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We report studies of the surface reconstructions for both the Ga-face and the N-face of wurtzite GaN
films grown using molecular beam epitaxy. N-face reconstructions are primarily adatom-on-adlayer
structures which can be formed by room temperature submonolayer Ga deposition. These structures
undergo reversible order–disorder phase transitions to 131 in the temperature range of 200–
300 °C. Ga-face reconstructions, on the other hand, require annealing to high temperatures~600–
700 °C! in order to form, and in most cases they are stable at those temperatures. The film polarity
is found to be determined by the initial nucleation stage of the film growth. ©1998 American
Vacuum Society.@S0734-2101~98!52903-X#
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I. INTRODUCTION

In order to achieve a better understanding of the growth
GaN, it is important to develop a thorough knowledge of t
surface structures since growth is fundamentally a surf
phenomenon. Although numerous surface studies of wurt
GaN have been performed, progress in determining the
surface structures has been slow. A few experimental gro
reported the inability to produce any surface reconstructi
on GaN other than a 131.1–3 On the other hand, a variety o
reflection high energy electron diffraction~RHEED! patterns
have been observed including: 131, 231, 232, 233,
332, 333, 434, and 535.4–9 Using scanning tunneling
microscopy ~STM!, Packardet al. observed striations an
other defect-line features which they ascribed to N vaca
structures.10 It should be emphasized that since the wurtz
structure lacks a center of inversion symmetry, there are
structurally inequivalent surfaces. These are referred to
the~0001! or ‘‘Ga-face’’ and the~0001̄! or ‘‘N-face.’’ A film
with its outward surface being the Ga-face is said to h
‘‘Ga-polarity,’’ and vice versa for ‘‘N-polarity.’’ In most of
the aforementioned studies, the film polarity was unknow
Two separate studies on the effect of polarity on morpholo
and crystal structure, one using single-crystal GaN plate
and the other using metal organic chemical vapor deposi
~MOCVD!-grown GaN/sapphire films, have indicated th
the highest quality films have Ga-polarity.11,12 Whether this
is true for molecular beam epitaxy has yet to be determin
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Regardless of the growth method, it is important to exam
the surface structures of both faces of wurtzite GaN.

Recently, we determined the reconstructions belonging
the N-face using STM and RHEED.13 These include 131,
333, 636, andc(6312). Our assignment of the polarit
was based primarily on comparison of our experimental d
with the results of theoretical total energy calculations. H
we report a different set of reconstructions and show t
these belong to the Ga-face. In particular, we obse
232, 132, 535, and 634 RHEED patterns, in substantia
agreement with the previous results mentioned above.
have also on occasion seen 332 and 233 patterns. In ad-
dition, we observe a structure having predominantly 131
character, but which we denote as ‘‘131’’ ~with quotation
marks! due to the existence of diffraction fringes in th
RHEED pattern. This observation is consistent with the t
oretical calculations, which do not find an acceptable mo
for a true 131 structure on the Ga-face.13 Additional support
for our polarity assignment of these two qualitatively diffe
ent, polar faces is provided by polarity-selective wet chem
cal etching experiments.14,15

II. EXPERIMENT

The studies of GaN surfaces presented here are perfor
using a combination molecular beam epitaxy surface anal
system. Base pressures of both the growth chamber
analysis chamber are in the 10211 Torr range.In situ surface
analysis capabilities include RHEED, low energy electr
diffraction, and scanning tunneling microscopy~STM!. All
1641/16 „3…/1641/5/$15.00 ©1998 American Vacuum Society
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1642 Smith et al. : Wurtzite GaN surface structures studied by STM 1642
of the STM work is done by first preparing a clean surface
the MBE chamber, after which the sample is transferred
rectly under UHV to the adjoining analysis chamber f
study.

