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A B S T R A C T   

Cubic zincblende GaN films were grown by metalorganic vapour-phase epitaxy on 3C-SiC/Si (001) templates 
and characterized using Nomarski optical microscopy, atomic force microscopy, X-ray diffraction, and 
transmission-electron microscopy. In particular, structural properties were investigated of films where the 
growth temperature of a GaN epilayer varied in the range of 830 ◦C to 910 ◦C and the gas-phase V/III-ratio varied 
from 15 to 1200 at a constant reactor pressure of 300 Torr. It was observed that with increasing epi temperature 
at a constant V/III-ratio of 76, the film surface consisted of micrometer-sized elongated features aligned along 
[1–10] up to a temperature of 880 ◦C. The zincblende phase purity of such samples was generally high with a 
wurtzite fraction of less than 1%. When grown above 880 ◦C the GaN surface morphology degraded and the 
zincblende phase purity reduced as a result of inclusions with the wurtzite phase. A progressive narrowing of the 
002 reflection with increasing epi growth temperature suggested an improvement of the film mosaicity. With 
increasing V/III-ratio at a constant growth temperature of 880 ◦C, the film surface formed elongated features 
aligned along [1–10] at V/III values between 38 and 300 but the morphology became granular at both lower and 
higher V/III values. The zincblende phase purity is high at V/III values below 300. A slight broadening of the 002 
X-ray diffraction reflection with increasing V/III-ratio indicated a small degradation of mosaicity. Scanning 
electron diffraction analyses of cross-sectional transmission-electron micrographs taken of a selection of samples 
illustrated the spatial distribution, quantity and structure of wurtzite inclusions within the zincblende GaN 
matrix. Within the limits of this study, the optimum epilayer growth conditions at a constant pressure of 300 Torr 
were identified to be at a temperature around 860 ◦C to 880 ◦C and a V/III-ratio in the range of 23 to 76, 
resulting in relatively smooth, zincblende GaN films without significant wurtzite contamination.   

1. Introduction 

Compared to the scientific and commercial successes achieved with 
hexagonal wurtzite (wz-) III-nitrides, the advances made since the early 
1990′s on the subject of cubic zincblende GaN (zb-GaN) thin films have 
been modest [1–5]. The small number of zb-GaN growth reports found 
in the literature concern mostly Molecular Beam Epitaxy (MBE) studies, 
while a few comprehensive Metalorganic Vapour-Phase Epitaxy 
(MOVPE) growth studies exist [6–8]. Recently, the growth of zincblende 
GaN and InGaN received renewed attention [9–12] as a possible route to 
overcome the so-called “green gap” problem – i.e. the relatively low 
efficiency of green emitting nitride light emitting diodes (LEDs) 
compared to blue-emitting devices. Indeed, due to the absence of shear 
strains, the zincblende phase in the (001) orientation is free of internal 
electric polarization fields that affect the commonly-used wurtzite c- 

