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Atomistic investigation of various GaN „0001… phases on the 6H-SiC„0001… surface
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A number of superstructures of the GaN~0001! surface have been investigated systematically by reflection
high-energy electron diffraction, scanning tunneling microscopy, and first-principles theoretical calculations.
The GaN-thin films are grown on the Si-terminated 6H-SiC~0001! surface by an N plasma-assisted molecular-
beam epitaxy under the Ga-rich condition. While the as-grown GaN surface is revealed to be a featureless 131
structure, post-growth deposition of Ga at lower temperatures results in the formation of a series of ordered
structures, such as 232, 434, 535, 5A332A13, A73A7, and 10310 in the order of the increasing Ga
coverage. An 131-Ga-fluid structure is obtained with the highest Ga coverage. Neither ordered structure nor
smooth morphology has been observed under the N-rich regime. We conclude that the atomic structures of all
these Ga-rich phases can be described best by a Ga-adatom scheme. We further show that the 535 and
5A332A13 phases are two configurations that exhibit a unique one-dimensional characteristic in the adatom
arrangement. Their structures can be understood by Peierls distortion against Fermi-surface instability under
the Ga-adatom scheme.@S0163-1829~99!10719-7#
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I. INTRODUCTION

Group-III nitrides~AlN, GaN, InN, and their alloys! have
been known for their enormous potential in the applicatio
for optoelectronic devices operating in the spectral ra
from blue to ultraviolet.1 Recent rapid development in blu
light emission devices, such as light-emitting diodes and
ser diodes fabricated by nitrides has greatly stimulated
interest in the study of these materials.2 Due to the difficulty
in making bulk materials, GaN thin films are obtained
epitaxial growth on other dissimilar materials with lattic
mismatch. As any epitaxial growth of a thin film is esse
tially a surface process, a study of the film surface struct
is of fundamental importance and it should subseque
help us to optimize the growth conditions for achieving hig
quality films.

GaN crystallizes into two types of crystal structures:
stable hexagonal~wurtzite! GaN phase and a metastable c
bic ~zinc-blende! GaN phase. The hexagonal GaN is co
monly grown by metallorganic chemical-vapor depositi
~MOCVD!, and molecular-beam epitaxy~MBE! on the basal
plane of sapphire and 6H-SiC. Since there is no revers
symmetry in the bulk, the hexagonal GaN epitaxial fi
grown along the polar axis of the substrates always exhi
polarity; either the~0001! surface known as the Ga polarit
or the ~0001̄! known to be the N polar.3 These two techno-
logically important surfaces are found to possess some
ferent properties, especially in their surface structures.3,4 So
PRB 590163-1829/99/59~19!/12604~8!/$15.00
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far, a number reconstructions of the wurtzite GaN formed
sapphire and 6H-SiC have been reported, such as 131, 232,
233, 332, 334, 434, and 535, based on the reflection
high-energy electron diffraction~RHEED! observations.5,6 In
those studies, both the surface polarity and its correla
with the surface structure are not understood. Recen
Smith and co-workers7–10 carried out a careful scanning tun
neling microscopy~STM! and RHEED study on the surfac
structures of the GaN films with the definite polarity; whi
the N-polar~0001̄! surface grown on sapphire by MBE ex
hibits the 333, 636, andc(6312) reconstructions, the ho
moepitaxially grown Ga-polar~0001! surface was found to
have different structures, such as 232, 535, and 634 recon-
structions, demonstrating a strong influence of the surf
polarity on the surface structure. Among these reconstr
tions, the 232 phase is believed to be the most importa
basis for the Ga-polarity film,3,8 and an indicator of optima
conditions for smooth morphology during MBE growth
However, the fact that an exhaustive search of the 232 phase
was not successful suggests that it is very difficult to acc
kinetically or might be stabilized by the presence of ali
atoms.10 So far there is very limited information on th
atomic structures of the Ga-polar GaN (0001) surfa
phases. Knowledge in this aspect is important for furth
understanding the unique properties of GaN.

