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a  b  s  t  r  a  c  t

Cubic  GaN  samples  on  GaAs(0  0 1)  substrates  were  grown  by  RF-plasma-assisted  molecular  beam  epitaxy
(RF-MBE),  an  As4 overpressure  was  employed  during  the  nucleating  layer.  We  found  that  the relaxation
process  of c-GaN  during  the nucleating  layer,  affects  the  purity  of cubic  phase.  Higher  cubic  phase  of
GaN  was  obtained  for samples  that initiated  the  relaxation  process  after  some  monolayers  (8ML)  of
growth,  as a result  of  better  stabilization  of the cubic  layer.  The  relaxation  process  depends  on  the  As4

overpressure  over  the  growth  surface  and  on  the  growth  temperature.  The  structural  properties  of  c-GaN
characterized  by  transmission  electron  microscopy  (TEM)  and  high  resolution  X-ray  diffraction  (HR-XRD)
have  evidenced  the  purity  of cubic  phase  in  the  first nanometer  of  growth,  and also  the  formation  of the
elaxation process
ucleating layer
tacking faults
F-MBE

hexagonal  inclusions  after  several  nanometers  of  growth  from  the  stacking  faults  on  the {1  1  1}  planes.
From  an  estimation  of the  hexagonal  content  by  X-ray  reciprocal  space  mapping  (RSM),  we  found a  lower
hexagonal  component  on  the  (1 1̄ 1)N and  (1̄11)N planes.  The  highest  purity  of  cubic  GaN  was  98.7%  along
the {1  1 1}N planes  for sample  grown  at 720◦C. Photoluminescence  measurements  also  demonstrated  the
high  purity  of  the  cubic  phase  of this  sample,  no  emission  of hexagonal  inclusion  was  detected.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gallium nitride (GaN) and its alloys are important materials for
eveloping optoelectronic and electronic devices. This is mainly
ue to their outstanding properties such as the direct energy gap,
hich covers a large part of the solar spectrum, from the infrared

o the ultraviolet. Moreover, devices based on these materials can
e operated at higher power, frequency, and reliability. All these
eatures in hostile environments with a lower energy consumption
1]. GaN can be synthesized in two crystalline structures: hexag-
nal and cubic [2]. In comparison to the widely employed stable
exagonal phase of GaN (h-GaN), the metastable cubic one (c-GaN)

resents remarkable advantages [3]. Because of its high degree
f crystallographic symmetry, one of the most important advan-
ages is that effectively eliminate the spontaneous polarization and

∗ Corresponding author. Tel.: +1 00525536650130.

ttp://dx.doi.org/10.1016/j.apsusc.2015.06.054
169-4332/© 2015 Elsevier B.V. All rights reserved.
strong piezoelectric fields [4]. Besides, the cubic phase presents a
high mobility of carriers, the ease to get p-type doping and, more
suitable cleaving planes [5–7].

One of the major difficulties for obtaining high quality c-GaN is
the absence of lattice-matched substrates. Nevertheless, an exten-
sive investigation in recent years has resulted in the successful
growth of c-GaN on different substrates such as Si, SiC, MgO, as
well as on GaAs [8–12]. In this process, the nucleating layer was
identified as a key factor to overcome the lattice mismatch and to
reduce the hexagonal inclusions. Efforts have been made to control
the growth of this layer. For instance, it was proposed a nucleat-
ing layer deposited at a low temperature prior to GaN epitaxial
growth at a high temperature [13], and also to employ an Arsenic
(As4) overpressure during the nucleating layer to induce the cubic

growth over GaAs substrates. In this last process was found that the
content of c-GaN increases, by increasing the growth temperature
at 700◦C, with a flux of arsenic at 2.4 × 10−7Torr [14]. The analysis
by reflection high-energy electron diffraction (RHEED) for this layer

dx.doi.org/10.1016/j.apsusc.2015.06.054
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.06.054&domain=pdf
dx.doi.org/10.1016/j.apsusc.2015.06.054
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Table 1
Parameters of c-GaN samples.