plane (0001) orientation [13–15]. Thus, the expectation is that the 
electron-hole wavefunction overlap in the nonpolar zb-GaN/InGaN 
quantum well structures is increased compared to that of c-plane 
wurtzite structures, leading to a faster radiative recombination rate and 
possibly higher efficiencies [16]. Furthermore, the smaller bandgap of 
zb-GaN (3.27 eV) compared to that of wz-GaN (3.47 eV) allows for a 
smaller amount of Indium in the quantum wells, which would be espe
cially advantageous in green-emitting devices. Other device-related 
properties of zb-GaN such as n- and p-type doping concentrations and 
carrier mobilities using Si and Mg as dopants, respectively, are largely in 
line with those reported for wurtzite-type material [17–22], although 
several recent Mg doping studies of zb-GaN [23–25] reported free hole 
concentration as high as 6 × 1019 cm− 3. Successful n- and p-type doping 
of zb-GaN was demonstrated by electroluminescence from p-n homo
junctions [23,26–28] and GaN/InGaN heterostructures [29]. 
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A recent resurgence in zb-GaN research activity concerned the 
growth by MOVPE on nano-patterned Si (001) substrates in which se
lective area growth is initiated on {111} sidewalls of the patterned V- 
grooves [9–12]. Thus, the zb-GaN was formed upon coalescence of two, 
inclined wz-GaN growth fronts, resulting in ridges without wz-GaN 
surface exposure [12,30]. However, despite the elegance of this selec
tive area overgrowth method, the manufacturing of high-quality, planar 
zb-GaN films requires epitaxial growth on a more convenient and pref
erably large-area substrate with a cubic symmetry. In most cases, GaAs 
(001) or 3C-SiC (001) have been used as the cubic substrate of choice. 
There have been several efforts of zb-GaN growth on GaAs by MOVPE 
using 1,1-dimethylhydrazine (DMHy) [31,32] and ammonia [6,33] as N 
precursors, but due to its higher thermal stability 3C-SiC seems better 
suited for zb-GaN growth. Furthermore, 3C-SiC has a relatively small 
lattice mismatch of 3.4% with respect to zb-GaN [34]. Lastly, the current 
availability of high-quality 3C-SiC/Si (001) substrates of up to 150 mm 
in diameter makes this the substrate of choice, although, due to the 
thermal mismatches between GaN, 3C-SiC and Si, strain-management 
procedures akin to the wz-GaN (0001)/Si (111) technology [35] will 
need to be developed to allow the growth of zb-GaN films of several 
micrometers in thickness. 

It is clear from the literature that zb-GaN films with high phase purity 
are difficult to achieve because the zincblende phase is metastable and 
hence inclusions of the thermodynamically more stable wurtzite phase 
commonly occur, as do stacking faults on {111} planes. Indeed, the 
stacking faults (SFs) may be considered as monolayer wurtzite in
clusions. Daudin et al. [3] and Gerthsen et al. [36] identified that zb-GaN 
MBE growth with high phase purity is mainly governed by three key 
factors; namely a low substrate roughness, a moderate growth rate, and 
a V/III gas-phase ratio close to unity. Similarly, a comparison of the 
different MOVPE conditions used by different groups [6,7,32,37,38] 
shows that the highest quality films were grown using a standard two- 
step growth procedure, which included a 20 nm- to 60 nm-thick low- 
temperature GaN nucleation layer grown at 500 ◦C to 575 ◦C with the 
epilayer grown at a temperature between 800 ◦C and 950 ◦C, a V/III- 
ratio between 12.5 and 1500 and a growth pressure between 20 Torr 
and 585 Torr. Building on these recommendations from literature and 
earlier work from our group [8], we report here on the MOVPE growth 
and characterization of zb-GaN epilayers on 3C-SiC/Si (001) substrates 
exploring the temperature range between 830 ◦C and 910 ◦C and the V/ 
III-ratio range between 15 and 1200 at a reactor pressure of 300 Torr. 
We found that over a narrow growth window of intermediate values for 
temperature and V/III-ratio, smooth zincblende films were grown with 
high phase purity. 

2. Experimental method 

All samples were grown in a Thomas Swan 6 × 2′′ close-coupled 
showerhead MOVPE reactor on 3C-SiC/Si templates. The SiC tem
plates consisted of a circa 3 µm-thick 3C-SiC layer on a Si (001) sub
strate with a thickness of 0.75 mm or 1.00 mm and a misorientation of 4◦

towards [110] in order to avoid substrate-induced anti-phase domains 
(APDs) in the GaN epilayer [8,39]. For the GaN growth, trimethyl gal
lium (TMG) and ammonia were used as Ga- and N-precursors, while 
hydrogen was used as the carrier gas. The total gas flow was kept con
stant at 20 standard litres per minute (slm). The growth procedure 
comprised of a high-temperature thermal anneal of the substrate fol
lowed by a low-temperature nucleation layer deposition and finally the 
growth of the epilayer proper at high temperature. The temperatures 
quoted are those recorded by a Laytec EpiTT in-situ optical monitoring 
system, calibrated against an Al/Si eutectic wafer. The GaN nucleation 
layer was grown at 600 ◦C to a thickness of 40 nm while the GaN epi
layer thickness was kept constant at 500 nm. Two sample sets (A and B) 
were prepared in which the variables were the epilayer growth tem
perature and the V/III-ratio in the gas phase with the reactor pressure 
maintained at 300 Torr. For set A, the epilayer growth temperature was 

varied between 830 ◦C and 910 ◦C at a constant V/III-ratio of 76. For set 
B, the V/III-ratio during epilayer growth at 880 ◦C was varied between 
15 and 1200 by changing the ammonia flow rate at a constant TMG flow 
rate of 145 µmol/min. All GaN epilayers were intentionally doped with 
Si to a nominal concentration of mid-1018 cm− 3 using silane (50 ppm 
SiH4 in H2). 

