same
conditions.

Optical microscope, scanning electron microsco
~SEM! and atomic force microscopy~AFM! were used for
the observation of the GaN surface morphology. Film thic
ness was evaluated by observing the cross section via S
After a surface was scanned over a wide area (10mm
310mm) by AFM, the detailed structure was observed ov
a small area (200 nm3200 nm). CAICISS analysis24,25 was
used to determine the polarity of the GaN film. The polar
of the GaN film was determined by comparing these res
with previously reported CAICISS results for GaN.19 The
full width at half maximum~FWHM! for rocking curves for
on-axis~0002! and off-axis (101̄2) planes was evaluated b
four-circle x-ray diffraction as the crystalline quality of Ga
films.

III. RESULTS

A. Surface morphology

All surfaces of the 1mm GaN films that were deposite
on the nitrided sapphire substrates showed hexagonal f
morphologies when the V/III ratio during GaN epitaxi
growth was varied over the range from 1000 to 30 000. F
ure 1 illustrates the surface morphology of GaN film dep
ited under a V/III ratio of 15 000 as observed by SEM. Tw
types of hexagonal facets were observed in the GaN surf
smooth facets~flat facet surface! and pointed facets~pyrami-
dal facet surface!. The size of hexagonal facets becam
larger when the V/III ratio was decreased down to 5000,
shown in Fig. 2. Although the surface of GaN deposit
under a V/III ratio of 1000 had a hexagonal facet surface,
size was much smaller than that deposited under a V/III ra
of 5000, and its corners were not sharp~forming a distorted
dodecagon!, presumably due to the excess Ga supply.
V/III ratio of 1000 ratio is considered to be too low for ou
MOCVD-GaN deposition system. The right axis of Fig.

FIG. 1. SEM image of GaN surface deposited under a V/III ratio of 15 0
on nitrided sapphire substrate observed from a 10° incline from the horiz
tal plane.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1160 J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Sumiya et al.
presents the ratio of flat facet in the observed area. This r
was evaluated based on optical microscope photogra
taken at 5003 magnification. The number of pyramidal he
agonal facets increased with the increase in the V/III ratio
the growth process.

The SEM image shown in Fig. 1 was observed from
10° incline from the horizontal plane. The sidewalls of bo
the flat and the pyramidal hexagonal facets are not steep
rather are sloped. The angle of these slopes is approxima
7°–8° and is much smaller than that of the facet pla
(101̄1)(54.74°) observed for GaN films deposited by sel
tive growth26 or lateral epitaxial overgrowth.27,28 Since no
plane in the structure of hexagonal crystalline GaN cor
sponds to this angle, we hypothesized that the slopes o
hexagonal facets may consist of a step and terrace struc
In order to verify this hypothesis, the GaN surface was a
observed by AFM. First, the AFM observation was pe
formed for the GaN film~V/III ratio of 7500! that had a
surface that was covered primarily by flat hexagonal facet
the range of up to 10310mm2 @Fig. 3~a!#. After this proce-
dure, the cantilever of AFM was moved down to point B
the slope, and its structure was observed in detail over
small area of 2003200 nm.2 As expected, the step and te
race structure was observed in the slope of the hexag
facets, as shown in Fig. 3~b!. The line profile shows a terrac
width of approximately 300 Å and a step height of appro
mately 20 Å. The step should consist of (1010̄) planes. AFM
images of the GaN film~V/III ratio of 30 000! having pyra-
midal hexagonal facets are shown in Figs. 3~c!–3~e!. A hole
having a diameter of approximately 300 nm was frequen
observed in the center of the pyramidal hexagonal facet
shown in Fig. 3~e!. According to a report by Qian, Rohre
and Skowronski, the presence of a hole in the center o
facet, called a nano-tube or an open core, can be attribute
spiral growth.29 Although further confirmation is required
the pyramidal hexagonal facets are believed to be cause
spiral growth because~1! the angle of the slope in the pyra
midal hexagonal facet becomes steeper as it approache
top of the facet, and~2! the terraces that are located on bo
sides are not symmetric, as shown in Fig. 3~d!. Thus, the
surface morphology of the GaN epi-layer on a nitrided s
phire was found to vary from flat to pyramidal hexagon
facet as the V/III ratio was varied.

