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Gallium nitride was grown on sapphire~0001! substrates by radio frequency plasma assisted
molecular beam epitaxy. The surface morphology was characterized during growth by reflection
high energy electron diffraction, andex situby scanning electron microscopy~SEM!, atomic force
microscopy~AFM! and x-ray diffraction. It is found that surface morphological features are linked
to domains of specific wurtzite crystal polarity,~0001!Ga face or (0001̄)N face, for Ga-rich growth.
For growth on AlN buffer layers, we commonly observe films which consist of largely~0001!Ga
polarity material, as confirmed by selective etch tests, with a varying coverage of (0001)̄N-face
inversion domains threading along the growth direction. For growth near stoichiometric conditions,
the growth rate of the N-face domains is slightly lower than that for the Ga-face matrix, which
results in the formation of pits with inversion domains at their centers. For samples grown by first
depositing GaN under N-rich conditions, followed by growth under Ga-rich conditions, a different
morphology is obtained, exhibiting large hexagonal flat terraces observable by SEM and AFM. The
apparent grain size of these films is increased substantially over films grown using a single step
approach. The cross sectional SEM images of the two-step films show a network of voids and
columns at the interface between the N-rich and the Ga-rich layers, above which micron-scale
islands form and coalesce via lateral growth. Lateral growth may result in reduced defect density
and improved crystal quality. The asymmetric x-ray peak (1124̄) width is reduced to approximately
280 arcsec in the two-stage GaN films. ©1999 American Vacuum Society.
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I. INTRODUCTION

Gallium nitride is becoming established as a versatile m
terial for wideband gap semiconductor devices. Rece
there has been great interest in GaN, InGaN, and AlG
based devices, not only for optoelectronics,1 but also for high
power,2,3 high frequency,4 and high temperature application
For improved device performance in all these applications
is essential to produce materials of high crystal quality, w
low defect density, high carrier mobility, and with flat su
faces. These qualities in GaN films continue to improve,
spite the lack of suitable GaN substrates, using techniq
such as metalorganic vapor phase epitaxy~MOVPE!, hy-
dride vapor phase epitaxy~HVPE!, and molecular beam ep
itaxy ~MBE!. Despite the vast amount of research and
considerable improvement in material quality that has b
achieved, it remains clear that we are still far from fu
understanding all the details and mechanisms of the gro
of GaN, particularly by MBE.

Many difficulties arise in the growth of GaN epitaxia
layers because of the use of a highly mismatched subst
such as sapphire or silicon carbide. Silicon carbide has m
advantages over sapphire for GaN growth, including sma
mismatch in lattice parameter and a distinct crystal polar
but c-plane sapphire is more often used for reasons of c
In order to produce the highest quality GaN films on sa
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phire, great care must be given to the conditions of fi
nucleation and buffer layer deposition, so as to initiate
growth of films of the desired crystal polarity5,6 and that are
free of inversion~anti-phase! domains~IDs!.7 In MOVPE

deposited films, growing on the (0001)̄N face of GaN has
resulted in extremely rough surfaces with large pyrami
features, while growing on the~preferred! ~0001!Ga face can
result in smooth surfaces and overall higher quality film8

Dissimilarly, for MBE growth using a nitrogen plasm
source, most reports have been of mixed polarity films9 or

films of (0001̄)N-face polarity.10 Only recently have there
been confirmations of Ga-face growth by rf MBE using Al
buffer layers.6,11 Locally flat surfaces can be achieved o
both polarities by MBE under slightly Ga-rich condition
but special steps need to be taken to produce films that
free of inversion domains, and there are few reported pro
dures for doing so.12,13 Lateral overgrowth of inversion do
mains is routine in MOVPE films, where the Ga-face mat
overgrows N-face columnar domains near the film-subst
interface, forming ‘‘house-like’’ structures that are obser
able by transmission electron microscopy~TEM!.14,15 Here
we report on the possibility of producing inversion-doma
free ~homopolar! films by over growing the inversion do
mains under highly Ga-rich growth conditions. We demo
strate the lateral growth of GaN by MBE using a two-sta
technique for~0001!Ga-face GaN, producing films with in
1241/17 „3…/1241/5/$15.00 ©1999 American Vacuum Society
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creased grain size that are formed by coalescence of
topped hexagonal islands.