The phase analysis of the samples was performed by XRD using a 
PANalytical Empyrean diffractometer equipped with a Cu-Kα1 source (λ 
= 1.54056 Å), 2-bounce hybrid monochromator, 1/4◦-slit, Eulerian 
cradle, and a PIXcel solid-state area detector. Reciprocal space maps 
(RSMs) around the 113 (respectively 1–13) zb-GaN and 1–103 wz-GaN 
reflections were measured parallel and perpendicular to the miscut di
rection of the substrate [34,40]. The intensity profiles along the 〈111〉 SF 
streak between the 113 and 1–103 reflections were extracted from the 
RSMs and subsequently fitted with a maximum of three Pseudo-Voigt 
functions for the zincblende and wurtzite phases and a third, ill- 
defined, hence defective phase probably related to a high density of 
stacking faults. The integrated intensities of the fitted profiles were used 
to quantify the wurtzite fraction of the GaN epilayers, for which the 
scattering efficiencies of the 113zb planes and the 1-103wz were assumed 
to be similar [34]. The residual peak intensity assigned to stacking faults 
was not quantified in this work. A detailed report on the phase purity 
analysis by XRD supported by a theoretical description of stacking faults 
arrays will be the subject of future work. The 002 peak broadening 
parallel and perpendicular to the sample miscut was measured with a 
Philips X’Pert diffractometer equipped with an asymmetric 4-crystal 
Bartels monochromator (λ = 1.54056 Å), 5 × 5 mm2 cross slit colli
mator, Eulerian cradle, and gas proportional point detector without 
further secondary optics. The intensity profiles of open detector 
ω-rocking curve scans were fitted with Pseudo-Voigt functions and the 
FWHM of the fits were used to quantify the reflection broadening. 

The surface morphology was measured using a Bruker Dimension 
Icon Pro AFM in PeakForce Tapping mode, using ScanAsyst-Air-HR 
probes from Bruker Inc. with nominal tip radii of 2 nm. For each sam
ple four 10 μm × 10 μm large scans (512 × 512 data points each) of 
different regions were measured with the fast scan direction parallel to 
[110] (in general parallel to the features’ short direction). The free 
software WSxM 5.0 Develop 9.1 [41] was used for data importation and 
offset flattening parallel to the fast scan direction). The root mean square 
(rms) roughness (R) of the epilayers was calculated from 10 μm × 10 μm 
scans, and defined as: 

R =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
z2

i

√

where n is the number of pixels and zi is the height of pixel i of the AFM 
image. Feature sizes were determined from half-width at half-maxima 
(HWHM) of the two-dimensional fast Fourier transform (2D-FFT) of 
the flattened scan, where the reciprocal of the HWHM gives a measure of 
the average feature size along [110] (i.e., parallel to the Si miscut di
rection) and [1–10] (i.e., perpendicular to the Si miscut direction). This 
procedure was repeated for four different areas on the surface of each 
sample, and the four measurements were averaged, unless stated 
otherwise. The standard error of the mean from the four measurements 
was used to define the error bars of our measurements. Analysis was 
carried out using MATLAB 2016b (MATLAB script available in the de
pository linked in the supplementary data section). 