To study the reconstructions belonging to the two op
site faces of wurtzite GaN, we have developed procedu
for preparation of both film polarities. N-polar films are pr
pared by nucleating the GaN directly on sapphire using M
with a rf plasma source. The sapphire substrate is
solvent-cleanedex situ and then loaded into the growt
chamber where it is heated to 1000 °C and bombarded w
nitrogen plasma for 30 min. GaN growth begins at 685
after which the substrate temperature is gradually raise
775 °C for the main part of the film growth. During growt
we use a nitrogen flow rate of about 0.8 sccm and a rf f
ward power of 550 W. The Ga flux is about 431014

atoms/cm2 s. The RHEED pattern becomes a streaky 131
after the first few hundred Å’s of growth~however, if the
growth is too N-rich, a spotty RHEED pattern will develop!.
Details of the preparation of the individual reconstructio
which occur on this face are discussed elsewhere.13,16

To grow the Ga-polar surface, we begin with a Ga
sapphire substrate which was grown using MOCVD. T
MOCVD GaN substrate is first solvent-cleaned, then load
into the growth chamber and heated to 775 °C under a n
gen plasma. This temperature is held constant, and gro
commences once the RHEED pattern becomes bright
streaky, which usually takes about 5 min. Nitrogen and g
lium fluxes are the same as for growing the N-polar film. W
also observe two basic growth regimes for the Ga-face,
rich, and Ga-rich, similar to the observations of Tarsaet al.17

N-rich growth leads to a spotty RHEED pattern, where
Ga-rich growth leads to a streaky 131 RHEED pattern~we
have also occasionally observed weak 53 lines in RHEED
during growth, at a growth temperature of 680 °C and un
slightly N-rich conditions!.

III. RESULTS AND DISCUSSION

This section is divided into two parts. In part A, we di
cuss STM results for the N-face of GaN, providing examp
of two of the most commonly observed reconstructions,
333 andc(6312). An interesting demonstration of adato
mobility on this surface will also be shown. In part B, w
discuss the RHEED patterns and STM results for the fi
grown on MOCVD GaN substrates. We will show that the
films have Ga-polarity, preserving the polarity of th
MOCVD layer, in agreement with prior observations.5

A. N-face

Shown in Fig. 1 is a 750 Å3750 Å STM image of a
spiral growth front on a freshly prepared GaN surface. D
locations such as this are fairly common on these films; th
areal density is at least 108 cm22. Since the measured ste
heights at the two spiral growth fronts are each one bilay
the Burgers vector for this dislocation isc@0001̄# with c
55.185 Å. This surface has thec(6312) reconstruction.
The c(6312) reconstruction breaks the threefold symme
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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of the underlying wurtzite structure, giving a total of s
different types of domains, several of which are seen h
One will observe that domains on opposite sides of the
location core have their rows aligned along the same crys
lographic directions. As thec(6312) is disordered above
about 200 °C, this effect cannot be directly related to
growth. Rather, this is likely a consequence of local strain
the vicinity of the dislocation which influences the nucl
ation and growth ofc(6312) domains as the surface cool

It is more common to observe large, flat dislocation-fr
areas on these films. Such an area is shown in Fig. 2 whic
a 750 Å3750 Å STM image of the 333 reconstruction ap-
pearing on three adjoining terraces separated by sin
bilayer-height steps. Single bilayer-height steps are q
common. However, we have also observed steps w
heights of two, three, four, or more bilayers. The 333 re-
construction consists of 1/9th monolayer of Ga atoms~or 1
Ga adatom per 333 unit cell! sitting on top of an adlayer
structure. This adlayer structure itself consists of a mo
layer of Ga atoms sitting directly atop the N atoms of the l
GaN bilayer. These structures have been determined to
the lowest energy structures based on first-principles t
energy calculations.13 In this image, a few defects are als
seen. They may simply be missing Ga adatoms, or t
could be impurity atoms. Also seen is a translational dom
boundary emanating from the step edge onto the upper
terrace, as marked by the arrow in the image.