In this paper, we report a systematic STM study on
structures of the Ga-polar GaN~0001! surface grown on the
Si-terminated 6H-SiC~0001! substrate. The long-range o
12 604 ©1999 The American Physical Society
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dering of the surface is established by the RHEED patt
and further confirmed by STM. No ordered surface has b
observed under the N-rich conditions and the films repor
in this paper were prepared under the Ga-rich conditio
Post-growth Ga deposition on the as-grown surface follow
by subsequent annealing at low temperatures results in
formation of a number of well-defined reconstructions w
smooth morphology, which has allowed us to study them
STM. These reconstructions are 131, 232, A73A7, 434,
535, 5A332A13, 10310, and most Ga-rich 131 fluid.
Based on the obtained high-resolution STM images, pre
ration conditions and theoretical calculations, we will pres
a detailed discussion of the atomic structures of these pha

II. EXPERIMENT

The experiments are performed in an UHV dual-cham
MBE-STM system that has advantage for thein situ study of
the epitaxial films.11 An atomically clean and flat 6H
SiC~0001! substrate surface~n-type-doped 231018 cm23,
by Cree Research Corp.! is prepared by a two-step method
hydrogen etching followed by annealing under Si flux
UHV. The details of the preparation process have been
scribed elsewhere.12 The GaN film is grown by solid sourc
MBE and atomic N is supplied from an EPI RF N plasm
source. The growth starts with nitridation of the S
terminated SiC~0001!-333 surface followed by an AlN
buffer-layer deposition at 750 °C. Then, the substrate te
perature is lowered to 650 °C and the GaN film is gro
under the Ga-rich condition at a growth rate of;1000 Å/h.
The N plasma source is operated at 250 W with typica
pressure of 7.531025;1.031024 Torr. After two hours of
growth, a specular surface with interference color usua
forms. The growth is terminated by turning off the N plasm
followed by 2 ML Ga deposition at the growth temperatu
and then the sample is quenched to room temperature
~131! RHEED pattern is observed for the as-quenched s
face. When about 1 ML Ga is deposited on the surface
room temperature followed by 10 min annealing at 200
the 232 phase appears. Further annealing of the 232 surface
results in the 434 and 535 phases. The 5A332A13,
A73A7, and 10310 are prepared in a similar manner~the
conditions are described in later sections!.

III. RESULTS AND DISCUSSION

A. Surface polarity

One notes that there is no reversed symmetry center
the hexagonal crystal structure of wurtzite GaN; the~0001̄!
polarity ends with a Ga-N bilayer with the N terminatio
whereas the~0001! ends with a N-Ga bilayer with the G
termination.3 Such a polarity variation produces essentia
different structures on the surface, and more importantl
results in different growth processes. In order to investig
the surface structure and to understand the epitaxial proc
it is necessary to determine the film polarity first.

Our GaN thin film is assigned to have the~0001! Ga
polarity based on the following considerations:

~I! The initial stage of the film nucleation process.When
we deposit Ga and Al~from submonolayer to 3 ML! on the
Si-terminated 6H-SiC~0001! substrate followed by low-
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temperature annealing~below 600 °C!, not much change in
the substrate structure and morphology is observed. O
some two-dimensional~2D! or 3D Al islands~depending on
the amounts of Al deposited! or Ga droplets are distribute
randomly on the surface. Annealing at higher temperatu
~up to 700 °C! leads to desorption of all Al and Ga. On
example is shown in Fig. 1. The deposited Al simply form
2D islands, and the surrounding 333 structure of the SiC
remains intact, suggesting a low reactivity of Al/Ga with th
Si and the preferential N-Si bonding at the interface.13

~II ! The observation of the different surface reconstru
tions compared with the (0001)̄ surface.If our film has the
~0001̄! polarity, we should steadily observe the 131, 333,
and 636 structures, as reported by Smithet al.7 However, in
spite of the very similar post-growth treatment conditions
Smith et al., a completely different set of structures~232,
A73A7, 434, 535, and 5A332A13, etc.! are observed,
which are in agreement with the observations reported on
~0001! surface.8

We attempted to start the nitride growth with Al and G
deposition for the~0001̄! polarity, but no good film was ob-
tained. This is due probably to the intermixing Ga-Si a
N-Si bonding, which results in poor crystallization. The p

FIG. 1. Filled-state STM image of the 6H-SiC~0001! Si-333
surface deposited with 0.05 ML Al at room temperature, follow
by annealing at 600 °C for 10 min. The Al forms two-dimension
islands on the 333 surface. No new surface reconstruction has be
induced under various Al coverages and annealing temperatu
The tunneling current (It ) is 40 pA and the bias voltage (Vs) is
23.0 V.