For the structural electron microscopy analysis, cross-sectional thin 
foils were prepared using a FEI Helios NanoLabTM focused ion beam 
(FIB) for in-situ lift-off. First, a 1 µm-thick Pt metal was deposited to 
protect the surface, followed by Ga ion milling at 30 kV and a final 5 kV 
treatment to reduce ion damage to make a lamella of about 80 nm to 
120 nm in thickness. Scanning electron diffraction (SED) measurements 
were performed at FEI Technai F20 microscope operated at 200 kV in 
STEM mode with a NanoMegas DigiSTAR diffraction system and pro
cessed using software package Pyxem [42]. SED phase maps were 
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generated by matching the measured diffraction patterns at each pixel 
(3 nm × 3 nm) against simulated diffraction patterns for both the zb- and 
the wz-GaN phases. The pixels that had a poor fitting with the simulated 
diffraction patterns of both phases were defined as a third, defective 
phase. 

3. Results 

3.1. Sample set A – Temperature series 

The first series of samples (set A) to be discussed consisted of 6 
samples in which the epilayer growth temperature was varied between 
830 ◦C and 910 ◦C, in steps of 15 ◦C to 20 ◦C. In this series of experi
ments, the V/III-ratio was kept constant at 76, which represented an 
intermediate value within the range of values explored in sample set B 
(see section below). 

The surface morphology of the samples grown below 880 ◦C is 
characterized by elongated features or striations, as shown in the 
Nomarski (differential interference contrast) micrographs in Fig. 1. The 
striations are aligned along [1–10], i.e., in the direction perpendicular to 
the substrate’s miscut indicating an in-plane anisotropy. The length of 
the features shortens to a few micrometers in length with increasing 
temperature. At 895 ◦C and above, the surface becomes more granular 
and rougher with increasing temperature. 

Typical AFM images of the samples of set A are shown in Fig. 2. The 
AFM analysis of the samples allowed a quantitative comparison of data 
such as the rms roughness (Fig. 3a) and in-plane dimensions of the 
surface features (Fig. 3b). Fig. 3a clearly shows a minimum in surface 
roughness of about 8 nm for samples grown at 860 ◦C and 880 ◦C. As 
shown in Fig. 3b, the surfaces of samples grown in the lower tempera
ture range consisted of elongated surface features a few μm in length 
perpendicular to the miscut direction and sub-μm parallel to it. With 
increasing growth temperature, above 880 ◦C the surface roughness 
increases quickly while the surface features gradually become more 
isotropic. The surface of the sample grown at 910 ◦C consists of 
approximately isotropic features circa 1.5 μm in size (Fig. 3b) with a 
(high) rms roughness reaching almost 80 nm (Fig. 3a). 

To determine the phase purity of the GaN films, X-ray reciprocal 
space maps (RSMs) around the 113 (respectively 1–13) zb-GaN and 
1–103 wz-GaN reflections were measured in both parallel and perpen
dicular to the 3C-SiC/Si substrate miscut direction as wz inclusions were 
expected to form on the four {111} facets. The XRD analysis results of 
two samples, displayed in Fig. 4, will be discussed in more detail; the 
sample grown at 860 ◦C shows a high zincblende phase purity, as can be 
seen from the intense 1–13 zb reflection measured perpendicular (Fig. 4 
(a)) and parallel (Fig. 4 (b)) to the sample miscut direction. The best fit 
for the wz reflection at about 3.64 Å− 1 (Q||[1 1 1]) is within the noise level 
of the measured intensities, revealing a wurtzite content of 0.4% or less 