Sample �As4 TGL
a�II

bT FWHM
[s] [◦C] [s] [nm] [arcmin]

I 3 720 4.5 371 83.84
II  180 720 22 378 81.34
III  180 710 25 377 93.96
IV  900 720 21 367 102.24
V  900 730 20 354 119.42
VI  30 700

cubic template.
The (3 × 3) reconstruction is a strained GaN monolayer almost

fully N-terminated [14,16]. Following this monolayer, the transi-
tion to an unreconstructed (1 × 1) pattern was observed. With the
ig. 1. Schematic representation of the different stages of growth of c-GaN films on
aAs(0 0 1).

howed, an initial (3 × 3) reconstruction during the growth of the
rst GaN monolayer [15]. However, is of great importance an under-
tanding of the relaxation process of c-GaN during the nucleating
ayer, due to the impact on the final crystal quality.

In this work, we studied the effect of varying the exposure time
o the As4 overpressure during the nucleating layer on the relax-
tion process of c-GaN. We  have found that the relaxation process
s directly related with the purity of cubic phase. Under appropriate
onditions a stable nucleating layer can be formed which promotes
he cubic phase growth. Structural and optical characterization of
-GaN allowed us evaluate the purity of the cubic phase. In fact, the
nalysis by reciprocal space mapping (RSM) enabled us to obtain
ome fine details on the purity of cubic phase on the {1 1 1} planes.
he (1̄11)N and (1 1̄ 1)N planes present a higher purity of cubic
hase compared with the (1 1 1)Ga and (1̄ 1̄ 1)Ga planes. We  propose

 mode to explain this difference.

. Experimental details

c-GaN samples were grown in a Riber C21 RF-MBE system
n semi-insulating GaAs(1 0 0) substrates. The system is equipped
ith a radio-frequency (RF) plasma source and effusion cells, for

upplying reactive atomic nitrogen, and Ga and As fluxes, respec-
ively. In order to prepare a smooth GaAs surface that helps the
ucleation of c-GaN, the GaAs substrate was thermally cleaned,
nd then a 100nm-thick GaAs buffer layer was grown. The growth
onditions were: growth temperature (TG) of 600◦C, a Ga beam
quivalent pressure (BEPGa) of 5.3 × 10−7Torr, and an As BEPAs of
.3 × 10−7Torr. A schematic of the growth process is illustrated in
ig. 1.

For the growth of the c-GaN nucleating layer, we used a growth
emperature (TNL) of 700◦C during a time �NL of 18s, and a constant
s4 overpressure on the growth surface applied for a time (�As4

).
he presence of As atoms allows the formation of a cubic template
f GaAs. The As atoms of this template are replaced by N atoms, as a
onsequence of the higher bond energy of Ga N compared to that
orresponding to Ga As bond. We  shall discuss further this point in
ection 3. Besides, with the purpose of evaluating the influence on
he purity of cubic phase GaN, we tested different periods of time
or As4 overpressure exposure (�As4

). Finally, over the nucleating
ayer, c-GaN films were grown by varying the growth temperature
TGL). The growth parameters of the samples are summarized in
able 1. The Nitrogen (N) plasma source during all growths was
perated at 150W with a N2 flow of 0.25sccm, and the Ga beam
EPGa set at 2.7 × 10−7Torr.

The initial nucleation and subsequent growth of GaN films
ere monitored in-situ by using RHEED. The Ga As and Ga N
onds were determined by angle-resolved X-ray photo-electron
pectroscopy (AR-XPS). A monochromatic Al K  ̨ source with a
hoton energy of 1486.6eV was used. The atomic crystalline struc-
ure was characterized using high-resolution transmission electron
a �II is the time to reach stage II shown in Fig. 2.
b T is the thickness of the sample.

microscopy (HR-TEM) by a JEOL ARM 200F microscope operated at
200kV. The analyzed samples were prepared in cross-section by
mechanical polishing. High resolution X-ray diffraction (HR-XRD)
was performed in a Panalytical MRD  X-ray diffractometer employ-
ing a Cu K  ̨ source and a Ge(2 2 0) triple axis analyzer. Chemical
composition of the material was analyzed by time of flight sec-
ondary ion mass spectrometry (TOF-SIMS) from IONTOF. Finally,
optical characterization was  obtained by photoluminescence spec-
troscopy. The PL spectra were collected using a cryostat to change
the sample temperature from 10 to 300K, and a He-Cd laser of
325nm excitation wavelength with a maximum input power of
20mW.