In previous work, we have reported the variation of t
surface reconstructions with Ga adatom coverage.13 The cov-
erages for each reconstruction were determined by dep
ing a known amount of Ga onto the annealed 131 surface
~Ga adlayer! at very low surface temperatures~60 °C!. Even
at such low deposition temperatures, the higher order rec

FIG. 1. 7503750 Å STM image of a screw-type dislocation with a Burge
vector of c@0001̄# on the N-face. The reconstruction isc(6312), sample
bias was 1.0 V, and tunnel current was 0.05 nA. Thec(6312) row direc-
tions correspond tô11̄00&.
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structions will form. As mentioned above, the 333 forms at
a coverage of 1/9 ML of Ga adatoms. But if we deposit le
than 1/9 ML, there are not enough Ga atoms to form a co
plete 333 over the entire surface. Shown in Fig. 3~a! is a
STM image of such a surface in the vicinity of a step ed
The lower terrace~at top of image! has the 131 reconstruc-
tion, although it is not resolved at this sample bias~1.75 V!
The upper terrace~at bottom of image! has a somewha
glitchy, disordered appearance. The glitchiness is a sign
there are extra Ga adatoms diffusing on this terrace. Th
also appear to be a few stable features on the lower ter
near the step edge.

Increasing the sample bias causes an unusual orde
process to occur. By increasing the sample bias to 2.25 V
shown in Fig. 3~b!, small patches of 333 appear on both
terraces. By further increasing the bias to 2.75 V, as sho
in Fig. 3~c!, most of the lower terrace appears to be co
pletely ordered in the 333 arrangement. The sequence b
ginning in Fig. 3~d! shows the reverse process. In Fig. 3~d!,
the lower terrace shows 333 ordering at a sample bias o
2.75 V. After lowering the bias to 2.25 V, as shown in Fi
3~e!, much of the lower terrace appears disordered again
Fig. 3~f!, the bias is reduced back to 1.75 V, where very lit
333 reconstruction remains. This reversible process was
peated several times with the same results.

We interpret these observations in terms of high Ga a
tom mobility on the 131 surface and the influence of th
STM tip electric field. We have seen in other STM expe
ments that the edges of 333 domains are typically unstable
Ga adatoms at these 333 domain edges are easily displace
In this case, the atoms in the vicinity of the STM tip appa
ently feel a force due to the tip electric field. At a sufficient
high field strength, the Ga atoms are attracted together
form a localized region of 333 reconstruction. At lower

FIG. 2. 7503750 Å STM image of 333 reconstruction. Sample bias wa
2.0 V, and tunnel current was 0.05 nA. The arrow marks a boundary
tween domains of the 333 which are translationally inequivalent.
JVST A - Vacuum, Surfaces, and Films
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fields, the atoms disperse across the surface since ther
not enough of them to form a permanently stable doma
This high adatom mobility observed at room temperature
consistent with the reversible order–disorder phase tra
tions to 131 which occur for the higher order reconstru
tions@333, 636, andc(6312)# in the range 200–300 °C.16

B. Ga-face

We will now show that the Ga-face is obtained by pe
forming homoepitaxial growth on the MOCVD GaN film
RHEED patterns for this face are displayed in Fig. 4 in ord
of increasing Ga content from top to bottom. Contrary to
number of published results, we do not observe a stron
32 pattern during growth. Iwataet al. have suggested tha
the use of ion-removal magnets is important for obtainin
well-defined 232 reconstruction.6 In any case, we do obtain
a 232 RHEED pattern by nitriding the surface at the grow
temperature. The 232 pattern remains as the sample
cooled. This 232 has somewhat broad 1/2-order streaks,
shown in Fig. 4~a!. It is worth noting that a 232 RHEED

e-

FIG. 3. Sequence of STM images for increasing sample bias~a–c! and
decreasing sample bias~d–f!. For all images, the tunnel current was 0.0
nA. Two terraces are seen in each image. A line-by-line background
traction has been performed~average of each line set to zero!, so that both
terraces are clearly visible.
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pattern is never observed on the N-face. This 232 pattern by
itself is already strong evidence for the Ga-polarity.