when measured perpendicular and parallel to the miscut. Also, the 
symmetric shape of the zb-reflection indicates that the proportion of a 
defective phase, e.g., SF-rich zb material must be relatively low in this 
sample. In contrast, the sample grown at 910 ◦C (Fig. 4 (c)) shows a 
distinct, although broad 1–103 wz reflection measured perpendicular to 
the miscut. This reflection is much broader than the zb reflection for all 
samples in this series, indicating the presence of inclusions with a poorly 
defined wurtzite lattice. This is likely caused by small but widely 
distributed hexagonal regions in the thin film. The fitting component 
located between the wz and zb reflections in Fig. 4 (c) is attributed to 
material with a defective phase and presumably composed of thin, 
alternating zb and wz lamella or regions with a high SF density. When 
measured parallel to [110], the wurtzite reflection is within the noise 
level of the measured intensity for the sample grown at 910 ◦C (Fig. 4 
(d)). It is a general observation for all samples in set A that the fitted 
wurtzite peak is below the detection limit, which is about 0.3%, and the 
contribution of highly defective material to the intensity profile is very 
low (<1%) when measured in the direction parallel to the miscut di
rection. Hence, the zincblende phase purity measured in the [110] di
rection is very high for the set A samples and independent of the epi 
growth temperature when grown at a pressure of 300 Torr and V/III- 
ratio of 76. In contrast, when measured perpendicular to the miscut 
direction the XRD analysis of the samples in set A revealed that the wz 
fraction gradually increased from ~ 0% at the lowest growth tempera
ture to 5% at the highest temperature, as shown in Fig. 5(a). The 
ω-FWHM of the 002 rocking curves measured parallel and perpendicular 
to the miscut are shown in Fig. 5(b). The peak width decreased gradually 
with increasing growth temperature. For all samples, the broadening 
parallel to the miscut is larger than that perpendicular to the miscut. The 
difference between the values measured in the two in-plane directions 
reduces with increasing growth temperature. 

To summarise the AFM and XRD characterisation of sample set A in 
which the epilayer growth temperature was varied at a constant V/III- 
ratio of 76: the film surface is relatively smooth up to a temperature 
of 880 ◦C, consisting of µm-sized elongated features aligned along 
[1–10]. The phase purity of the films grown at lower temperatures was 
high with a wz fraction of<1%. At higher growth temperatures, the 
surface degraded and the wz fraction increased to a value of 5% for 
growth at 910 ◦C. Wurtzite inclusions were found to be preferentially 
oriented with their basal planes parallel to two of the four {111} planes 
in zb-GaN. The narrowing of the 002 reflection with increasing growth 
temperature indicates an improvement in the layers’ mosaicity [34], 
while the 002 peak broadening perpendicular to [110] is consistently 
smaller than that parallel to it. 

3.2. Sample set B –V/III-ratio series 

The second series of samples (set B) consisted of eight samples in 

Fig. 1. Nomarski optical micrographs showing the surface of zb-GaN films grown over the temperature range of 830 ◦C to 910 ◦C at a constant V/III-ratio of 76 and a 
pressure of 300 Torr. 
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which the epilayer growth temperature was kept constant at 880 ◦C, i.e., 
an intermediate value of set A, while the gas phase V/III-ratio was varied 
from 15 to 1200, with a factor of about two between each value. The 
Nomarski optical micrographs in Fig. 6 show the variation in surface 
morphology with increasing V/III-ratio revealing a trend that goes from 
granular to striated, and to granular again. 

For the quantitative comparison of the surface morphology, AFM 
images were taken and typical images of the samples of set B are shown 
in Fig. 7. As in the Nomarski optical micrographs (Fig. 6), the AFM data 
show that the effect of the gas phase V/III-ratio on the zb-GaN surface 
morphology is significant. The features’ dimensions are comparable to 
those in the temperature series (set A). The smoothest surface, consisting 
of elongated surface features, was obtained at a V/III-ratio of 38, with a 
rms-roughness of (9.7 ± 0.1) nm. Substantial deviations in surface 
morphology and roughness occurred away from this optimum V/III- 
ratio, as shown in Fig. 8. At a V/III value of 15, low aspect ratio 

features were observed. The ends of these features in the [1–10] direc
tion are poorly defined, and many include circa 50 nm-deep holes. The 
minimum feature length in the [110] direction occurs at a V/III-ratio of 
76, and is approximately half the value of that obtained at either end of 
the investigated range, as shown in Fig. 8 (b). The maximum feature size 
in the [1–10] direction occurs at a V/III-ratio of 300 and is thrice that at 
the extremes of the investigated V/III-ratio range. 