FIG. 2. Filled-state STM images of the as-grown 131 surface of
GaN: ~a! 1500 Å31500 Å, ~b! 250 Å3250 Å. The arrows indicate
the defects on the surface.It 580 pA, Vs522.8 V.
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12 606 PRB 59QI-ZHEN XUE et al.
larity of GaN/SiC has been examined by theory14 and other
experiments.15 The results also support the present~0001!
assignment. In addition, we performed chemical wet etch
to check the epitaxial GaN films polarity.8,16 Although a
smooth morphology was observed, our result is prese
inconclusive because of insufficient amounts of data w
different polar surface. A study of the GaN surface on
C-terminated 6H-SiC~0001̄! is currently underway.

B. As-grown „131… surface

Figure 2~a! shows the morphology of the as-grown Ga
surface obtained under the optimal growth conditions. T
surface is characterized by a well-defined terrace-plus-
structure with a measured step height of 2.55 Å~correspond-
ing to the bilayer height of the hexagonal GaN along thc
axis!. This surface is typical and the area extends to appr
mately 0.5mm, indicating a smooth morphology, substan
ating the advantage of the SiC substrate and AlN bu
layer. At the different film thickness the surface exhibits d
ferent interference color, another indication of the film qu
ity. As no RHEED intensity oscillation is observed, whic
can be used to measure the film thickness, the film thickn
is only estimated by an optical method developed by Ch
tiansen, Carpini, and Tsong.17 If the surface is prepared un
der the N-rich condition, the STM images show that the s
face is always rough and contains many defects of bum
According to the preparation conditions and the obser
131-RHEED pattern, this as-quenched surface should co
spond to the bulk-terminated 131-Ga structure since the su
face with 2 ML Ga is unstable theoretically.7 The enlarged
image of the surface is shown in Fig. 2~b!. Despite the
smooth morphology, no ordered structure is observed. M
dark holes~indicated by the arrows! with diameter of ap-
proximately 10 Å distribute randomly on the surface, ind
cating an incomplete full monolayer of Ga. Attempts to o
tain better resolution images are unsuccessful. The
coverage of this surface should be close to but less tha
ML, according to these observations.

C. 232 and 434 phases

The 434 phase is prepared by annealing the 232 phase at
350 °C–400 °C for about 5 min. Expecting Ga desorpt
from the surface, the 434 phase should be less Ga-rich th
the 232 phase. The 232 structure is characterized with un
formly distributed bright spots with a separation of 6.4
along the close-packing directions, while the 434 phase
forms by a missing array of every second bright spots fr
the 232 phase. Their atomic structures have been discus
in detail based on atomically resolved STM images and fi
principles total-energy calculations elsewhere.18 It is our
conclusion that both of them can be understood by the
adatom model~see Fig. 3!; the 232 and 434 adatom models
are energetically favorable under Ga-rich and less Ga-
conditions, respectively. The bright spots are assigned to
due to the tunneling from the states derived from the
adatom adsorbed on theT4 site of the bulk 131-Ga surface
~Fig. 2!. Here, we show a case where the 232 and 434
phases coexist~Fig. 3!. According to our adatom model, th
Ga-surface coverage of the 232 and 434 phases is 1.25 an
1.18 ML, respectively. It is important to note that the mod
g
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of the 434 phase as shown in Fig. 3 does not satisfy
electron counting model; there are three extra electrons
434 unit cell, each of them occupies one dangling bond o
Ga adatom. Our calculations indicate that the configuratio
stabilized by a static-electrical repulsive interaction amo
the charged Ga adatoms.18 As seen in the following, such an
interaction might also play an important role in surface e
ergy minimization of the other Ga-rich phases. We did o
serve a N-rich 232 phase by RHEED when the as-grow
surface was bombarded by N plasma for 20 min and
nealed at 500 °C–600 °C for 10 min. When the sample
cooled down to room temperature, the 23 streak in the
RHEED pattern becomes very weak. This 232 phase was
also observed by Smithet al.10 While their STM image
shows only some local 232 ordering, ours~not presented
here! reveals a rough morphology and featureless struct
and even the step cannot be resolved. These results su
that the N-rich 232 phase is stable only under some extre
condition, and is difficult to access kinetically. The theore
cal investigations conclude that the 232 structure with the N
adatom on the H3 site is energetically favorable under th
N-rich condition.7,18 We, therefore, conclude that the ob
served N-rich 232 phase corresponds to the structure d
scribed by this N-adatom model.