FIG. 2. Dependence of average size of hexagonal facet~left axis! and ratio
of flat to pyramidal hexagonal facets~right axis! on V/III ratio from 1000 to
30 000 in the GaN epilayer growth process.
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B. Surface morphology and polarity

In order to investigate the correlation between t
growth conditions~V/III ratio or deposition rate! and the
polar direction, we measured CAICISS for GaN films th
were deposited at growth rates of 0.9mm/h ~V/III ratio of
21 000! or 5.0mm/h ~V/III ratio of 1000!. The surface of the
former GaN film~0.9 mm/h! was covered primarily with py-
ramidal hexagonal facets, and that of the latter GaN film~5.0
mm/h! is described in Sec. III A. As the CAICISS spectra
Fig. 4 show, both of these GaN films have2c polarity, as
revealed by comparison with2c GaN CAICISS spectra.
Since the other GaN films shown in Fig. 2 have hexago
facets,2c polarity is deduced for all the GaN films from ou

FIG. 3. AFM images of a GaN film surface that is covered by primarily fl
hexagonal facet~V/III ratio of 7500!: ~a! 10310mm2 and ~b! 20320 nm2

images observed at point B in~a!. GaN film surface covered primarily by
pyramidal facet:~c! 10310mm2, ~d! 2003200 nm2 observed at the top area
of ~c!, and ~e! a pyramidal hexagonal facet having a hole in the center
hexagonal facet in the range of 232 mm2. The lines in the images indicate
the line profiles shown below each image.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1161J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Sumiya et al.
previous experiment.19 It was confirmed that GaN films de
posited on the nitrided sapphire had2c polarity in spite of
their surface morphology, and that the kinetic effect~growth
rate! had no influence on the polar direction of GaN grow

Furthermore, in order to confirm the influence of polar
at the interface, the homoepitaxial growth was carried out
GaN substrates grown by HVPE or MBE, for which polari
was decided as1c and2c, respectively, by CAICISS. As
shown in Fig. 5, which indicates the CAICISS spectra,
GaN polarities on HVPE and MBE GaN are1c and 2c,
respectively. That is the polarity of the GaN grown on bo
of the GaN substrates was attributed to the polarity of
substrates. Although the growth conditions, such as V
ratio and deposition rate, can cause the surface morpho

FIG. 4. CAICISS spectra of GaN film on nitrided sapphire substrate de
ited under V/III ratios of ~b! 1000 and~c! 21 000. The spectra for~a!
1c GaN and~d! 2c GaN are also included as a reference.

FIG. 5. CAICISS spectra of GaN films on~a! HVPE GaN, and~b! MBE
GaN substrate.
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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to vary, the polarity of an interface~annealed buffer layer o
GaN substrate! at an epi-GaN growth can determine pol
direction.

C. Film thickness dependence of GaN growth with
Àc polarity

From the above-mentioned study in Sec. III B, all Ga
films grown on nitrided sapphire have2c polarity. We have
investigated growth mode and variation in surface morph
ogy as related to V/III ratio.

GaN films were grown on the nitrided sapphire substr
under a V/III ratio of 5000, 15 000, and 30 000 in GaN ep
layer by varying the film thickness. In this case, the depo
tion rate effect can be neglected due to the constant T
flow rate in GaN epi-layer deposition. Figure 6 shows mic
scopic images of the surface of2c GaN film when varying