3. Results and discussion

The c-GaN growth turns out to be very sensitive to the formation
of polycrystalline material and incorporation of hexagonal phase,
due to its metastable character, and the large lattice mismatch of
20% with the GaAs substrate. Therefore, to understand the growth
mechanism and to improve the crystal quality of c-GaN, it is very
important to study the early stages of formation of the nucleating
layer. First, we  analyzed the relaxation process of cubic GaN. The
variation in the lattice constant (�a/a0) during the nucleation of
GaN for sample I, is shown in Fig. 2. We  observed an interesting
oscillation of the lattice constant during the first stages of growth.

The GaN nucleating layer is initiated in the stage I of Fig. 2,
with an As4 overpressure. At this stage, the RHEED pattern of GaAs
turns into a (3 × 3) pattern during the first 3s, that corresponds
to the first strained c-GaN monolayer. In this monolayer, c-GaN
is grown by replacing As by N in the cubic lattice of GaAs, which
is an anion exchange reaction [16]. This reaction is a result of the
higher bond energy of Ga N (96.8kcal mol−1) compared to Ga As
(47.7kcal mol−1) [14]. Accordingly, GaN is forced to reproduce the
Fig. 2. Variation of in-plane lattice constant (�a/a0) during the nucleation of c-GaN
and corresponding RHEED patterns. a0 is the lattice constant of GaAs. The RHEED
patterns were taken along [1 1̄ 0] azimuth.
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Fig. 3. XPS spectra of (a) Ga3d and (b) As3d for sample VI, grown at 700 ◦C.

resence of As on the growth surface, during the (1 × 1) pattern the
ormation of Ga As bonds is again favored. As a consequence, the
attice constant increased. In fact, the lattice recovered the same
alue of that of GaAs, as shown in the stage II of Fig. 2. Immediately
fter, a decrease of the lattice constant was observed, suggesting
he interchange of As by N atoms. Moreover, at this stage the full
elaxation process of GaN is carried out, initiating the growth of
-GaN in a stable layer. The lattice constant in the stage IV cor-
esponds to a relaxed c-GaN, with a bright and elongated RHEED
attern, thus indicating a smoothening of the growth front.

We noticed that the relaxation process of c-GaN, starting at stage
I (�II), depends on the As content on the growth surface. In Table 1

e observe that with the shorter time of As4 overpressure (�As4 =
 s), the stage II is reached at �II = 4.5s (sample I). By increasing �As
4
samples II–V), �II also is increased, but is limited by the time of the
ucleating layer (�NL), since we increased the growth temperature
GL at �NL = 18s. The temperature increase promotes the desorption

ig. 4. (a) SAD patterns taken along [1 1 0] direction at the interface, for sample IV. Cross
nd,  (c) detail of hexagonal inclusions of GaN, for sample IV.
face Science 353 (2015) 588–593

of As and Ga atoms from the growth surface, which results in that
�II is reached around 22s, as shown in Table 1. �II = 22s is suitable to
obtain a stable cubic layer. Employing higher growth temperatures
(TGL) after of the nucleating layer, the relaxation process (�II) starts
faster (samples II–III and IV–V).

The RHEED analysis indicates that the As atoms are desorbed
from the growth surface during the nucleating layer. In order to
check the presence of As in the samples, we  studied the chemical
bonds in a nucleating layer of c-GaN by using angle resolved-XPS.
Chemical analysis was  performed for sample VI (with thickness
of 3nm), at emission angles of 5◦, 35◦ and 55◦, which were taken
with respect to the normal surface. Fig. 3 shows XPS spectra of (a)
Ga3d, and (b) As3d. The Ga3d peak with the greatest analyzed depth
(≈10nm), which corresponds to the emission angle of 5◦, is com-
posed of Ga N bonding at the high-energy side, and Ga As bonding
at the low energy region [17]. In the most superficial analysis
(≈5.5nm with an emission angle of 55◦) of Ga3d, the peak is mainly
composed Ga N bonds, because in this case we are decreasing the
contribution from the underlaying GaAs layer. Likewise, the inten-
sity of As-Ga component in the spectra of As3d decreases with the
decrease in the depth of analysis as observed in Fig. 3(b). The spectra
taken from the nucleating layer of c-GaN showed evidence of the
formation of Ga N bonds during the first monolayers of growth,
and the absence of Ga As bonds on the growth surface. This latter
point indicates that the As atoms are effectively desorbed from the
surface.

