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ABSTRACT: The lack of internal polarization fields in cubic
group-III nitrides makes them promising arsenic-free contenders
for next-generation high-performance electronic and optoelec-
tronic applications. In particular, cubic In,Ga;_,N semiconductor
alloys promise band gap tuning across and beyond the visible
spectrum, from the near-ultraviolet to the near-infrared. However,
realization across the complete composition range has been
deemed impossible due to a miscibility gap corresponding to the
amber spectral range. In this study, we use plasma-assisted
molecular beam epitaxy (PAMBE) to fabricate cubic In,Ga;_ N
films on ¢c-GaN/AIN/3C-SiC/Si template substrates that over-
come this challenge by careful adjustment of the growth
conditions, conclusively closing the miscibility gap. X-ray
diffraction reveals the composition, phase purity, and strain properties of the In,Ga; N films. Scanning transmission electron
microscopy reveals a CuPt-type ordering on the atomistic scale in highly alloyed films with x(In) & 0.S. Layers with much lower and
much higher indium content exhibit statistical distributions of the cations Ga and In. Notably, this CuPt-type ordering results in a
spectrally narrower emission compared to that of statistically disordered zincblende materials. The emission energies of the films
range from 3.24 to 0.69 eV and feature a quadratic bowing parameter of b = 2.4 eV. In contrast, the LO-like phonon modes that are
observed by Raman spectroscopy exhibit a one-mode behavior and shift linearly from c-GaN to c-InN.
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B INTRODUCTION

Light-emitting semiconductor devices with sufficient quantum
efficiencies that are able to operate across the complete visible

constants,”'* significantly different growth temperatures for
the two binary compounds, and a lack of substrates for
homoepitaxy. As a result, reports of the phase-pure growth of

spectrum and are based on the same epitaxially grown
semiconductor alloy system will disruptively change the
landscape of optoelectronic applications and devices. They
will eliminate the need for phosphors in white light-emitting
diodes (LEDs) and potentially yield multiple color lasers or
illuminators such as micro-LEDs." Zincblende In,Ga, N is a
prime contender for these tasks, as its direct band gap is
tunable from the near-ultraviolet™® toward the near-infra-
red.*"® Unlike the thermodynamically stable hexagonal
wurtzite phase, the cubic crystal structure is free of internal
piezoelectric fields,”'" which commonly reduce the radiative
recombination of electrons and holes.'" This advantage
becomes more important with increasing In content, as a
larger In content also increases the piezoelectric fields and
greatly reduces the efficiency of green and amber h-In,Ga, _,N-
based LEDs.

However, growing metastable c-In,Ga,; N films that have
good epitaxial quality is difficult due to largely different lattice
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cIn,Ga;_,N with more than 30% In content are scarce, and
numerous works predict'*'* and report'>™"” spinodal
decomposition with the formation of an additional In-rich
phase. In most cases, c-In,Ga,;_,N is heteroepitaxially grown on
c-GaN. This interface can induce a significant amount of strain
in the ¢-In,Ga,;_,N layers, depending on the indium content
and the layer thickness. As a result, the cubic crystal symmetry
is distorted tetragonally, and in-plane and out-of-plane lattice
constants deviate from each other. Neglecting this distortion
usually leads to an overestimation of the indium content by up
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Figure 1. Impact the growth temperature Ty, has on the c-In,Ga,_,N epitaxial layer. As Ty, decreases, (a) the indium content increases

gr

linearly, (b) the growth rate showcases two distinct regimes, and (c) the roughness increases to a maximum (though it is lowest at low
temperatures). Two 1 X 1 yum? AFM scans show the morphology of (d) the low-temperature regime and (e) the high-temperature regime.

to 20%. Therefore, it is important to consider such strain in
order to understand the impact indium content has on the
optical properties of c-In,Ga,_N.

In this work, we report phase-pure cubic In,Ga, N layers
with 0 < x(In) < 1 grown on c-GaN/AIN/3C-SiC/Si(001)
templates by plasma-assisted molecular beam epitaxy
(PAMBE). We demonstrate the continuous tunability of the
indium content by carefully adjusting the growth temperature
and the metal fluxes. Furthermore, we emphasize the role of
strain in enabling full miscibility of c-GaN and c-InN.
Comprehensive characterization of the layers illustrates the
impact indium content has on the nanoscopic crystal lattice
and on the optical response of the cubic In,Ga,;_.N layers.