D. 535 phase

The preparation condition for the 535 reconstruction is
very similar to that for the 434 phase. Actually no distinc
boundary in preparing these two phases has been establ
in our experiment, suggesting that their surface stoichio
etry should be nearly identical. The surface exhibits a v
sharp streaky ‘‘53’’ RHEED pattern along the@112̄0# azi-

FIG. 3. Filled-state STM image~120 Å380 Å! of the mixed
434 and 232 phases with highlighted unit cell of 434 and 232.
It 580 pA, Vs523.0 V. The schematic is the ball-to-stick mod
for the 232 and 434 reconstructions proposed in Ref. 18. The rig
one is the 232 model. Ga-adatom~big shadowed circle! bonds with
131 Ga atoms~small white circle! at theT4 position. The small
black circles represent N atom layer under 131 Ga layer. The 434
model~left one! is similar to that of 232 except that one adatom a
center is missed.
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muth while there is a strong background when the elect
beam is incident along the@11̄00# azimuth. As shown in Fig.
4~a!, the 535 structure consists of regular linear chains alo
the @112̄0# direction. The distance among the chains alo

FIG. 4. Filled-state images and the proposed model for the 535
structure.~a! 600 Å3490 Å and~b! 100 Å380 Å are taken atIt
580 pA, Vs523.1 V. ~c! Top view of the ‘‘535’’ model pro-
posed in Ref. 18. The Ga-adatom~large black circle! bonding with
bulk 131 Ga atoms~small white circles! relaxes atT4 position and
cause a variation in the spot location in the image. The small b
circles represent N atom layer under 131 Ga layer.
n

g
g

the @01̄10# direction is determined to be 15.8 Å, correspon
ing to 5a0 @a053.19 Å, the in-plane lattice constant of th
GaN ~0001! surface#. A small amount of the 434 domain is
often seen in the STM image of the 535 surface. A high-
resolution@Fig. 4~b!# further reveals that each chain is act
ally a doublet, composed of two lines with a distance of 6
Å ~23! along the@01̄10# direction. The lines consist of indi
vidual bright spots. These bright spots are separated w
either 23 or 33 or 2.53 of the lattice constant with an
average separation of 2.53 ~;7 Å! which results in a one-
dimensional disorder along the@112̄0# direction. Therefore,
the 535 can be best described as a ‘‘532.5’’ structure.18

According to the line profile measurement, the contrast
the 535 phase is only 0.15 Å higher than that of the 434
phase. This contrast difference is typical of pure electro
effect. Based on the 434 adatom model~Fig. 3!, preparation
conditions and STM observations, we propose a mo
shown in Fig. 4~c!.18 The bright spots as seen in the hig
resolution image@Fig. 4~b!# are attributed to the tunneling

k

FIG. 5. ~a! Filled-state STM image~200 Å3200 Å! of the 5A33A13 phase. The parallel white lines have the periodicity ofL along the

@112̄0# direction, which is equal to the projection of the vectornW on this direction.It 580 pA,Vs523.0 V. ~b! Filled STM image of the 434
structure with the same scale as that in~a!. The circles stand on the 434 lattice position, implying that 534a0 is equal to 4L, thusL

55a0, It 580 pA, Vs522.8 V. ~c! Zoom-in STM image of the 5A332A13 phase.mY , nW are the basal vectors of the 5A332A13. ~d!
Filled-states STM image of the 5A332A13 showing the transition region.
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12 608 PRB 59QI-ZHEN XUE et al.
from the filled states derived from the Ga adatoms. We n
that the surface coverage is 1.16 ML Ga for the model a
that is does not satisfy the auto-compensation rule.18