II. EXPERIMENT

A series of GaN layers was grown on c-plane~0001! sap-
phire substrates by radio frequency plasma assisted mo
lar beam epitaxy~MBE!. The substrates were backsid
coated with molybdenum or titanium and loaded into t
vacuum system without chemical treatment. The radio
quency plasma source~SVT Associates! was operated at 350
W and a system pressure of 6 – 831025 Torr. The substrates
were thermally cleaned prior to growth at 1000 °C for
min after which they were exposed to the nitrogen radi
beam until a bright, streaky reflection high energy elect
diffraction ~RHEED! pattern emerged. A nominally 25 nm
thick AlN buffer layer was deposited on the nitrided surfa
at a substrate temperature of 600– 650 °C, after which a t
fold RHEED reconstruction was visible. GaN layers we
grown on the AlN buffer layers under different flux cond
tions at a fixed temperature of 800 °C. A series of films w
grown employing a Ga/N flux ratio either N rich, Ga rich,
near 1:1. Additionally, some samples were grown usin
two-step process, first depositing GaN under nitrogen-r
conditions, followed by growth under Ga-rich~approxi-
mately 2:1! fluxes. Films were characterizedex situ by
atomic force microscopy~AFM! using a multi-mode Digital
Instruments Nanoscope IIIA, and by scanning electron
croscopy~SEM! using a JEOL 6400V. High-resolution x-ra
diffraction ~XRD! measurements were performed using
Philips diffractometer equipped with four-crystal Ge~440!
collimation and a two-crystal Bonse-Hart triple axis detect
GaN polarity was determined by RHEED reconstruction
low temperature,10 and by molten KOH etching.8

III. RESULTS AND DISCUSSION

A. Growth under stoichiometric and Ga-rich
conditions

The Ga/N flux ratio drastically affects the surface prop
ties in GaN growth by rf MBE.13,16,17Growth under condi-
tions of a slight excess of Ga is known to lead to locally fl
GaN surfaces and streaky RHEED patterns while growth
der Ga-deficient conditions results in spotty, faceted RHE
images and rough surfaces. Stoichiometric growth conditi
are taken to be where the growth mode abruptly transfo
from two dimensional to three dimensional. For samp
grown near stoichiometric conditions, the RHEED patte
showed unreconstructed~131! streaks but sometimes dis
played a small amount of faceting. Figure 1~A! shows the
AFM surface scan of such a layer. We see that even tho
the RHEED image is streaky, the entire surface of the film
not flat. Pits are present on a mostly flat background. Th
pits are approximately 30 nm deep and;200 nm wide, and
are believed to be induced by the presence of inversion
mains. Myerset al.7 have observed similar effects for th
case of Ga-polar inversion domains in a N-polar matr
where the IDs formed hillocks. As has been shown by ot
J. Vac. Sci. Technol. B, Vol. 17, No. 3, May/Jun 1999
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researchers,18 by growing near stoichiometric conditions on
can observe an apparent difference in growth rate betw
the ~0001!Ga face and (0001)̄N faces of GaN, as they ar
present in different domains of the film. For a~0001! film
that contains inversion domains, we see that these (00)̄
domains thread along the growth direction at a lower grow
rate than the surrounding material, inducing pits where th
reach the surface. TEM measurements are needed to con
this interpretation.

If the Ga/N flux ratio is increased from 1:1, the grow
rates of the two polarities tend to become equalized, and
depth of the pits is reduced. Very flat films can be grow
under these slightly Ga-rich conditions. Figure 1~B! shows
such a film, with pits that are approximately 2 nm deep a
40 nm wide. It should be noted that for high Ga/N flux ratio
the growth temperature should be maintained high enoug

FIG. 1. AFM scans of the GaN surfaces for~A! a sample grown near sto
ichiometric flux conditions, and~B! a sample grown under Ga-rich cond
tions. The pits present on the flat background are thought to be cause
reduced growth rate at inversion domains. The images have been proc
using the nanoscope high pass filter for clarity.
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re-evaporate excess Ga and thus avoid the formation o
droplets.