The increasing fraction of wz-type inclusions in the zb-GaN thin film 
when grown at a higher V/III-ratio is measured by the XRD analysis of 
the samples of set B, an example of which is shown in Fig. 9 for the 
growth at a V/III-ratio of 600. The intense 1-13zb reflection measured 
perpendicular to the miscut direction (Fig. 9 (a)) is accompanied by a 
sharp wz reflection and a broad component in between the peaks 
assigned to defective material. Compared to the X-ray reflections of 
samples grown at V/III-ratios below 600 in this series and those of set A 
the wz reflection is significantly sharper which may be consistent with 

Fig. 2. AFM scans (10 × 10 μm2) of zb-GaN films grown over the temperature range of 830 ◦C to 910 ◦C at a constant V/III-ratio of 76 and a pressure of 300 Torr. The 
peak-to-valley height (H) is shown in each scan. 

Fig. 3. The effect of epi growth temperature on (a) rms roughness, and feature size (b) parallel and perpendicular to the miscut direction [110] of the zb-GaN 
epilayers grown at a constant V/III-ratio of 76 and a pressure of 300 Torr. 
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the presence of larger wz inclusions. As illustrated for this particular 
sample in Fig. 9(b), the wz reflection was within the noise level of the 
measured intensity in the measurement parallel to the miscut direction 
[110]. This was the case for all samples of set B as was observed for 
those of set A (see Fig. 4(b) and (d)). 

More generally, the XRD phase analysis of sample set B indicates a 
steady increase of the wz fraction from < 1% at a V/III value of 15 to 
10% at a V/III value of 600 when measured perpendicular to the miscut, 
as is shown in Fig. 10 (a). At the highest V/III-ratio of 1200, the wz 

fraction has increased significantly to almost 60%. No significant pres
ence of the wz phase was found in any of the samples of set B when 
measured parallel to the miscut direction, suggesting that wz inclusions 
were preferentially formed with their basal planes parallel to only two of 
the four {111} planes. As shown in Fig. 10(b), the ω-FWHM of the 002 
rocking curves measured parallel and perpendicular to the miscut di
rection reveals a gradual peak broadening with increasing V/III-ratio, 
indicating a decrease in material quality of the zb-GaN phase. As was 
observed for the samples of set A (in Fig. 5(b)), the broadening parallel 

Fig. 4. XRD intensity profiles along the 〈111〉 SF streaks through the 1-103wz and 113zb reflections for the GaN epilayers grown at a constant V/III-ratio of 76, a 
pressure of 300 Torr and a temperature of (a, b) 860 ◦C and (c, d) 910 ◦C measured (a, c) perpendicular and (b, d) parallel to the miscut direction [110] of the 
substrate. The integrated intensity of Pseudo-Voigt fits for the wz phase (green), zb phase (blue), defective phase (orange) and the total intensity (red) were used for 
the quantified phase analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) Wurtzite fraction from XRD and (b) XRD 002 ω-rocking curve FWHM values for GaN epilayers grown as a function of growth temperature at a constant V/ 
III value of 76 and pressure of 300 Torr. 
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Fig. 6. Nomarski optical micrographs showing the surface of GaN epilayers grown over the V/III-range of 15 to 1200 at a constant epi growth temperature of 880 ◦C 
and pressure of 300 Torr. 

Fig. 7. AFM scans (10 × 10 μm2) of zb-GaN films grown at 880 ◦C and a V/III-ratio ranging from 15 to 1200. The peak-to-valley height (H) is shown in each scan.  

Fig. 8. The effect of V/III-ratio of GaN epilayer growth at 880 ◦C on a) rms roughness, and feature size b) parallel and perpendicular to the miscut direction [110].  
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to [110] is larger than that along [1–10]. 
To visualize the changing microstructure of the GaN epilayers and in 