B EXPERIMENTAL SECTION

Cubic In,Ga;_,N layers are grown on c-GaN templates at Tyouem
ranging from 460 to 630 °C, by PAMBE. All epitaxial layers feature a
thickness of approximately 80—100 nm. The indium contents x(In) of
the various layers grown are 0.11, 0.27, 0.36, 0.47, 0.59, 0.72, 0.92,
and 1. The ¢-GaN templates, with thicknesses of approximately 600
nm, are grown using an 8 nm c-AIN buffer'® on commercial 3C-SiC/
Si(001) pseudo substrates (NovaSiC). The MBE chamber (Riber
Compact 12) is equipped with standard effusion cells and an Oxford
Applied Research HD2S radio frequency plasma source. The growth
surface is monitored by in situ reflection high energy electron
diffraction (RHEED). For c-In,Ga;_ N growth, the sensitivity-
corrected beam equivalent pressures (BEP) of gallium and indium
are varied between 1.4 X 107® and 1.1 X 1077 mbar and between 9.2
% 107% and 2.5 X 1077 mbar, respectively.

High-resolution X-ray diffraction (HRXRD), using a Rigaku
SmartLab diffractometer that operates a 9 kW rotating Cu anode,
provides the initial structural characterization, including the
determination of the indium content. The thickness of the c-
In,Ga;_,N layers is determined from cross-sectional scanning electron
microscopy images, obtained with a JEOL JSM-7001F instrument,
and confirmed by X-ray reflectivity measurements. A Bruker
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Multimode 8 atomic force microscope (AFM), operating in the
ScanAsyst Air mode and using Bruker SCANASYST-AIR probes,
yields the surface morphology. Gwyddion software is used for image
processing and deriving the root-mean-square (RMS) roughness.

Because the optical properties are of particular interest for potential
future applications, we studied the low-temperature (T ~ 20 K)
photoluminescence (PL) of the samples. Three different measure-
ment setups are used to cover the large variation in emission energies,
all of which feature a laser diode at 405 nm for excitation. Samples
with x(In) < 0.5 are measured using an excitation power of P,,., = 6.9
mW and a thermoelectrically (TE) cooled, ultraviolet-optimized back-
illuminated CCD camera. Samples with higher In content (0.5 <
x(In) < 0.75) are measured using P, = 22 mW and a 1.7 ym TE-
cooled InGaAs array detector. For samples with x(In) > 0.75, a 2.2
pum TE-cooled InGaAs array detector is used with P, 3 = 23 mW.

The scanning transmission electron microscopy (STEM) inves-
tigations in the present study employ a double-aberrations-corrected
JEOL JEM-2200FS microscope, operating at 200 kV with an annular
dark-field (ADF) detector. Two imaging modes are used, namely the
high-angle ADF (HAADF) and the low-angle ADF (LAADF) imaging
modes. The former mode is utilized to obtain high-resolution images
of the material’s structure, while the latter mode is used to visualize
the defects in the sample. Energy-dispersive X-ray spectroscopy
(EDX) is used to generate composition maps and determine the local
In concentration.

Raman spectra are recorded at room temperature using a Renishaw
inVia Raman spectrometer combined with a Leica optical microscope
in a backscattering geometry. A 405 nm line from a C-FLEX laser
combiner (HUBNER Photonics) is used as the excitation source. The
laser power is typically a few milliwatts. A 50X objective is used to
focus the laser light onto the sample and collect the scattered light.
The collected light is dispersed by a 1800 lines per millimeter
diffraction grating in the spectrometer and is then focused onto a
charge-coupled device (CCD) detector.

Bl RESULTS AND DISCUSSION
The III/III and III/V ratios are adjusted carefully in order to
grow c-In,Ga; N across the whole composition range. In

https://doi.org/10.1021/acsami.3c06319
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Figure 2. Selected reciprocal space maps of a sample with x(In) = 0.47, centered at (a) the symmetric (002) reflection and (b) the asymmetric
(—1-13) reflection of c-GaN. The space maps reveal a pure cubic phase and a single, but strained, c-In,Ga,_,N phase. (c) The degree of relaxation
continuously increases with x(In), whereas (d) the uniaxial strain is highest for intermediate indium content (the dashed line serves as a guide for
the eye). Black squares represent the strain calculated using the 20— scans, and the blue circles denote the strain derived from the degree of

relaxation using the elastic constants of the binary compounds.

general, metal-rich growth conditions lead to smooth surfaces
and phase-pure cubic epitaxial layers,'®'” whereas the In/Ga
ratio is vital for tuning the alloy’s composition. However, the
growth temperature Tgmwth governs the maximum In content
of the thin film due to the low binding energy of In—N. The
impact of Ty, on the growth rate, the morphology, and the
surface roughness of the c-In,Ga; N layers is detailed in
Figure 1.

