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Surface Structure of GaN(0001) in the Chemical Vapor Deposition Environment
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We report the first observation of the atomic-scale structure of the GaN(0001) surface in the metal-
organic chemical vapor deposition environment. Measurements were performed using in situ grazing-
incidence x-ray scattering. We determined the surface equilibrium phase diagram as a function of
temperature and ammonia partial pressure, which contains two phases with 1 3 1 and �

p
3 3 2

p
3�R30±

symmetries. The �
p

3 3 2
p

3�R30± phase is found to have a novel “missing row” structure with 1�3
of the surface Ga atoms absent.

PACS numbers: 61.10.– i, 68.35.Bs, 81.15.Gh
Recent breakthroughs in the fabrication of devices such
as blue light-emitting diodes [1], lasers [2], and high-
power transistors [3] based on GaN and related nitrides
have fueled an explosion of fundamental research on
the synthesis, structure, and properties of these materials.
Because knowledge of surface structure is critical to
understanding thin film growth, the GaN surface

has recently been the focus of numerous experimental
and theoretical studies [4–8]. The relatively large band
gap, bond strength, ionicity, and atomic-size difference
of GaN are expected to lead to surface reconstructions
that differ from those encountered in “traditional” III-V
semiconductors such as GaAs. In addition, the most
common growth surface is the (0001) basal plane of
wurtzite structure GaN, rather than the (001) cube face
of zinc blende structure GaAs.

Although state-of-the-art GaN for optoelectronic de-
vices is typically grown by metal-organic chemical va-
por deposition (MOCVD), very little is known about
the atomic-scale surface structure in the MOCVD en-
vironment. Current experimental understanding of GaN
surface structure is based on studies in vacuum typical
of the molecular-beam epitaxy (MBE) growth environ-
ment. Reconstructions of basal plane surfaces of wurtzite
GaN in vacuum have recently been studied using scan-
ning tunneling microscopy [4] and electron diffraction
[4–6]. For GaN(0001) in vacuum, only 1 3 1, 2 3 2,
and 5 3 5 reconstructions persist at typical growth tem-
peratures. Structural models have been developed for the
1 3 1 and 2 3 2 reconstructions based on first-principles
theory [4,7].

While these studies are directly applicable to MBE
growth, there have been no previous measurements
of GaN surface structure in the chemically complex
MOCVD environment, where the growth chamber is at
near-atmospheric pressure and the sample is surrounded
by flows of precursors and carrier gasses, such as NH3,
0031-9007�99�83(4)�741(4)$15.00
trimethylgallium (TMG), N2, and H2. In this Letter we
report the first observation of a GaN surface reconstruc-
tion in the MOCVD environment. The in-plane structure
of the wurtzite GaN(0001) (Ga-face) surface was studied
in situ by grazing-incidence x-ray scattering. We find
that the surface structure at 200 Torr of NH3, N2, and H2
differs from that in vacuum, having a reconstruction with
a �

p
3 3 2

p
3�R30± symmetry which persists at tempera-

tures up to at least 730 ±C. We present the equilibrium
surface phase diagram as a function of temperature and
ammonia partial pressure p�NH3�, and a solution of the
structure of the �

p
3 3 2

p
3�R30± phase.

The samples consisted of 2-mm-thick GaN films grown
on sapphire (0001) substrates using atmospheric-pressure
MOCVD with a standard two-step process [9]. This
growth process is known to produce a surface having
the GaN(0001) polarity [10], which we confirmed using
convergent-beam electron diffraction. X-ray scattering
measurements were performed at the BESSRC undulator
beam line 12-ID-D at the Advanced Photon Source, using
a Si(111) monochromator set to 24 keV. The sample was
mounted in a vertical-flow MOCVD chamber on a z-axis
surface diffractometer designed for in situ x-ray scattering
studies [11]. Incident and outgoing angles a and b were
kept at the critical angle (0.12±). The in-plane mosaic
width of the GaN films was 0.17±. After inserting a
new sample, a 30-nm-thick homoepitaxial layer of GaN
was grown in situ at 1000 ±C using TMG and NH3 as
precursors. This step assures that the observed structure
is intrinsic to the clean GaN(0001) surface, rather than
due to air exposure of the initial sample. The temperature
measurement was calibrated to an accuracy of 65 ±C by
monitoring the thermal expansion of a sapphire substrate
via in situ optical interferometry.

