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We identify the growth conditions required for the synthesis of purely cubic GaN films on GaAs(001) by
means of plasma-assisted molecular-beam epitaxy. It is shown that it is the surface stoichiometry which
governs the phase composition and which thus has to be tightly controlled in order to avoid nucleation of
hexagonal grains. Such control over the surface stoichiometry is achieved by investigating the surface recon-
structions of zinc-blende GaN under both static and dynamic conditions by in situ reflection high-energy

electron diffraction.

GaN is, because of its large ionicity, one of the most
extreme representatives of compound semiconductors which,
at equilibrium, condense in the wurtzite structure only.! It
was, consequently, thought to be virtually impossible to force
any of the group-III nitrides into the metastable zinc-blende
modification. This belief was substantially hardened by the
lack of substrate materials with a reasonably close lattice
match,? which otherwise could provide the required epitaxial
constraint. In striking contrast to these considerations, re-
searchers using molecular-beam epitaxy (MBE) have re-
cently demonstrated the synthesis of the zinc-blende modifi-
cation of GaN on various, highly mismatched cubic
substrates.? It seems, however, that the hexagonal phase of-
ten coexists with the cubic one.* Though this phenomenon
might appear as natural given the preference of GaN for the
hexagonal phase, it is of both fundamental interest and of
great technological importance to investigate the mecha-
nisms that govern the phase purity of GaN on a cubic sub-
strate.

It is the aim of this paper to identify the conditions for the
synthesis of purely cubic, epitaxial GaN films on (001)
GaAs. We present results suggesting that the phase purity of
GaN films is determined by the surface stoichiometry during
growth. Our data furthermore indicate that problems com-
mon to both modifications of GaN, such as the high back-
ground electron concentration and the dominating yellow
midgap luminescence, are also critically dependent on sur-
face stoichiometry. To improve control over growth, we in-
vestigate the surface reconstructions and the associated
growth kinetics of GaN films grown on (001) GaAs by
plasma-assisted MBE. Three distinct reconstructions of cubic
(001) GaN are observed. We identify the reconstruction ob-
tained under near-stoichiometric conditions as the one under
which zinc-blende single-phase growth is achieved.

Growth on GaN films is carried out on (001)-oriented
(offcut <0.1°), semi-insulating GaAs substrates in a
custom-designed solid-source MBE chamber. Active N is
generated by a high voltage (=1.5 keV) plasma glow dis-
charge. The plasma power is kept constant for all experi-
ments at 30 W. The surface of the growing crystal is moni-
tored in situ by reflection high-energy electron diffraction
(RHEED), using an incident angle between 1° and 2° and an
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acceleration voltage of 15 keV. RHEED patterns are re-
corded by a charge-coupled device camera connected to an
image processing system. The Ga flux is determined by
RHEED oscillations during GaAs growth under N, back-
ground pressure.® The N flux is determined by evaluating the
growth rate via the layer thickness as measured by scanning
electron microscopy (SEM) for films grown under Ga-rich
conditions.

Growth is initiated on the (2 X 4) reconstructed GaAs sur-
face by closing As and simultaneously opening the N shutter.
The presence of an As background pressure in the initial
stage of growth promotes the nucleation of a cubic template,
an observation which resembles the finding of Cheng et al.?
It is not, however, necessary to provide an As flux through-
out growth as reported by these authors. Furthermore, the
same effect is achieved by using N-rich conditions during
nucleation of the first =5 ML. Ga excess in this stage, how-
ever, inevitably leads to nonepitaxial, columnar growth of
hexagonal crystallites whose ¢ axis is oriented along [001].
In either case, the RHEED pattern invariably switches to an
apparently N-induced (3X3) reconstruction, the nature of
which is as yet unknown. The formation of a cubic template
manifests itself by the subsequent appearance of diffuse
spots at the expected position for cubic GaN which elongate
and transform to streaks within ~100 A of GaN deposition.
A predominantly streaky RHEED pattern, along with a clear
2 X reconstruction along all major azimuths, is observed af-
ter about 500 A of deposition. The measurements shown
below are taken after 1000 A of GaN growth, after which the
surface is sufficiently smooth for accurate RHEED record-
ings.