Figure 1a shows that the In content x(In) increases linearly
as the growth temperature decreases. Next, we observe two
distinct growth regimes, where a sharp increase in the growth
rate from 5.2 to 6.6 nm/min occurs at Ty, = S50 °C (Figure
1b). Correspondingly, AFM imaging reveals two different
surface morphologies that are dependent on the growth
temperature. For low temperatures (Tgmwﬂ1 < 550 °C), we
observe small, round crystallites (d, & 50 nm, Figure 1d). In
contrast, for high temperatures (Tgmwth > 550 °C), the c-
In,Ga,_,N surface exhibits elongated crystallites (Figure le).
Additionally, the RMS roughness increases with decreasing
temperature, reaching a maximum value of 5.8 nm at Tgmwth =
538 °C (Figure 1lc). However, the height of the round
crystallites decreases rapidly for even lower temperatures and
high In content, yielding smooth surfaces with an RMS
roughness of approximately 2 nm.
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The differences in morphology are in concordance with in
situ RHEED observations (Figure S1) at the initial c-
In,Ga, N growth. In the high-temperature regime, the streaky
pattern of c-GaN is retained for several minutes. For lower
growth temperatures, the RHEED pattern immediately shifts
to oval-shaped reflections with the start of ¢-In,Ga, N growth.
This indicates different nucleation processes of c-In,Ga;_,N on
c-GaN for these two cases. Overall, these results highlight the
crucial role growth temperature plays on the indium content,
growth rate, and morphology.

Mapping the reciprocal space of both the symmetric (002)
and asymmetric (—1—13) reflections by using HRXRD is
essential for investigating and validating the crystal structure of
the c-In,Ga,_,N alloys. In particular, any hexagonal inclusions
are important to quantify, as they can nucleate on cubic (111)
facets. Figure 2a shows an exemplary reciprocal space map
centered at the (002) reflection of c-GaN. The red circles mark
the expected position of the (10—11) and (—1011) reflections
of hexagonal In,Ga; ,N. The intensity ratio of the hexagonal
{10—11} reflection and the cubic (002) reflection is an
indication of the proportion of hexagonal inclusions. This ratio
is below 2% for all of the ternary c-In,Ga,_,N samples in this
study, which confirms the purity of the cubic zincblende phase.
Furthermore, we do not observe any secondary c-In,Ga,_ N
reflections on the (002) or (—1—13) space maps, which would
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Figure 3. (a3, c) STEM measurements of a sample with x(In) = 0.47; the defect-sensitive LAADF images show propagating stacking faults in the (a)
[110] and (c) [—110] directions. (b, d) HR-HAADF images that reveal short-range CuPt-type ordering, as indicated by the red and blue dashed
lines. (e, f) EDX imaging that confirms an overall homogeneous chemical composition. (g) Quantitative EDX, performed as a line scan along the
black dashed line in (e), verifies the indium concentration obtained by HRXRD.

have implied spinodal decomposition into a Ga-rich and an In-
rich phase, regardless of the In content. This demonstrates the
full miscibility of the c-In,Ga,_,N alloys. The line widths of the
w-rocking curves of the (002) c-In,Ga,_,N reflection range
from 30 to 140 arcmin, depending on the composition.”’

Strain is another aspect of the crystal structure that requires
consideration, in addition to establishing the phase purity of
the c-In,Ga;_,N layers. For example, a standard 260—® scan
along [002] will be misleading in determining the indium
content of partially strained c-In,Ga,_ /N epitaxial layers. This
is because [002] is only related to the out-of-plane lattice
constant a,; thus, this kind of scan can lead to an
overestimation of the In content by up to 20%. Conversely,
measuring the asymmetric reciprocal space maps of the (—1—
13) reflection avoids any overestimation. This is because the
(—1-13) reflections are related to both the in-plane and the
out-of-plane lattice constants. Comparing the position of the c-
In,Ga,_,N reflection to the positions of c-GaN, the fully
relaxed c-InN, and the fully strained c-InN (Figure 2b) allows
one to assess the true In content and the theoretical relaxed
lattice constant a,,, according to Vegard’s law. Using the in-
plane lattice constant a, the degree of relaxation R relative to
the c-GaN substrate is given by”’

4 — 4GaN
Arelax — 4GaN (1)

Furthermore, the deviation of a, from a
uniaxial out-of-plane strain & :

R =

relax determines the

A~ Grelax
Arelax (2)

Overall, the degree of relaxation increases with increasing
x(In) (Figure 2c) due to an increasing lattice mismatch. This
lattice mismatch causes a decrease in the critical thickness and,
thus, faster relaxation.