s-

FIG. 6. Microscopic image of GaN surface having a varying thickness un
a V/III ratio of 30 000 deposited by controlling growth time on nitride
sapphire substrate: for film thicknesses of~a! 100 nm~5 min deposition!, ~b!
200 nm~10 min!, ~c! 400 nm~20 min! and ~d! 1200 nm~60 min!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1162 J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Sumiya et al.
the deposition time under a V/III ratio of 30 000. The ave
age size of the hexagonal facet is an approximately unifo
10 mm during the initial growth~100 nm!, as shown in Fig.
6~a!. During the initial growth of2c GaN, a lateral room is
observed among the hexagonal facets. The hexagonal fa
grow laterally with the increase in film thickness, and nuc
ation on a flat hexagonal facet at 400 nm is shown in F
6~b!. The size distribution of hexagonal facet is enhanc
with the increase in deposition time. The surface of this G
film at a thickness of approximately 1mm is predominantly
covered with pyramidal hexagon@Fig. 6~d!#. Figure 7 shows
the relationship between film thickness and the rocking cu
FWHM in GaN~0002! and (101̄2) planes measured by fou
circle x-ray diffraction~XRD!. Whereas the FWHM value o
GaN ~0002! is almost constant at 200 arcsec from the init
growth, the FWHM value of GaN (1012̄) improved with the
increase in film thickness. This variation indicates that h
agonal nuclei with high crystallinity along thec axis grow
laterally, and that the distribution of in-plane rotation is su
pressed with the increase in thickness.

What could determine the size of a hexagonal fac
Figure 8~a! shows the dependence of the average size
hexagonal facet on the film thickness for various V/III ratio
Figure 8~b! shows the density of hexagonal facet of Ga
films at a thickness of 100 nm as a function of V/III rati
Similar to the hexagonal facets shown in Fig. 6~a!, the top of
all hexagonal facets was flat during the initial growth, d
spite the V/III ratio. The density of hexagonal facet duri
initial growth is higher when the V/III ratio increases, ind
cating that nucleation at initial growth under the high V/
ratio ~N rich! occurs easily due to the large amount of nitr
gen arriving at the GaN growing surface. The hexagonal f
ets grow laterally to cover the room until they coalesce w
each other. The suppression of in-plane rotation in Fig.
probably due to the coalescence of hexagonal facets. It
pears that the lower the nucleation density~lower V/III ra-
tio!, the larger the size of hexagonal facet.

As indicated in Fig. 8~a!, the surface roughness (Rms) on
the flat hexagonal facet of the approximately 400-nm-th
film is much larger (Rms:1.3 nm) than that at a thickness o
less than 200 nm(Rms:0.23 nm) for a V/III ratio of 30 000.

FIG. 7. Variation of rocking curve FWHM value in GaN~0002! ~circle! and

(101̄2) ~triangle! planes deposited under V/III ratios of 15 000~closed sym-
bols! and 30 000~open symbols! on the film thickness measured by fou
circle XRD.
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Film having a greater thickness is likely to grow, forming th
pyramidal hexagonal facet. For the V/III ratio of 15 000, t
surface of the facet at the film thickness of 400 nm is
smooth asRms:0.18 nm, which indicates that the nucleatio
should occur scarcely on the flat hexagonal facet before
coalescence. More deposition is required in order for
coalescence to induce the nucleation on the flat hexag
According to this scenario, the formation of pyramidal he
agonal facet is expected for the deposition of thicker G
film, even under the lower V/III ratio. When 2-mm-thick
GaN was deposited under a V/III ratio of 5000, the surface
the film was almost covered by pyramidal hexagonal fac

IV. DISCUSSION

A. Substrate nitridation and GaN polarity

Sapphire substrate is often nitrided as a growth proc
of GaN deposition. When the sapphire is exposed to NH3 at
high temperature, AlN or AlNxO12x was formed.19,30,31Our
nitridation procedure formed AlNxO12x having a thickness
of approximately 12 Å, which corresponds to one unit
Al2O3 at the surface.32 The crystallographic orientation be
tween AlNxO12x and sapphire was obtained a

FIG. 8. ~a! Dependence of the average size of hexagonal facet on the
thickness for GaN deposited under the various V/III ratios: 5000~open
square!, 15 000~open triangle! and 30 000~closed circle!. ~b! Concentration
of hexagonal facet on the GaN surface at a film thickness of approxima
100 nm as a function of the V/III ratio.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 9. Atomic arrangement of1c and 2c GaN surface structures.~a! and ~c! are c-plane views for1c and 2c GaN, respectively.~b! and ~d! are

cross-sectional views along the@112̄0# direction for1c and2c GaN, respectively.
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@101̄0# AlN xO12x //@112̄0# sapphire. AlN formed by the ni-
tridation has2c polarity.33 This is considered to be the pr
mary reason why MOCVD-GaN film on a nitrided sapph
has2c polarity.