We searched for surface reconstructions by perform-
ing in-plane radial scans along the 101̄0 and 112̄0 di-
rections while the sample was held at temperatures up
© 1999 The American Physical Society 741
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to 1000 ±C and p�NH3� between 2 and 140 Torr. The
flow rate of the NH3�carrier gas mixture directed at the
sample was kept constant at 4.6 standard liters per minute
with a total pressure of 200 Torr. Results presented here
are from experiments using N2 as the carrier gas; very
similar results were obtained using H2. At high tem-
peratures, only the bulk peaks corresponding to a 1 3 1
structure were observed. At temperatures below 730 ±C
for p�NH3� � 140 Torr [620 ±C for p�NH3� � 2.2 Torr]
fractional-order diffraction peaks corresponding to a sur-
face reconstruction appeared. After a few minutes, the
widths of rocking curves through the reconstruction peaks
indicated that the domain size had grown to 500 Å. Fig-
ures 1(a) and 1(b) show two typical in-plane scans in
which 1�6-order peaks were observed. Reconstruction
peaks were found at the positions shown in Fig. 1(c),
which correspond to (and are here indexed according to)
an apparent �2

p
3 3 2

p
3�R30± symmetry. However, this
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FIG. 1. (a) In-plane scan from hbulk, kbulk � 0.75, 0 to
20.25, 2 (hbulk �

3
4 2

1
2 kbulk). (b) In-plane radial scan

from 0.3,0.3 to 0.9,0.9 (hbulk � kbulk). Sample is at 476 ±C,
p�NH3� � 140 Torr. (c) Schematic of the observed symmetry
of surface reconstruction peaks. Shaded lines correspond to
scans shown in (a) and (b). (d) Schematic of unit cells for the
GaN(0001) surface. The smaller diamond shows the 1 3 1
unit cell, and the larger diamond the �

p
3 3 2

p
3 �R30± and

�2
p

3 3 2
p

3 �R30± unit cells.
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apparent symmetry would also be observed for a recon-
struction with a �

p
3 3 2

p
3�R30± unit cell having mul-

tiple domains. The outlines of these unit cells along
with the 1 3 1 unit cell are shown in Fig. 1(d). As
discussed below, the best fit is in fact obtained for a
�
p

3 3 2
p

3�R30± reconstruction.
We explored the reconstruction phase boundary by

observing peak intensities while varying sample tem-
perature and p�NH3�. The result is shown in Fig. 2,
where the shaded area corresponds to conditions under
which the �

p
3 3 2

p
3�R30± phase is present. Unlike the

surface phase diagram found for the vacuum environ-
ment [6] which shows multiple structures as a function
of Ga coverage, we find only a single reconstruction
over the entire range of p�NH3� typical of MOCVD.
An increase in p�NH3� causes the transition between the
�
p

3 3 2
p

3�R30± and 1 3 1 phases to shift to higher
temperature. This transition was found to be reversible
when changing either temperature or p�NH3�. The fact
that the transition was reproducible on all samples studied,
which had surfaces grown under a variety of conditions,
confirms that Fig. 2 represents the equilibrium phase dia-
gram of a clean GaN surface. Equilibration times were
rapid at high temperatures, but exceeded 10 min at tem-
peratures below 600 ±C. From the temperature depen-
dence of p�NH3� at the transition, one can extract an
apparent activation energy of 3.0 6 0.2 eV. Assuming
that the transition occurs at fixed nitrogen surface ac-
tivity, and that N activity is determined by the ratio of