particular the structure and distribution of the increasing wz fraction 
with increasing gas phase V/III-ratio, Fig. 11 shows SED measurements 
on cross-sectional TEM foils (zone axis [110]) prepared from set B 
samples grown at V/III ratios of (a) 15, (b) 300 and (c) 1200, coinciding 
with wz contents of < 1 %, 5 % and 60 %, respectively, as measured by 
XRD. The micrograph in Fig. 11(a) shows a cross-section of the GaN 
epilayer with the zb phase (false-coloured green) with only a few small 
wz (false-coloured red) and defective areas (false-coloured yellow). The 
locations with a defective or wz phase within the GaN film form thin 
lines following the (111) crystallographic planes and hence associated 
with SFs in zb-GaN. Near the top centre of the image in Fig. 11(a) is 
visible a diagonal red line which represents a thin slab of wz material 
that was formed on the {111} facet but did not significantly grow in 
thickness under the specific reactor conditions used. The low fraction of 
red-coloured wz material in the micrograph in Fig. 11(a) agrees with 
XRD phase analysis measurements of this sample. In Fig. 11(b), the SED 
image of the GaN layer grown at a V/III-ratio of 300 shows red-coloured 
bands of wz inclusions, which thread diagonally through almost the 
entire thickness of the epilayer. Clearly, the higher ammonia flow during 
growth favoured the formation of the wz phase in the 〈111〉 direction, 

possibly nucleating from areas of SFs or surface features with growing 
{111} facets. When grown at the still higher V/III-ratio of 1200, large 
areas of the GaN film are of the wz phase as shown in Fig. 11(c). The high 
fraction of red-coloured wz material in this particular sample also agrees 
with XRD phase analysis measurements. It is interesting to note that 
along the length of the micrographs shown in Fig. 11 the first ca. 100 nm 
of epigrowth is largely zincblende in phase suggesting that {111} facets 
at the surface take some time to develop before acting as wz nucleation 
sites. 

To summarise the characterisation data of sample set B in which the 
gas phase V/III-ratio was varied at a constant epilayer growth temper
ature of 880 ◦C: the film surface is relatively smooth between values 23 
and 150, consisting of μm-sized elongated features aligned along [1–10], 
i.e., perpendicular to the miscut direction. The zb phase purity is high 
but deteriorates rapidly at V/III values higher than 300. The slight 
broadening of the 002 reflection with increasing V/III-ratio indicates 
small degradation of the mosaicity, while the 002 peak broadening 
parallel to [110] is consistently greater than that perpendicular to it. 
SED measurements on cross-sectional TEM samples (with [110] zone 
axis) show the increasing propensity for nucleation of wz inclusions 
running parallel to the {111} planes in zb-GaN with increasing V/III 
values during film growth. The TEM data confirm that the wz phase is 

Fig. 9. XRD intensity profiles along the 〈111〉 SF streaks through the 1-103wz and 113zb reflections for the GaN epilayer grown at 880 ◦C and a V/III-ratio of 600 
measured (a) perpendicular (b) parallel to the miscut direction of the substrate. The integrated intensity of Pseudo-Voigt fits for the wz phase (green), zb phase (blue), 
defective phase (orange) and the total intensity (red) were used for the phase analysis. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 10. (a) Wurtzite fraction from XRD, and (b) XRD 002 ω-rocking curve FWHM values for GaN epilayers grown as a function of the gas phase V/III-ratio in the 
MOVPE reactor at a constant temperature of 880 ◦C and pressure of 300 Torr. 
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effectively suppressed during GaN epi growth at a low V/III value. 

4. Discussion 

The structural data of sample set A in which the temperature was 
varied at a constant V/III-ratio reveal that films grown with a V/III of 76 
and a growth temperature between 860 ◦C and 880 ◦C have relatively 
smooth surfaces with a high phase purity. Although the fraction of wz 
contamination gradually increases with growth temperature, there is no 
obvious correlation with the AFM-measured surface roughness. The 
sample grown at 910 ◦C stands out because of its rough morphology, but 
this did not lead to a sudden rise in wz-GaN incorporation. The only 
metric consistently improving with growth temperature is the mosaicity 
of the zb-GaN film, as inferred from the narrowing of the 002 reflection 
by a factor of two over the studied temperature range. Considering an 
epi layer with low roughness and low wz contamination to be favoured 
over one with a better structural mosaicity, the target growth temper
ature lies between 860 and 880 ◦C when grown at 300 Torr and at a V/ 
III-ratio of 76. 