E. 5A332A13 phase

The 5A332A13 phase is prepared by deposition of abo
2 ML Ga on the as-grown 131-Ga surface followed by an
nealing at 400 °C for 10 min, suggesting that the surfac
slightly more Ga rich than 434. The STM image@Fig. 5~a!#
reveals that the structure consists of chains made from r
larly arranged spots and paired spots along the@112̄0# direc-
tion. The unit cell of this structure is depicted in the zoom
image@Fig. 5~c!# with one mesh vector indicated bymY along
the @11̄00# direction. Because its structure shown by t
STM image is rather complicated and the surface unit ce
further rotated, we show a STM image of the 434 phase in
Fig. 5~b! in order to analyze the detail of the structure. T
chains are separated by 6.4 Å~23! along the close-packing
direction. Since the base vectormY is perpendicular to the
@112̄0# ~chain! direction, the chain separation along themW

direction isA3a0, which results in a 5A3a0 unit cell size of
the surface in this direction. The unit cell along thenY -vector
direction includes three chains and extends 5a0 along the
@112̄0# close-packing direction@this is determined by super
imposing the white lines in Fig. 5~a! to the same scale imag
of the 434 phase in Fig. 5~b!#. By looking at this grid, we
find that four times the line spacing in Fig. 5~a! is exactly
equal to five times~63 Å! ‘‘4 3 periodicity’’ in Fig. 5~b!. So
the surface as shown in Fig. 5~a! is 5A332A13 recon-
structed.

The striking feature of the 5A332A13 phase is that it is
composed of chains that have an one-dimensional unit ce
25a0 along the@112̄0# direction. The unit cell of each chai
consists of 16 spots and these spots are divided into
parts: PartsA and B, as indicated in Fig. 5~c!. PartA takes
10a0 and includes paired spots at the both ends and 4 i
vidual spots in between. PartB takes 15a0 region and in-
cludes 2 paired spots and 4 single spots. Figure 5~d! shows
another 5A332A13 domain, which is rotated by 120° wit
respect to that shown in Fig. 5~c!. At the boundary area on
observes some spots with the locally 232 ordering@a 232
unit cell is indicated in Fig. 5~d!#. At the upper-left and
lower-left corners, the linear chains forming the 535 struc-
ture are also visible. If the individual spots are removed,
surface transforms into the 535 phase. Therefore, the surfac
coverage of the 5A332A13 should be close to or betwee
the 232 and 535 phases. The contrast variation among
spots in the 5A332A13 structure is less than 0.3 Å and w
conclude that these spots come from the same layer at
Based on our study of the 232 and 535 phases, the spots i
the images are believed to be the tunneling from the dang
bonds of Ga adatoms.

We propose a ball-to-stick model for the 5A332A13 in
Fig. 6. Due to the formation of the paired-spots, it is n
possible for all the bright spots to take the normal latt
sites. The observation may be explained by the occupatio
the different adsorption positions~ T4, H3, or bridge site! for
the Ga atoms. According to the theoretical calculations, h
ever, theH3 site and the bridge site are not energetica
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favorable,18,19 and thus, the model displayed in Fig. 6
rather tentative. Recalling that there is also a nonlattice-
occupation of the bright features on the 535 surface, another
possibility is the relaxation of theT4 Ga adatoms. Furthe
noting that both the 535 and 5A332A13 phases exhibit an
anisotropic one-dimensional structure, the observation m
be explained by a coherent Peierls distortion of the ada
arrangement along the close-packing@112̄0# direction.20,21 In
all quasi-one-dimensional structures where a metallic ch
forms, it is unstable. It is energetically favorable to lower t
surface energy by an atomic relaxation. Therefore, we
lieve that the nonlattice-site occupation of some of the bri
spots as seen in the STM images@Figs. 5~a! and 4# can be
best understood by the adatom relaxation associated with
Peierls distortion. A detailed study of the fully relaxe
atomic geometry is underway currently and will be report
elsewhere.22

F. L -„A73A7… phase

A phase exhibiting the locally orderedA73A7 structure
forms during the preparation of the 232 structure if the
amount of the deposited Ga is slightly more than those
the 232 or 434. Figure 7~a! shows a typical STM image o
the A73A7 structure coexisting with the 434 phase. Many
experiments were attempted to prepare the single-dom
orderedA73A7 surface by, for example, deposition of mo
Ga or annealing at different temperatures. However,
long-range-orderedA73A7 structure was not achieved eve
the whole surface was covered with this structure. The s
face shows a 131-RHEED pattern, implying that the loca
ordering is an intrinsic property of theA73A7 phase. Thus
we call it asL-A73A7. This structure is stable in a wid
range of temperature and Ga coverage, andL-A73A7 is
thought to be another characteristic reconstruction of