In order to improve the growth of c-GaN on GaAs is conve-
nient in the first place, to know the growth mechanism at the
atomic scale. With this in mind, cross-sectional transmission elec-
tron microscopy (HR-TEM) was performed. Selected area electron
diffraction (SAD) pattern in Fig. 4(a) shows a superposition of
diffraction spots of c-GaN and GaAs buffer layer at the interface for
sample IV. We  observed from these patterns a perfect coherence
on intensity and disposition of the diffraction spots. Thus, c-GaN
has the same orientation of GaAs and the strain distribution due to
the lattice mismatch is homogeneous within the layer of GaN [18].
The lattice constant obtained for GaN is a = 0.452nm, from the dis-
tances between the diffraction points of GaN and GaAs, which is in
excellent agreement with the reported value [19].

The TEM micrograph in Fig. 4(b) reveals structural details at
the GaN/GaAs interface. Stacking faults were identified from the
interface, which are presumably originated by the lattice mismatch.
These planar defects are characterized by pyramid structures along
the (1 1̄ 1) and (1̄ 1 1) planes with an inclination angle of 54.7◦
size that in the first nanometers of growth, the sample presents
purity of cubic phase, indicating that the hexagonal component is
not formed from the interface, in contrast to results from other

-sectional HR-TEM micrograph of: (b) GaN/GaAs interface showing stacking faults
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layers grown under As4 overpressure are able to promote a stable

F
p

he  azimuth angle ϕ = 0◦ . The inset shows the � − 2� X-ray diffraction curve from
his sample.

roups [9]. These results suggest that the As4 overpressure dur-
ng the nucleating layer allowed the growth of predominantly the
ubic phase, reiterating its importance during this stage. Neverthe-
ess, we found hexagonal inclusions after the several nanometers
f growth, as shown in the micrograph of Fig. 4(c). We  attribute the
rigin of these components at stacking faults, since one hexagonal
onolayer can be considered as one stacking fault. A discussion

bout these planar defects in our c-GaN samples was performed by
uiz-Zepeda et al. [20].

Now we want to highlight some characteristics of the c-GaN
ayers, such as the crystalline quality and cubic phase purity. The
ull-width at half maximum (FWHM) of the ω-scan of the cubic
aN samples are shown in Table 1. X-ray RSM was used to obtain

nformation on the content of hexagonal inclusions and their dis-
ribution [21,22]. In order to obtain an accurate estimate of the
omponent, the measurements were made along the azimuth
ngles ϕ = 0◦, ϕ = 90◦, ϕ = 180◦ and ϕ = 270◦. Fig. 5 shows X-ray RSM
long ϕ = 0◦ for sample II of Table 1. The hexagonal inclusions were
ound on the {1 1 1} planes, as previously discussed in Fig. 4 and
eported by Ruiz-Zepeda et al. [20]. The h-GaN component was cal-
ulated by comparing the integrated X-ray diffraction intensity of

he cubic (0 0 2) and hexagonal (1 0 1̄ 1) planes, in the same diffrac-
ion volume, more details of the calculation procedure can be found
n Ref. [23]. The RSM quantification demonstrated that the GaN

ig. 6. (a) Hexagonal inclusions in the c-GaN samples grown at different As4 exposure 

icture  of (b) (1 1 1)Ga and (1̄ 1̄ 1)Ga planes, and (c) (1 1̄ 1)N and (1̄ 1 1)N planes of the c-GaN
face Science 353 (2015) 588–593 591

samples have a high purity of cubic phase. In fact, the � − 2� diffrac-
tion pattern showed only the diffraction peaks associated to (0 0 2)
and (0 0 4) planes of GaAs and c-GaN, as can be observed in the inset
of Fig. 5.