FIG. 2. Equilibrium phase diagram of the GaN(0001)
surface under MOCVD conditions. Shaded area denotes
conditions where the �

p
3 3 2

p
3 �R30± reconstruction is

observed. Solid circle areas are proportional to the intensity of
the 1

3
1
3 bulk�20surf� reflection measured under those conditions;

crosses show conditions where this peak is not present.
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impingement to desorption, one can interpret this value
as the activation energy for desorption of the nitrogen
species. In contrast, a study of the zinc blende GaN(001)
surface in vacuum found an activation energy for N des-
orption of 6 eV [12].

Integrated intensities of ten or more reconstruction
peaks were measured at 377, 476, and 715 ±C. The inten-
sity distribution remained nearly constant over this tem-
perature range, indicating that there is little or no change
in the atomic structure of the �

p
3 3 2

p
3�R30± phase.

At 476 ±C and p�NH3� � 140 Torr we measured the
integrated intensity of 25 symmetry-independent recon-
struction peaks. We also measured several pairs of
symmetry-related peaks and confirmed that the diffraction
pattern exhibits reflection symmetry across the �10�surf
and �11�surf directions in reciprocal space. The intensity
distribution is shown in Fig. 3(a), where the filled half-
circle areas are proportional to the measured intensities.
The low-angle 10surf peak was experimentally inacces-
sible because of background from the direct beam.

Several structural models having the appropriate sym-
metry were compared with the measured intensity distri-
bution, including structures based on Si(111) N 3 N [13],

FIG. 3. (a) Filled and empty half circles show the measured
intensities at 476 ±C and the best fit calculated intensities,
respectively, with areas proportional to the integrated intensity.
(b) Schematic of the model parameters a, b, and a, and view
of several unit cells drawn with the best-fit values.
GaAs(111) trimer [14], and “missing row” reconstructions.
By far the best agreement was obtained for a novel missing
row structure having a �

p
3 3 2

p
3�R30± unit cell where

1�3 of the top atomic layer is removed, so that four filled
rows in the �01�surf direction are followed by two empty.
Threefold rotation and reflection give six possible domain
orientations. The diffraction pattern from this basis model
has forbidden reflections at hsurf 2 ksurf � 3n. In the
measured data, very weak reflections occur in this same
pattern, indicating that the surface structure is closely re-
lated to this basis model. An inverse model, with two filled
rows and four empty, gives the same diffraction pattern.
However, fits allowing optimization of the atomic posi-
tions (as described below) found that the model with 2�3
of the atoms present is in significantly better agreement
with the data. Other missing row models with, e.g., 5�6
or 1�2 occupancy do not produce the desired pattern of
weak reflections.

Following standard procedures [15], refinement of the
structural model was done by minimizing the residual
R1 �

P
hk w�

p
Imodel 2

p
Imeas �2�

P
hk wImeas, where w

is the weight of each reflection. In calculating Imodel, an
isotropic Debye-Waller factor with mean-square atomic
displacement u was used and an average was performed
over the six domain orientations. Models with a partially
filled layer of either Ga or N atoms were considered.
First we allowed the positions of all four atoms in
the unit cell to vary arbitrarily around the bulk lattice
positions, as well as varying u and an overall scale factor.
During this refinement, it became clear that the model
converged towards a structure where symmetrical dimer
rows are formed. Using a doubled �2