B. Growth under N-rich conditions

For Ga/N flux ratios less than one, spotty and sometim
faceted RHEED patterns are observed during growth. I
plausible that the low flux ratio gives rise to a~partly! nitro-
gen terminated surface which has a high sticking coeffic
for Ga atoms, but low surface mobility, and the morpholo
then evolves by statistical roughening.7 As the growth con-
ditions become even more N rich, especially at high
growth temperatures, interesting and complicated morp
logical features can arise. The$112̄0% azimuth RHEED pat-
tern observed during growth for one such film is shown
Fig. 2~A!. In general the spotty transmission pattern indica
a wurtzite film with a three dimensional surface. Som
streaks can be seen overlaying this pattern both orthog
and parallel to the sample surface plane. These streaks
cate faceting in the$0001% and $101̄0% planes, respectively
The vertical$101̄0% facets~horizontal RHEED streaks! are
unusual in the MBE growth of GaN, but indicate the hig
stability of these crystal surfaces. No horizontal streaks w
observed for the$101̄0% azimuthal RHEED image. The SEM

FIG. 2. ~A! RHEED image of a GaN sample grown under highly N-rich fl
conditions. Note the presence of both horizontal and vertical streaks su
imposed on the spotty wurtzite transmission pattern.~B! The plan view
SEM photograph of the same sample presents a complex mesh-like m
structure. This image was taken at a 20 kV operating voltage and 4503

magnification. The pits have sidewalls that are predominantly$101̄0% facets,
and may correspond to opened threading dislocations.
JVST B - Microelectronics and Nanometer Structures
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plan view scan of a film grown with Ga/N flux ratio of 1:3 i
shown in Fig. 2~B!. A mesh-like morphology is observed
These GaN fiber structures are highly oriented along

$112̄0% crystalline directions, with some degree of misalig
ment. Equivalently, the sidewalls of the pits which lie b
tween the fibers are aligned in these directions. The S
data therefore also indicate the presence of$101̄0% facets.
The net growth rate of films under these conditions is slo
and the decomposition rate is high. The appearance of fa
on the$101̄0% and$0001% planes suggests that the decomp
sition rate is slow on these planes. This variation in grow
and decomposition rates for the different crystal directio
and for high N/Ga ratios is quite similar to results obtained
lateral epitaxial overgrowth of GaN by MOVPE19 and
HVPE, and also TEM observations of nano pipes and pit14

The morphology seen here can also be explained by
‘‘opening up’’ of threading dislocations into nano pits in th
highly nitrogen-rich reactive environment. The density
pits in Fig. 2~B! is approximately 1010cm22, which coin-
cides with the density of extended defects in a typical MB
GaN film. This morphology also bears similarity to that r
ported for GaN annealed in forming gas.6

C. Two-stage growth

Some samples were grown by first depositing GaN un
nitrogen-rich conditions, followed by growth under Ga-ric
~approximately 2:1! fluxes. As above, the RHEED patter
during the first growth stage was spotty with faceting. W
expect this layer to be highly defected and heteropolar.
the transition from N-rich growth to Ga-rich growth, th
RHEED pattern initially became very dim, before evolvin
into an unreconstructed streaky pattern, and continued to
prove with growth. Samples were removed after appro
mately 1mm ~sample A! and 2mm ~sample B! of Ga-rich
growth. The surfaces of these films exhibit large hexago
flat-topped mesas observable by SEM. SEM photograph
these surfaces are shown in Fig. 3. AFM micrographs20 are
essentially similar and show no pits on the mesa structu
After 1 mm of Ga-rich growth, the mesa structures of sam
A remain mostly isolated. But after an additional micron
growth, we see that these mesas have started to coa
@Fig. 3~C!#. At this point, the RHEED pattern is very streak
showing high contrast~131! during growth and~231! re-
construction under nitrogen soak. During cooldown, cle
(232) reconstructions can be observed below 750 °C. F
ure 4 shows the cross sectional SEM image of sample B
a region where several hexagonal islands have merged.
apparent that columns grow up from the first, N-rich Ga
layer, which then grow laterally and coalesce. We specu
that the growth under N-rich conditions exploits the diffe
ence in growth rates between the~0001! and (0001̄) GaN
directions, allowing Ga-face columnar domains to outgr
the N-face regions. Upon commencement of the sec
layer, lateral growth is facilitated and the Ga-face protrusio
overgrow the material of opposite polarity. The highly G
rich conditions lead to droplet condensation at the edge