In contrast, the uniaxial out-of-plane strain is highest for
intermediate Ga and In contents (Figure 2d). To verify the
consistency of these results, we calculated the out-of-plane
strain by using two different approaches. In Figure 2d, the
black squares represent the measured strain using eq 2, with a;
having been obtained via 20— scans. The blue circles denote

&

the calculated strain derived from the degree of relaxation
using the linearly interpolated elastic constants”"** of the
binary compounds.”*** For intermediate x(In), it was found
that the measured strain is lower than predicted by the elastic
constants. This implies that the c-In,Ga,;_,N layers with those
compositions are not stress-free and that the elastic medium
approximation is not completely accurate.”' In both cases, the
trend of the uniaxial strain as a function of the In content
resembles that of the miscibility gap in the c-GaN/InN phase
diagram.m’14 Furthermore, theoretical calculations of the
mixing free energy predict that spinodal decomposition is
suppressed in fully strained c-In,Ga;_,N layers on c-GaN.'>*
Even though the ¢-In,Ga;_,N thin epitaxial films in this work
are only partially strained (Figure 2c), the uniaxial strain is
highest for the very compositions for which thermodynamics
favors decomposition. This indicates that the strong uniaxial
strain at intermediate x(In) is sufficient to counteract the
predicted spinodal decomposition and is the reason for the
presented full miscibility of our ¢-In,Ga,_,N layers.

The high structural quality of the layers is confirmed by
STEM images in both the [110] and [—110] directions.
Exemplary images of a sample with x(In) = 0.47 reveal its
atomic arrangement, defects, and composition. It is known that
extended defects such as stacking faults are a major cause of
performance loss in device applications.”® Figure 3a,c show
defect-sensitive LAADF-STEM images of ¢-In,Ga, ,N on c-
GaN along the two perpendicular directions. The majority of
the stacking faults (SF) in the c-In,Ga;_,N layer in the [110]
direction (Figure 3a) originate in the c-GaN layer and
penetrate the GaN/In,Ga,;_,N interface. Those stacking faults
form at the interfaces of 3C-SiC/AIN/GaN and propagate
through the entire epitaxial layer if no SF annihilation process
occurs.'*?”7*° Therefore, reducing the number of SFs in the c-
GaN substrate should also decrease the SF concentration in
the c-In,Ga,_ N layer. Apart from the SFs, the HR-HAADF
image (Figure 3b) of c-In,Ga;_,N shows the expected
zincblende structure.

In contrast, the LAADF image of the [—110] direction
(Figure 3c) shows fewer defects in c-GaN, and the c-
In,Ga,; N layer appears to be homogeneous. Nevertheless,
the corresponding HR-HAADF image (Figure 3d) of the c-
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Figure 4. (a) Normalized low-temperature (T &~ 20 K) photoluminescence spectra of c-In,Ga,_,N over the whole composition range, where x
denotes indium content. (b) Peak emission energy vs x(In), where the black squares denote data points of this work, the red symbols refer to the
emission energies of bulk c-In,Ga,_,N, and the blue symbols refer to the quantum structures. All data besides the black squares are taken from the
literature. The bowing of the peak emission energy with x(In) is best described by a bowing coefficient of b = 2.4 eV (dashed black line).