Figure 1 displays x-ray reciprocal space maps5 for two
GaN layers grown (a) under N excess and (b) under near-
stoichiometric conditions. Besides the (002) reflections of
the GaAs substrate, the (002) reflections of zinc-blende GaN
are visible in both scans. The additional diffraction feature
detected for the sample in (a) arises from the (1011) reflec-
tion of wurtzite GaN domains oriented such that [0001]
I[111]B. Note that the intensity of the wurtzite and the zinc-
blende reflections in (a) are of comparable intensity. We
point out that the commonly employed x-ray scans, regard-
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FIG. 1. X-ray reciprocal space maps of GaN layers on
GaAs(001) grown under (a) N-excess and (b) stoichiometric condi-
tions. The map is in units of \/2d, where A is the wavelength of the
Cu Ka; line (1.5405 A) and d is the lattice spacing in the given
direction. Intensity increases from blue over red to yellow. The
nature of each reflection is indicated in the figure.

less of being taken in the 6-26 (i.e., along [001]) or the w
(i.e., along [AA0]) modes, are insufficient for detecting hex-
agonal grains other than oriented such that [0001]||[001]. As
already stressed by Lei, Ludwig, and Moustakas,* these
simple scans may prove the existence of the cubic phase, but
by no means the absence of hexagonal components. In addi-
tion to detailed x-ray measurements, such as carried out in
the work of Lei, Ludwig, and Moustakas and here, other
experimental techniques may serve as valuable and, perhaps,
more convenient tools for detecting hexagonal components
in supposedly cubic GaAs films.

Indeed, SEM shows that the conucleation of cubic and
hexagonal grains, triggered by a N excess during growth,
leads to a severe roughening of the surface morphology.
Sometimes, crystallites having the characteristic hexagonal
habitus are found. Luminescence spectra of such films ex-
hibit, besides lines in the region between 3.0 and 3.27 eV
which we attribute to the cubic phase, an additional line at

(b
c(2x2)

FIG. 2. RHEED patterns taken during growth along the [110],
[100], and [110] azimuths for two different V/III ratios. The condi-
tions employed in (a) correspond to a slight N excess, whereas (b)
was recorded at near stoichiometry. The patterns in (a) constitute a
(2X2) and those in (b) a ¢(2X2) reconstruction. The patterns are
contrast inverted for better visibility. The two spots on the right-
hand side of each pattern stem from light-emitting diodes signaliz-
ing the “open” state for both Ga and N shutters.

3.47 eV which is close to the position of the hexagonal band
gap. This line has been frequently observed for supposedly
purely cubic GaAs films,> but in our experience its appear-
ance correlates with the presence of a significant volume
fraction of hexagonal components as also suspected by
Ramirez-Flores et al.” In fact, Raman measurements of these
GaN films exhibit, in addition to the cubic TO- and LO-
phonon modes, a strong resonance at the position of the E,
(high) phonon characteristic for the hexagonal modification.
In contrast, Ga-rich conditions result in smooth films inter-
sected by cubic crystallites, which nucleate inside Ga drop-
lets via the vapor-liquid-solid mechanism.® The lumines-
cence of these films is dominated by the shallow, probably
excitonic transition at 3.27 eV related to the cubic phase. No
higher energy line related to hexagonal grains is observed for
such samples, and also no E, (high) phonon can be detected
by Raman spectroscopy. However, high electron concentra-
tions up to 8X10® cm™3 are measured for all samples
grown under Ga-rich conditions. The obvious conclusion we
draw from these findings is that any deviation from stoichio-

FIG. 3. Surface structure models for the experimentally ob-
served (2X2) (left) and c(2X2) (right) reconstructions. N and Ga
atoms in the second and third layers are represented by orange and
blue spheres, and Ga surface dimers in the topmost layer are repre-
sented by oversized blue spheres connected by the dimer bond.
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metric conditions deteriorates crystal quality in one way or
another, and thus has to be avoided.

Figure 2 displays the RHEED patterns obtained along all
major azimuths after ~1000 A of GaAs growth (a) under
slight N excess and (b) near-stoichiometric conditions. All
patterns only exhibit diffraction features of the cubic phase
of the GaN film. Along the [110] azimuth, additional spots
near the (004) reflection and diffuse streaks along the
(111) directions are observed, which originate from twins
and from a high density of stacking faults, respectively, both
of which are formed on the two inclined {111}B planes. The
hexagonal grains revealed in Fig. 1(a) for the sample grown
under N-rich conditions are, in general, undetectable by
RHEED since the diffraction conditions are not satisfied for
the RHEED geometry. The lattice constant of the cubic phase
is determined to be (4.53+0.01) A by analyzing the separa-
tion of the transmission reflections, in agreement with the
x-ray measurements of Powell et al.> Most important, how-
ever, is the appearance of (2X2) and c¢(2X2) reconstruc-
tions in (a) and (b), respectively. Since surface reconstruc-
tions are, generally, related to specific stoichiometry ranges
in the surface phase diagram,’ this observation opens the
way towards the in sifu control of surface stoichiometry. In
fact, as detailed below, clear surface phase transitions are
observed depending on the relative amount of Ga and N
impinging on the surface.