FIG. 6. The top view of the tentative model proposed for t
5A332A13 phase. The white small ball represents the bulk 131
Ga atom. The large white, gray, and black balls represent the
toms adsorbed at the bridge,H3 and T4 sites, respectively. The
small black circles represent the N atom layer under the 131 Ga
layer.
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PRB 59 12 609ATOMISTIC INVESTIGATION OF VARIOUS . . .
~0001! surface. The image contrast ofL-A73A7 is higher
than the neighboring 434 by as much as 1.0 Å. Thus, it i
reasonable to speculate that it involves one more layer o
on the surface. A tentative model is proposed in Fig. 7~b!.

FIG. 7. ~a! Filled-state STM image of the mixedL-A73A7 and
434 structures with highlighted unit cells.It 580 pA,Vs522.3 V.
~b! The top view of the proposed model. The small black circ
represent the N atom layer under the 131 Ga layer~the small white
circles!.
a

The gray circle represents the adlayer Ga atoms, which b
to the 131 Ga atoms of the N-Ga bilayer. One extra adato
~white circle! is bonded with three adlayer Ga adatoms for
ing a tetramer. The atomic configuration in the second and
deeper surface layers is unknown, for example, the seco
layer adatoms between the tetramers may be missing. Fu
study, such as the surface coverage measurement and
retical simulation, is necessary for the establishment o
complete structure model.

G. 10310 phase

By depositing another 1–2 ML Ga on theL-A73A7 sur-
face and annealing at 350 °C for 10 min, a 10310 phase is
obtained. Figure 8~a! shows a typical image of this structure
Usually it coexists with theL-A73A7 structure with the
contrast higher by 1.6 Å than the surroundingL-A73A7.
According to the preparation condition, the 10310 phase
involves three layers of Ga on the bulk-terminated 131 Ga
surface. as clearly seen in the high-resolution STM ima
@Fig. 8~b!#, this structure is characterized by a unique hon
comb structure consisting of 18 bright spots in a unit cell:
inner ring contains six spots while the outer ring 12 spo
The overall arrangement of the spots is very similar to w
appears on the Si~111!-737 surface. From the large-sca
image@Fig. 8~a!#, we observe many fractional rings that a
located at the 10310 island edges. Assuming that the 10310
phase is more energetically stable than theL-A73A7 sur-
face, the local-ordered characteristic of theA73A7 may be
understood by a phase transition to the 10310 phase under
the Ga-rich conditions. Its atomic model is schematica
shown in Fig. 8~c!. The small white circle represents th

s

FIG. 8. Filled-state STM images of the 10310 phase.~a! Large-scale scan~200 Å3200 Å!. The 10310 phase coexists with the
L-A73A7 phase.~b! Zoom-in image~80 Å380 Å! with highlighted unit cell.~c! The schematic model.
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12 610 PRB 59QI-ZHEN XUE et al.
131 Ga adatom, which sits on the top of the bulk 131 Ga
atoms. The gray circles are the Ga adatoms bonding w
three Ga atoms in the Ga adlayer. The outmost Ga ada
~the large white circle! stands on these three adatoms~the
gray circle!. The current model is simply based on the ST
image. Other models, for example, one similar to the dim
adatom stacking fault~DAS! model of the Si~111!-737 sur-
face may also satisfy the STM images presented here.

H. ‘‘1 31-Ga’’ fluid structure

The 131-Ga fluid is the most Ga-rich phase and alm
always coexists with all other phases described above, ex
for the as-grown 131 surface. The STM image@Fig. 9~a!#
obtained during preparation of the 232 surface exhibits the
coexisting 434, A73A7, and ‘‘131-Ga’’ phases. This
‘‘1 31-Ga’’ was also reported by Smithet al.,9 and its struc-
ture is very different from the previous 131 as-grown sur-
face. While in the latter case, some defects are alw
present@Fig. 2~b!#, the ‘‘131-Ga’’ surface is seen to b
atomically flat @Fig. 9~b!#. No STM image resolving the
atomic structure has been achieved. Line-profile meas
ments indicate that it is higher than the 434 surface by 2.1
Å. Since theoretically the 232 is 1.78 Å higher than the bulk
131 Ga layer,23 the height of ‘‘131-Ga’’ is about 3.88 Å
above the 131 Ga layer. This corresponds to 1.9 ML. Th
surface is metallic as the tunneling is stable even when
bias voltage is less than 0.2 V and the obtained STM im
at low-bias voltage is similar to that obtained at higher-b
voltage. Sometimes the ‘‘131-Ga’’ structure covers severa
thousand angstroms of the surface. If this structure is nitri
at 500 °C for 10 min, no obvious change is observed a