In GaN film deposition by MBE, a sapphire substrate
typically nitrided by exposure to nitrogen radicals.34–39

Therefore, it is reasonable that MBE-GaN has2c polarity,
as reported by several research groups.16,40–42and indicated
by the CAICISS analysis for MBE-GaN in the present stud
The nitrogen radical is so reactive that nucleation could
greater than in MOCVD. This appears to be similar to t
situation of a much higher V/III ratio in the MOCVD pro
cess. Based on the obtained results for MOCVD-GaN~Fig.
2!, the surface of the MBE-GaN is believed to be compos
of tiny hexagonal facets due to a higher nucleation dens
Therefore, MBE-GaN is thought to have a rougher surfa
than MOCVD-GaN, as reported by Angereret al.,34 and2c
polarity, due to the nitridation of sapphire substrate.

B. Growth mode of GaN film having Àc polarity

We have confirmed that all GaN films grown on a n
trided sapphire under the conventional MOCVD conditi
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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e
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have2c polarity and that the films grow by forming hex
agonal facets. The facet growth of2c GaN film seems to be
similar to the growth of the GaAs epitaxy on~111!B.43

Based on the results of GaAs epitaxial growth, during
surface migration process, the absorbed species~Ga! on the
growing surface desorb again before adhering to the st
sites. Once the adsorbed Ga atoms are incorporated in
film, As atoms adhere to the adsorbed Ga atoms. The gr
ing surface is covered with As atoms. When the density
the adsorbed species on the surface exceeds a certain v
the adsorbed species can form nuclei as a result of coa
cence of the adsorbed species. Once these clusters sti
the substrate surface or growing surface, they will act
growth nuclei and grow larger, gathering the migrating sp
cies. Thus, the surface migration and the desorption of a
toms are crucial to the formation of the nuclei.

In order to consider the growth of2c GaN, a schematic
diagram of the GaN surface structure is presented in Fig
Figure 9 presents the atomic arrangements of cross se

viewed along the@112̄0# andc plane for1c and2c GaN
structures. This is a simple illustration that ignores reco
struction. Taking both the Ga-limited growth and the lar
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1164 J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Sumiya et al.
amount of nitrogen into account, it can be assumed that
growing surfaces are terminated with nitrogen during
growth. Whereas the surface for1c GaN is covered with
nitrogens and their dangling bonds, that for2c GaN is com-
posed of Ga and N atoms in which a single dangling bo
points upward.

First, we consider Ga migration on N-terminated surfa
having 1c and 2c polarity. Figure 10 shows the surfac
morphology of the annealed buffer layers on non-nitrid
and nitrided sapphire substrate. Although the surfaces of
buffer layer on non-nitrided sapphire (1c) remains rough,
that on nitrided sapphire (2c) is quite smooth. These sur
faces act as the interface for the precursors of epi-G
growth. According to a report by Zywiets, Nuegebauer, a
Scheffler44 Ga migration length on2c GaN should be
longer than on1c GaN due to the number of nitrogen da
gling bond @Figs. 9~a! and 9~c!#. Since Ga adatom has t
break three Ga–N bonds during migration, a shorter mig
tion length can be expected for1c GaN than for2c GaN.

Next, we consider the sites at which Ga species are
corporated. Both surface structures have step edges. Fo1c
GaN, three nitrogen dangling bonds point up, as illustrate
Fig. 9~a!. The sites indicated by the dotted circles in F
9~b!, as represented by the dangling bonds A, B and C,
rather stable for Ga precursors. Whichever site Ga precur
adsorb on the1c surface, they are likely to be incorporate
there with less migration due to three dangling bonds
nitrogen on the surface. As a result, rather than late
growth, growth along thec axis is dominant for1c GaN. In
contrast, for the bond configuration at the step edge of2c