Fig. 6(a) presents the calculated percentage of hexagonal com-
ponents performed for azimuth angles ϕ along the {1 1 1}N and
{1 1 1}Ga planes of c-GaN as a function of the As4 overpressure
exposure time (�As4 ). We  found a smaller hexagonal component
on the {1 1 1}N planes. The fine details in the hexagonal content
appreciated on the planes {1 1 1}N and {1 1 1}Ga, suggest that the
growth mechanism is different on the {1 1 1} planes of the c-GaN.
Fig. 6(b) schematically illustrates (1 1 1) and (1̄ 1̄ 1) planes, which
are terminated with Ga atoms. Fig. 6(c) shows (1 1̄ 1) and (1̄ 1 1)
planes, which are terminated with N atoms [24]. The difference in
the amount of hexagonal inclusions observed along the azimuths
could be due to the different intrinsic properties of the Ga and N
bonds on each plane.

It is well known that the chemical nature of the surface atoms
is crucial for the III-nitrides epitaxial growth. In particular, under
Ga-rich condition, Ga adatoms have a higher mobility and thus the
samples synthesize with better crystalline quality [25]. Note that
in our samples we  employed a Ga-rich growth condition. On the
other hand, a higher growth rate on (1 1 1)Ga and (1̄ 1̄ 1)Ga planes
has been reported, compared to that on (1 1̄ 1)N and (1̄ 1 1)N planes
[26]. In this case, the highly mobile Ga adatoms on (1 1̄ 1)N and
(1̄ 1 1)N planes have a higher probability to find appropriate sur-
face sites before being incorporated in the lattice, reducing the
density of stacking faults and therefore the hexagonal component
on these planes. RHEED patterns taken during the GaN growth
also evidenced the difference in the hexagonal inclusions along the
[1 1 0] and [1 1̄ 0] directions. The streaky and bright pattern along
[1 1 0] direction shown in the inset of Fig. 6(a) clearly presents a
2x surface reconstruction indicating a smooth surface. In contrast,
RHEED pattern along [1 1̄ 0] direction presents some spotty features
coming from the hexagonal component.

We found that the relaxation process of c-GaN, which starts at
the stage II (�II) of Fig. 2, affects the purity of cubic phase. The sample
II presented the higher purity of cubic phase, as shown in Fig. 6(a).
This sample initiated the relaxation process at �II = 22s (Table 1),
which corresponds approximately to 8ML. Thus, these few mono-
nucleating layer. If we chose growth parameters that promotes a
rapid relaxation process, for example, sample I (�II = 4.5s), with a
short As4 overpressure of 3s, the hexagonal incorporation increased

time (�As4 ), for azimuth angles along the {1 1 1}N and {1 1 1}Ga planes. Schematic
.
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Fig. 8. (a) PL spectra from cubic GaN samples I–V (see Table 1), measured at 10K.
(b)  PL spectra for sample II, measured at different temperatures.
ig. 7. SIMS depth profiles for Ga (red), As (green), and N (blue) for sample II. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

see Fig. 6(a)). In this case, the fast relaxation process induces a
ayer with crystal defects that are propagated along the growth.
n the other hand, we observed that the sample III presented a
igher hexagonal inclusions compared to the sample II. This is due
o the lower growth temperature TGL after the nucleating layer for
his sample (710◦C). That is, the higher TGL for sample II leads to

 higher desorption of As and Ga, which forms a stable layer that
romotes the growth of the cubic phase. Likewise, the relaxation
rocess for sample IV is similar to the sample II. Nevertheless, the
ample II presents a higher purity of cubic phase. For sample IV, the
rolonged As exposure (�As4 = 900 s) after the formation of the sta-
le layer affects the dynamic of growth, in such way  that it induces
he density of planar defects, and hexagonal inclusions. The high-
st purity of 98.7% of cubic phase was obtained for sample II on
he {1 1 1}N planes and 97.9% on the {1 1 1}Ga planes. This sample
resents the narrowest FWHM of the ω-scan as shown in Table 1.

Despite the differences of the growth on the {1 1 1} planes, we
ave been able to achieve c-GaN films with an uniform distribution
f Ga and N within the bulk, as shown in Fig. 7 by SIMS depth profile
easurements. The analyzed area was 100�m2 and sputtered with

xygen over an square area of 300�m2. Moreover, the signals from
s also allow us to ensure that As atoms are confined at the interface
aN/GaAs.