The characterisation of sample set B in which the V/III-ratio was 
varied at a constant growth temperature of 880 ◦C further aided the 
exploration for suitable growth conditions. At the extremes of the 

studied V/III range (see Figs. 6 and 7), the surfaces are granular while 
the smoothest surface is observed for the sample grown at a V/III-ratio of 
38. The wz-GaN contamination is insignificant for the samples with gas 
phase V/III-ratio of 15 and 23, despite their relatively rough surfaces (cf. 
Figs. 8 and 10a). It is tempting to correlate the gradual rise in wz 
contamination with a worsening of the surface morphology with higher 
V/III-ratio, although this trend was not confirmed from the data of set A. 
It has been suggested that the formation of {111} facets enhances 
nucleation and growth of the wurtzite phase [3,39], although the crys
tallography of the surface facets in our samples could not be confirmed. 
If this were the case, however, the type of facetted surface of the samples 
at a V/III-ratio below 38 must be distinctly different in crystallography 
as the XRD analysis showed it did not lead to wz-GaN formation. 

At a thickness of 500 nm the film grown under such conditions has 
ω-FWHM values of the 002 reflection as low as 31 arcmin and 36 arcmin, 
measured perpendicular and parallel to the direction of the 4◦ miscut 
respectively. These rocking curve values also represent the state-of-the- 
art for zb-GaN film when compared with the literature data from MBE- 
and MOVPE-grown films on the different substrates (see ref. 34 and cited 
references). 

A comparison with previously reported data from our group [8] al
lows further examination of the effect of growth pressure for control of 
the zb-GaN phase purity. Fig. 12 illustrates the difference in wz fraction 
as a function of growth temperature (Fig. 12(a)) and V/III-ratio (Fig. 12 
(b)) at a reactor pressure of 300 Torr in comparison to a significantly 
different pressure (as used in Ref. [8]). The trends of wz content with 
changing epi temperature and V/III-ratio are shown to be very similar 
including the undesired wz phase that forms at high temperatures and 
V/III-ratios, possibly due to a preference for {111} surface facets under 
these conditions. These observations suggest that the reactor pressure is 
not a significant parameter to achieve high phase purities. 

The XRD data shown in Fig. 4 (c) and (d) revealed distinct anisotropy 
of wz inclusions in the sample that was grown at 910 ◦C. The XRD data in 
Fig. 9 showed the same phenomenon occurred in samples that were 
grown at high V/III values. Hence, at epilayer growth temperatures and 
V/III ratios above their optimal values, significant amount of wurtzite 
GaN was formed on {111} facets oriented perpendicular to the miscut 
direction [110] of the substrate. On the other hand, the XRD analysis 
showed that no relevant wurtzite formation was observed on {111} 
facets tilted parallel to the miscut direction [110]. In accordance with 
the XRD observations, the SED image of Fig. 11 (c) confirms the presence 
of wurtzite crystals formed on {111} facets perpendicular to the miscut 
direction [110], which was selected to be the same direction as the zone 
axis of the image. The anisotropy of wz-phase inclusions is likely the 
result of preferential wz nucleation on Ga-face over N-face {111} facets 
under the growth conditions specified above, and this will be the subject 
of a separate publication [43]. 

5. Conclusions 

Cubic zb-GaN epilayers were grown successfully by MOVPE on 3C- 
SiC/Si(111) templates. The epilayer growth temperature and V/III ratio 
were varied in two series of samples, with otherwise fixed conditions for 
the high-temperature preparation of the substrate and the low- 
temperature nucleation layer deposition. Considering the collective 
data of surface morphology, phase purity and film mosaicity of the two 
sample sets, the optimum MOVPE growth conditions at a constant 
pressure of 300 Torr are found at a relatively narrow temperature 
window from 860 ◦C to 880 ◦C and a V/III ratio range between ~ 20 and 
80, resulting in a relatively smooth zb-GaN film with a phase purity of >
99%. This process window is similar to that observed for a different 
reactor pressure [8] which suggests that the reactor pressure for epilayer 
growth is a non-critical process parameter. 

Fig. 11. SED phase maps (zone axis [110]) for three GaN samples of set B 
grown at 880 ◦C, 300 Torr and a V/III-ratio of a) 15, b) 300, and c) 1200, 
showing zincblende regions in green and wurtzite regions in red. Areas of poor 
fitting are shown in yellow, and defined as a defective phase. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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