p
3 3 2

p
3�R30±

unit cell with additional parameters did not significantly
improve the fit. Thus, it was sufficient to use five fitting
parameters: the dimer row separation a, the dimer bond
length b, the angle a between the dimer and the row, the
scale factor, and u. The best fit to the 476 ±C data using
Ga atoms was obtained for a � 6.048 Å, b � 2.947 Å,
a � 31.7±, and u � 0.143 Å, giving an R1 value of
0.02. An equivalent fit was obtained using N atoms,
with the same structural parameters except u � 0.032 Å.
Figure 3(b) shows the “herringbone” pattern of dimers
formed, and illustrates the three parameters a, b, and
a. Compared with the corresponding values for atoms
on the bulk lattice positions, the values found for these
parameters vary only by factors of 1.096, 0.925, and
1.057, respectively. The formation of dimers and the
slight expansion of the dimer row pair into the empty
row appear to be physically quite reasonable. As shown
in Fig. 3(a), we obtain overall good agreement between
the best fit calculated from the model and the measured
intensities, with only the low-index 20 reflection showing
significant discrepancy. This discrepancy may be due
to disorder which is not modeled well by the isotropic
Debye-Waller factor, or to subsurface relaxation not
included in the model.
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FIG. 4. Proposed cross sections of �
p

3 3 2
p

3 �R30± and
1 3 1 structures, viewed along the �01�surf direction. Fractional
occupancy of the 1 3 1 top Ga layer is indicated.

Because the variable scale and Debye-Waller factors
could compensate for the difference in the atomic form
factors, equally good fits could be obtained for models
with a partially filled layer of either Ga or N. However,
the value of the mean-square displacement u found for the
Ga model (0.143 Å) is much more reasonable than that for
the N model (0.032 Å), given a room-temperature value
for the bulk crystal of 0.06 Å [16] and a typical surface-
to-bulk ratio of about 3 [17]. Preliminary measurements
of crystal truncation rod (CTR) scattering also support the
Ga model. In particular, the integrated intensity of the
strong 20 and 21 reconstruction peaks is approximately
half that of the 11L CTR near L � 1 at high temperature
in the 1 3 1 phase, which corresponds to the scattering
from a single Ga-N bilayer. The ratio of these intensities
should be about 0.4 for the Ga model, but only about
0.02 for the N model. Thus, we propose the out-of-plane
structures shown in Fig. 4 for the �

p
3 3 2

p
3�R30± and

1 3 1 phases. The �
p

3 3 2
p

3�R30± structure consists
of 1�3 vacancies in the terminating Ga layer, ordered into
rows. In the 1 3 1 phase, these vacancies are disordered.
We also expect the fraction of Ga vacancies to decrease as
temperature is increased at constant p�NH3� in the 1 3 1
phase, because N is more volatile than Ga [18].

Although ab initio calculations for the energies of vari-
ous GaN(0001) surface structures performed to date have
been based primarily on 1 3 1 and 2 3 2 symmetries in
the vacuum environment, the proposed �

p
3 3 2

p
3�R30±

structure is qualitatively consistent with present theory.
Because of the high NH3 partial pressure, the MOCVD
environment corresponds to a very high N activity com-
pared with typical vacuum environments. One of the most
stable 2 3 2 reconstructions predicted for high N activi-
ties [4,7] is the Ga vacancy structure, in which the top Ga
layer is 3�4 occupied. This occupancy neutralizes the sur-
face polarity without positional relaxation [19]. The 2�3
occupancy of the proposed �

p
3 3 2

p
3�R30± structure is

close to this condition. The remaining surface polarity
could be accommodated by minor out-of-plane relaxation
or by H adsorption. Since x-ray scattering measurements
are insensitive to the presence of H, calculations could
clarify its role in the �

p
3 3 2

p
3�R30± structure.

The �
p

3 3 2
p

3�R30± structure is directly relevant to
understanding growth mechanisms of GaN at lower tem-
744
peratures [20], such as those occurring during growth
of barrier layers in GaN�InxGa12xN multi-quantum-well
structures. More generally, this unique reconstruction pro-
vides the first example of the basal plane surface structure
of a compound semiconductor in a reactive vapor-phase
environment. The insight gained into the surface structures
of GaN under a wide range of process conditions should
provide a basis for further modeling of GaN surfaces and
understanding of MOCVD growth mechanisms.
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