We first estimate the nature and the coverage of the spe-
cies related to the reconstructions observed. Under a perma-
nently supplied active N flux the (001) GaN surface is unre-
constructed and exhibits the (1X1) bulk symmetry. An
impinging Ga flux alone induces first (at 0.5 ML Ga cover-
age) a (2X2) reconstructed surface which is transformed at
higher Ga coverage (1 ML) into a ¢(2X2) reconstruction. In
vacuum, the surface relaxes invariably towards the (2X2)
reconstruction which is stable up to the highest temperatures
used in this study (680 °C). We thus conclude that the
(1X1) pattern corresponds to a N terminated surface
whereas both the (2X2) and ¢(2X2) patterns are related to
Ga stabilized surfaces covered with 0.5 and 1.0 ML of Ga,
respectively.

In Fig. 3 we display structural models of the (2X2) (a)
and the ¢(2X2) (b) reconstructions consistent with the ex-
perimentally determined Ga coverages as well as the recon-
struction symmetries. The (2X2) reconstruction is thought
to be formed by Ga dimer rows along the [110] direction
which are separated by one missing dimer row. Further Ga
deposition results in the filling of the missing dimer rows at
the center positions of the four adjacent Ga dimers. At full
monolayer coverage, this arrangement corresponds to the
¢(2X2) reconstruction.

The different stability of the (2X2) and ¢(2X2) recon-
structions is an interesting point which deserves a brief com-
ment. Both of these reconstructions are spanned up by
chemically identical basic units, namely, the Ga dimers.
Simple arguments considering the electronic!® and
mechanical'! stability of the surface have, however, also dif-
ficulties in convincingly explaining this stability difference.
While it is true that the (2X2) reconstructed surface is less
polar than the c(2X2) one (—1le versus +2e per unit
mesh), and, additionally, that the (2 X 2)-related dimer bonds
are less strained than those building up the ¢(2X2) recon-
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FIG. 4. Experimental RHEED intensity transients of the half-
order reconstruction streak along [100] (a) and [110] (b) for the
dynamic (growing) surface. Both the impinging Ga and active N
fluxes are =0.03 ML/s. Upward and downward arrows indicate
opening and closing of the Ga shutter.

struction, it is not clear how these qualitative differences
actually are related to the surface energy. For a quantitative
understanding of this phenomenon, ab initio total-energy cal-
culations are needed. In the following, we will thus take the
stability difference between (2X2) and ¢(2X2) reconstruc-
tions as an empirical fact.

Having determined the nature of the reconstructions ob-
served, it remains to understand their dynamics for being
able to monitor the surface stoichiometry in real time during
growth. In other words, we are seeking for transitions be-
tween the surface constituents of GaN at actual growth con-
ditions. Figure 4 shows examples of such transients taken
along [100] and [110]. The Ga flux used for these experi-
ments was 0.03 ML/s, and substrate temperature was set to
620 °C. Transitions between the surface reconstructions take
place when either N and/or Ga flux are impinging onto the
growth front. The present example corresponds to a stable
c(2X2) reconstruction during growth without accumulation
of liquid Ga on the surface. These were the conditions used
for the growth of the GaN film whose reciprocal space maps.
[Fig. 1(b)] demonstrate it to be purely cubic. Monitoring the
reconstruction intensity during growth thus provides a means
for the determination and control of appropriate growth con-
ditions.

Summarizing, we have presented an approach for the in
situ control of surface stoichiometry for the synthesis of
zinc-blende GaN on GaAs(001). Films grown under near-
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stoichiometric conditions are, in fact, purely cubic for all
practical purposes, in the sense that no traces of hexagonal
components can be detected by any experimental technique
employed here. As will be discussed in a forthcoming publi-
cation, such films are furthermore distinguished by a smooth
surface morphology, a low background carrier concentration,
and the absence of deep-level luminescence.
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FIG. 1. X-ray reciprocal space maps of GaN layers on
GaAs(001) grown under (a) N-excess and (b) stoichiometric condi-
tions. The map is in units of A/2d, where X is the wavelength of the
Cu Ka, line (1.5405 A) and d is the lattice spacing in the given
direction. Intensity increases from blue over red to yellow. The
nature of each reflection is indicated in the figure.
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FIG. 2. RHEED patterns taken during growth along the [110],
[100], and [ 110] azimuths for two different V/III ratios. The condi-
tions employed in (a) correspond to a slight N excess, whereas (b)
was recorded at near stoichiometry. The patterns in (a) constitute a
(2% 2) and those in (b) a ¢(2X2) reconstruction. The patterns are
contrast inverted for better visibility. The two spots on the right-
hand side of each pattern stem from light-emitting diodes signaliz-
ing the “open” state for both Ga and N shutters.
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FIG. 3. Surface structure models for the experimentally ob-
served (22X 2) (left) and c(2X 2) (right) reconstructions. N and Ga
atoms in the second and third layers are represented by orange and
blue spheres, and Ga surface dimers in the topmost layer are repre-
sented by oversized blue spheres connected by the dimer bond.