The design of new devices with c-GaN requires high purity
f cubic phase with appropriated physical properties. Having
chieved a high degree of phase purity as was previously discussed,
ow we show the photoluminescence properties of the samples. PL
pectra measured at 10K from samples I–V are shown in Fig. 8(a). In
ll samples, we found four resolved peaks assigned to free exciton
FE), donor-acceptor pair (DAP), free electron to acceptor (FB) and
AP1 transitions in c-GaN, [27,28]. The samples IV and V presented

 wider FWHM of the DAP peak, probably by the prolonged As4
verpressure (�As4 = 900 s). Moreover, we identified an additional
mall peak at 3.38eV related to hexagonal inclusions for samples
II and V, these samples present the higher content of hexagonal
nclusions (see Fig. 6). PL spectra for sample II measured at different
emperatures are shown in Fig. 8(b). As the temperature increases,
he intensity from the FE peak increases in relation to the DAP emis-
ion, and above 160K the FE peak dominates the PL emission. The
WHM of the FE peak at room temperature is 94meV.

For clarity PL peak energies for sample II as a function of tem-
erature are shown in Fig. 9. The temperature dependence of the
E peak was fitted by using Varshni’s empirical equation [29]. We

ound at low temperatures that the fit curve deviates from the
E peak by 10meV. This deviation is consequence of the contri-
ution of the bound exciton transition, which has been widely
iscussed [30]. The temperature dependence of the band gap is
Fig. 9. Temperature dependence of the PL peak energies of the FE, DAP, FB and DAP1
for  sample II.

described by Eg(T) = EFE(T) + 30meV, where EFE(T) is the tempera-
ture variation of the FE peak and 30meV is the binding energy of
FE transition, as shown in Fig. 9 by dashed line. Regarding the DAP
transition, we found that at 10K, the emission is about of 3.19eV
which could be due to the high residual donor carrier concentration
(∼1019cm−3). We  observe that this emission shifts toward higher
energies by increasing temperature. The DAP1 peak shifts to lower
energies by increasing the temperature. The different behavior of
these transitions could indicate that the acceptors involved in DAP
and DAP1 transitions are of different nature [27,29,31]. Finally for
the FB emission, the PL peak moves toward lower energy with
increasing temperature, which is consistent with the temperature
dependence of Eg(T) [27], as shown in Fig. 9.

4. Conclusions

We  have grown c-GaN on GaAs (0 0 1) substrates by using an
As4 overpressure during the nucleating layer. Our results showed
that the relaxation process of c-GaN during the nucleating layer
affects the cubic phase purity. A rapid starting of the relaxation pro-
cess of c-GaN (for example 4.5s in sample I) generates a nucleating
layer with defects, such as hexagonal inclusions, that are propa-
gated along the growth. In contrast, the samples present a higher
purity of cubic phase, when the relaxation process is initiated after
several monolayers of growth (for example 8 ML  that corresponds
to 22s in sample II). This slower relaxation process is a result of

increasing the interval of time of As4 overpressure exposure. The
presence of As atoms on the growth surface is limited by increase in
the growth temperature after the nucleating layer, that promotes
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he desorption of this element. It is important to emphasize that
he grown samples presented a high purity of cubic phase reiterat-
ng the importance of the As4 overpressure during the nucleating
rocess. Hexagonal components are formed from stacking faults
fter several nanometers of growth. In the estimation of the hexag-
nal inclusions by RSM, we found fine details on the {1 1 1} planes.
igher purity of cubic phase was obtained on (1 1̄ 1)N and (1̄ 1 1)N
lanes, compared to the (1 1 1)Ga and (1̄ 1̄ 1)Ga planes. At low tem-
eratures the PL measurements showed transitions associated with
ound-exciton, donor–acceptor pairs, and free electron to acceptor
rom c-GaN. At room temperature the free exciton emission dom-
nated the PL spectra, indicative of high purity of cubic phase. In
amples with higher hexagonal content we detected an PL emission
f a small peak from hexagonal inclusion.
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investigation of the properties of cubic GaN grown on GaAs by plasma-assisted
molecular-beam epitaxy, J. Vac. Sci. Technol. B 9 (4) (1991) 1924–1929.

29] S.J. Xu, C.T. Or, Q. Li, L.X. Zheng, M.H. Xie, S.Y. Tong, H. Yang, Defect states in
cubic GaN epilayer grown on GaAs by metalorganic vapor phase epitaxy, Phys.
Status Solidi (a) 188 (2) (2001) 681–685.
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