er-

ro-



r
ic

ob
-
er
o

re
a
t

pl

t in
ed,

to
ther
ho-

ause

by
at
s,
ion
us
on-

to
e

ns

nd
y

ce

of
-rich
e of
wth

1244 Piquette et al. : Morphology, polarity, and lateral MBE growth of GaN 1244
the growing islands, and ultimately form the voids that a
present at the interface. This may be similar to the Ga-r
buffer layer technique of Refs. 13 and 21 or to results
tained by Heldet al.,12 where the formation of inversion do
mains could be suppressed by utilizing nucleation lay
formed by repeatedly nitriding a condensed Ga surface
sapphire. Lateral growth of GaN may lead to a possible
duction in defect density and improved crystal quality,
occurs in MOVPE.19,22 TEM or other techniques have no
yet been used to count the defects in the two-stage sam

FIG. 3. SEM images of GaN samples grown first under N-rich conditio
followed by growth under Ga-rich conditions.~A! ~oblique view! and ~B!
~plan view! show the formation of micron-size flat-topped hexagonal isla
for two-stage sample A. After 1mm of growth, these islands are still mostl
isolated. ~C! SEM plan view of sample B after 2mm of growth under
Ga-rich conditions. The hexagonal islands are now beginning to coales
J. Vac. Sci. Technol. B, Vol. 17, No. 3, May/Jun 1999
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We have, however, observed a considerable improvemen
structural quality as measured by x-ray diffraction. Inde
the asymmetric x-ray peak (1124̄) full width at half maxi-
mum ~FWHM! is reduced from greater than 1000 arcsec
as low as 280 arcsec in the two-stage GaN films. Some o
traditional characterization techniques, such as Hall and p
toluminescence, are made difficult in these samples bec
of the buried interface.

IV. SUMMARY

Gallium nitride was grown on sapphire~0001! substrates
by rf-MBE. The surface morphology was characterized
RHEED, SEM, and AFM. It was found that generally fl
films can be grown using slightly Ga-rich flux condition
but some contain pits indicating the presence of invers
domains. The growth and decomposition rates for vario
crystal directions are seen to be dependent on the flux c
ditions. Specifically, under N-rich conditions the$112̄0% de-
composition rates are higher than for the$101̄0% and$0001%
directions, which can form stable facets. This is similar
growth by MOVPE. Near stoichiometric flux conditions, th
~0001! growth rate is slightly higher than the (0001)̄ growth

,

s

.

FIG. 4. ~A! Cross sectional SEM view of sample B. Note the network
voids and columns at the interface between layer one, grown under N
conditions, and layer two, grown under Ga-rich conditions. The presenc
voids can be attributed to Ga condensation. It is evident that lateral gro
of micron-scale islands proceeds in layer two.~B! Close-up of~A!.
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rate. As growth becomes more Ga rich, the~0001! and
(0001̄) growth rates become more equal, up to the point
Ga condensation, where droplets may form. For sam
grown by first depositing GaN under N-rich conditions, fo
lowed by growth under Ga-rich conditions, lateral grow
and coalescence of micron-scale islands can occur ove
interface of networked columns and voids, leading to str
turally superior surface layers.
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