FIG. 10. AFM image (1mm31 mm) of 20 nm GaN buffer layers~a! on
non-nitrided and~b! on nitrided sapphire substrate after annealing for
min by ramping the temperature up to 1040 °C.
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GaN @Fig. 9~c!#, two dangling bonds of nitrogen on the to

surface point down along the@101̄0# and@011̄0# directions,
and one dangling bond of nitrogen in the second layer po
up. The step edge composed of dangling bonds D, E and
Fig. 9~d! can act as sink for the migrating species. Even
the adatom does not have sufficient migration length to
rive at the step edge, it can desorbe back into the gas p
due to a weaker adsorption of Ga atom to the underly
nitrogen for2c GaN growth. Therefore, the Ga adatom o
the2c GaN surface may be more likely to adhere to the s
of the step edge at which the step-flow mode domina
Once a Ga adatom is incorporated into a step edge, its
face can be terminated with nitrogen and another step e
can be created continuously. Consequently,2c GaN growth

takes place along thê101̄0& directions where these face
are formed, until the nuclei coalesce with each other.

As shown in Sec. III A, the pyramidal facet should b
caused by spiral-like growth on a flat hexagonal surfa
However, the hexagonal surface was so smooth that b
step-terrace structure and dark spots, corresponding
threading dislocation by a screw component,45 could not be
observed by AFM. Since the step edge barely works as
sink after the coalescence, the growth mode is transferre
spiral-like growth. Although the origin of the differen
growth mode remains unclear, impurities are regarded as
of the candidates for spiral growth, as reported by Lilient
Weberet al.,46 because the result of our secondary ion m
spectrometry~SIMS! analysis47 reveals that a greater amou
of carbon impurity in GaN having2c polarity was incorpo-
rated into the region of pyramidal facet~spiral-like growth!.
Further research on the origin of spiral-like growth is r
quired.

The following summarizes2c GaN growth based on
our experimental results:

~1! Nucleation takes place on a buffer layer having a smo
surface. Since the GaN film growth rate is limited b
supplying TMG source gas, the nucleation is more like
to occur under the higher V/III ratio condition~N rich!.
The larger the V/III ratio, the greater the amount
nucleation that occurs during the initial growth.@Fig.
6~a!#

~2! The hexagonal facets with flat surface, which show
high crystallinity along thec axis, were formed during
the initial growth.~Fig. 7!. These facets can grow late
ally due to the incorporation of Ga adatom at the s
edge on the2c GaN growing surface. Since the ste
flow growth mode dominates during the initial growt
the hexagonal facets grow laterally until they coales
@Fig. 8~a!#. The size of the hexagonal facets depends
the nucleation density.

~3! This coalescence predominantly determines the size

the hexagonal facet and improves FWHM of the (1012̄)
plane of the hexagonal facet~Fig. 7!. GaN begins to
grow even on the flat surface of the hexagonal facet.

~4! After coalescence, the growth along thec axis domi-
nates. A different growth mode~probably spiral growth!
occurs and the pyramidal hexagonal facets then incre
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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under the high V/III ratio. Thus, the surface morpholo
of GaN having the same thickness can be varied by va
ing the V/III ratio ~Fig. 2!.

V. CONCLUSION

We investigated the dependence of polar direction
GaN film on the growth condition of MOCVD. Although th
V/III ratio changed the size of the hexagonal facet and
surface morphology, it had no influence on the polar
Moreover, the kinetic effect~deposition rate! did not affect
the polar direction. MOCVD-GaN on a nitrided sapphire d
posited under the conventional growth condition has hexa
nal facet and2c polarity.

A step-flow growth mode dominates for2c GaN film
during the initial growth. The higher the V/III ratio, the mor
nucleation occurred. After nucleation on a nitrided sapph
2c GaN films grow laterally by a step-flow growth mod
along thê 101̄0& directions, forming a step and terrace stru
ture. As a result, a hexagonal facet is formed as the favor
structure of2c GaN. Since the hexagonal facets having
flat surface become larger, covering the room among h
agonal facets until they coalesce, the size of the hexag
facet tends to be smaller as the V/III ratio~higher nucleation
density! increases. The different growth mode that occ
after the coalescence can cause pyramidal facet forma
Since the thickness at the coalescence depended on the
ratio, the surface morphology, such as flat or pyramidal f
ets, was observed for2c GaN to have the same thickne
when the V/III ratio was varied.
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