If the as-grown film is annealed to 750 °C and th
cooled, the RHEED pattern will change to a 132, as shown
in Fig. 4~b!, although the 1/2-order streak is quite weak.
Ga is then deposited onto this surface at temperatures
than a few hundred degrees C, this weak 1/2-order str
will disappear, and no additional streaks will appear~this is
quite different from the N-face, where Ga deposition at sim
lar temperatures results in higher order reconstructions s
as 333 and 636!. However, subsequent annealing of th
surface to 700 °C followed by cooling will result in at lea
two additional RHEED patterns, the 535 and the 634, de-
pending on Ga coverage. These are displayed in Fig.~c!
and Fig. 4~d!. Further Ga deposition followed by further an
nealing ultimately leads to a Ga-rich ‘‘131’’ surface. This is
not a true 131 since split-off fringes appear along th

FIG. 4. RHEED patterns for the Ga-face reconstructions:~a! 232; ~b! 1
32; ~c! 535; ~d! 634; and ‘‘131.’’ Note the addition of diffraction
fringes in the case of the ‘‘131.’’
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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@112̄0# azimuth as the sample cools, as shown in Fig. 4~e!.
This structure can also be obtained by terminating the gro
under Ga-rich conditions. An atomic model for the ‘‘131’’
reconstruction will be presented elsewhere.18 It is likely that
it consists of one or more relaxed Ga monolayers on top
the Ga-terminated bilayer.

In Fig. 5 is shown a 2300 Å32300 Å STM image of the
surface of a Ga-polar film. As on the N-polar films, we fin
that dislocations are not uncommon; in this case we obse
two adjacent screw-type dislocations. One will note that
growth direction of each of the two spirals is counte
clockwise so that the total Burgers vector is 2c@0001#, op-
posite to that on the N-face shown in Fig. 1. This surface w
prepared in a manner which should result in the ‘‘131.’’
This structure has been resolved in other STM images. H
ever, STM imaging of the other Ga-face reconstructions
been hampered by an apparent surface conductivity prob
Efforts to solve this problem are currently in progress. Non
theless, it is very clear that the reconstructions observed
this face cannot belong to the N-face; therefore, they m
belong to the Ga-face.

IV. CONCLUSIONS

In conclusion, we have investigated the reconstructio
which occur on wurtzite GaN surfaces. We find that the t
structurally inequivalent faces, the Ga-face and the N-fa
have unique groups of reconstructions. Observation of th
reconstructions permits the identification of the film polari
N-face reconstructions include 131, 333, 636, and c(6
312). We have also observed a novel field-induced order
of Ga adatoms into the 333 arrangement as a function of th
applied electric field. Apparently, Ga atoms can easily d
fuse on the N-face.

FIG. 5. 230032300 Å STM image of two adjacent screw-type dislocatio
on the Ga-face; the total Burgers vector is 2c@0001#. No reconstruction is
resolved in this image. Sample bias was22.0 V, and tunnel current was 0.1
nA.
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By performing homoepitaxy on a MOCVD-grown Ga
film, we find a set of reconstructions with entirely differe
symmetries than those on the N-face. Through various n
dation, Ga deposition, and annealing steps on this surf
we have observed 232, 132, 535, and 634 RHEED pat-
terns. A ‘‘131’’ has also been seen which occurs at a ve
high surface Ga coverage. We surmise that a true 131 struc-
ture does not exist on the Ga-face, in agreement with th
retical expectations.13 Finally, since Ga-polar and N-pola
films can each be grown in the same system and under ne
identical growth conditions, we deduce that film polarity
determined in the initial nucleation stage of the growth.
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