FIG. 9. ~a! Filled-state STM image~450 Å3360 Å! displaying
the coexisted 434, L-A73A7, and ‘‘131-Ga’’ fluid structures.It
580 pA, Vs522.0 V. ~b! Zoom-in STM image~150 Å380 Å! of
the ‘‘131-Ga’’ fluid. In the upper part of the image, the 434 phase
is visible.
th
m

r

t
pt

s

e-

e
e
s

d
d

only the edge of the ‘‘131-Ga’’ islands becomes brighte
than the inside area. On the contrary, all other structu
disappear after the same treatment. These observa
clearly indicate that ‘‘131-Ga’’ is a stable phase as long a
the surface is very Ga-rich. A fluidlike and discommensur
Ga bilayer structure has been modeled for the ‘‘131-Ga’’,9

which explains our observations well. The observations
ply a very low solubility of the N into the bulk Ga. From th
viewpoint of epitaxial growth, the Ga flux may never b
oversupplied to maintain smooth surface morphology, wh
may partially explain why a flat morphology results und
the Ga-rich conditions.

While the above mentioned surface structures are
tained by deposition of some amount of Ga on the as-gro
surface, attempts to prepare an ordered N-induced struc
have not been successful. The STM images showed a ro
surface where it was difficult even to find a terrace. This m
be attributed to a lower mobility of N atom on the Ga face
GaN,19 resulting in a difficulty for N atoms to find favorabl
sites. Assuming a stable growing front surface, it is not s
prising to observe a smooth surface morphology with lar
Ga atom diffusivity. On the other hand, the very strong c
hesive energy of N2 makes the N adatoms thermodynam
cally unstable against evaporation as N2,

24 and eliminates the
local kinetic pathway to the formation of an N-rich pha
despite a global N-rich growth environment. Thus, so
theoretically predicted N-rich structures are difficult to a
cess kinetically. This situation distinguishes the GaN surf
from all traditional III-V surfaces. Considering theoretic
studies,18,19,24 the present observations that various Ga-r
phases are stable on the GaN~0001! surface~this case seems
to hold true for the N-polar surface as well!, clearly illustrate
that the growth under the Ga-rich conditions is necessar
achieve a quality film.25,26

IV. SUMMARY

A series of phases belonging to the GaN~0001! surface,
such as 232, 434, 535, 5A332A13,A73A7, 10310, and
131-Ga fluid, have been documented and discussed w
high-resolution STM images. The results are summarized
follows:

~1! On the Si-terminated 6H-SiC~0001! substrate, the
GaN/AlN films has the~0001! surface polarity. When the
initial nucleation process of the film starts with the Al dep
sition and thus the Si-Al bonding for the~0001̄! polarity, the
undesirable film morphology results, probably due to
mixed interface bonding.

~2! All ordered surface phases are found to be Ga-rich
their structures can be understood by the Ga-adatom sch
No stable N-rich phase has been observed. Theoretically
dicted N-rich phases might be difficult to access kinetica

~3! Auto-compensation, one of the guiding rules for co
ventional III-V compound semiconductor surface reconstr
tions, may not be strictly satisfied on the GaN surface.
many cases, the surface energy of GaN can be lowered
static-electrical repulsion interaction among charged adat
and Peierls distortion.

~4! To achieve the smooth surface morphology, mate
growth under the Ga-rich conditions is suggested. Since
N-rich growth conditions lead to a morphology instabilit
new processes to manipulate the growth kinetics and e
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getics, for example, use of surfactants, are very importan
order to decrease the N-vacancy defects, which are usu
believed to cause high-background carrier concentration
nitrides. This partially explains why MBE has been less s
cessful than MOCVD where H-radicals might play a cruc
role in stabilizing surfaces. Our attention is presently plac
on this direction.
,
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