In,Ga,; N layer reveals a parallel periodic arrangement of
darker and brighter contrast along the [111] planes, which are
indicated by the red and blue dashed lines, respectively. These
can be assigned to In- and Ga-rich regions, respectively, based
on the atomic number (Z) sensitivity of the STEM imaging.
Similar arrangements, where every other layer shows brighter
contrast, are known as CuPt-type ordering in the literature.””
However, the ordering observed in our samples is less periodic.
Notably, this ordering is visible only in one of the two viewing
directions (Figure 3d), but not in the perpendicular direction
(Figure 3b). This implies the formation of sheets of In-rich and
In-poor regions, rather than chains. The observed contrast
would also be compatible with stacking faults that are buried in
the viewing direction within the TEM sample. However, we
think this is very unlikely, since the TEM sample is rather thin
compared to the extensions of the stacking faults. Thus, the
probability of finding a buried stacking fault would be very low.
Moreover, a corresponding sample with x(In) = 0.21 does not
show these intensity fluctuations on the {111} planes (Figure
S2). CuPt-type ordering has already been observed in other
highly alloyed ternary zincblende III—V materials, such as
InAs,Sb,_,”* and Ga,In,_,P.”**° For cubic nitride alloys, this
kind of ordering has not been experimentally observed to date.
Nonetheless, theoretical studies of alloy energies using a cluster
expansion method predict the formation of ordered phase
structures in cubic nitride alloys due to strain.’®*” This
prediction is consistent with the presented data, considering
the strong uniaxial strain for samples with intermediate In
content (Figure 2d).

EDX imaging of a cross section of a 3C-SiC/AIN/GaN/
In,Ga,_,N sample with x(In) = 0.47 (Figure 3e) confirms the
homogeneous chemical composition of the c-In,Ga, N layer
(Figure 3f) on larger scale lengths. Quantitative EDX analysis
(Figure 3g) yields an indium content of 0.49 + 0.12, which is
in excellent agreement with the value obtained from HRXRD.

So far, the analysis of the XRD reciprocal space maps and
the EDX data gives evidence of the growth of partially relaxed
cIn,Ga,;_N films on c-GaN/AIN/3C-SiC/Si templates over
the complete composition range. LAADF investigations reveal
the distribution of the SFs in the [110] and [—110] directions,
and HR-HAADF images reveal an atomistic scale CuPt-type
ordering in the highly alloyed samples (x =~ 0.5). Next, we
investigate the impact of these features on the optical

~
~
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properties of the films by low-temperature photoluminescence
spectroscopy and ambient-temperature micro-Raman spectros-
copy.

Figure 4a shows the low-temperature photoluminescence
(PL) spectra of the c-In,Ga,_,N films for compositions ranging
from x(In) = 0.11—1.0. All spectra exhibit broad, singular
emission peaks with a full width at half-maximum (FWHM) of
approximately 150—300 meV. Including pure c-GaN,'® the
emission energies range from 3.24 to 0.71 eV, thus covering
the spectral range from the near-ultraviolet (382 nm) to the
near-infrared (1750 nm). The presented PL peak positions and
corresponding literature data are plotted in Figure 4b as a
function of the alloy composition. The presented c-In,Ga;_ N
data (filled black squares) are ~200 meV lower in energy for
low x(In)** and ~100 meV lower in energy for intermediate
and high x(In)**** compared to data for h-In,Ga,_,N films
taken from the literature (green dashed line®*°). This roughly
accounts for the difference in the band gap energies between
the two structural modifications.””**’ Notably, while several
publications report bulk cubic In,Ga, N alloys with
compositions up to 45% indium,”'~* data for x > 0.9 are
more scarce.”’ We go beyond these state-of-the-art reporting
by obtaining emissions across the entire composition range,
including the range between x(In) = 0.5 and 0.9. A quadratic
bowing coefficient and the binary emission energies E(GaN) =
324 ev”'"® and E(InN) = 0.69 eV' describe the entire
composition range according to

E(In,Ga,_,N) = E(GaN)(1 — x) + E(InN)x — bx(1 — x)

3)
A bowing coefficient of b = 2.4 eV yields the best fit (dashed
black line in Figure 4b). This value is slightly lower than the
bowing of the emission energy in hexagonal In,Ga,_N (b ~
2.8 eV).*>** Compared to other cubic In,Ga,_,N epilayers, the
emission energies reported here for low indium content (x(In)
< 0.3) a1i§n rather well with other bulk-like thin film
samples.*"** 7> For larger alloy compositions (0.3 < x(In) <
0.5), reports on the optical properties of c-In,Ga,_ N are
sparse. We observe emission peaks at significantly lower
energies than those of other ¢-In,Ga; N Iayers4l_43 or multi
quantum wells.”' ~>* The most recent study, ref 54, determines
a significantly smaller bowing of b = 1.4 eV by ellipsometry
measurements, which might be caused by the somewhat higher
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energy values that are measured in the very highly alloyed
samples with x(In) > 0.9 and the lack of data for x(In) > 0.5
(see Figure 4b). The discrepancies may also arise from the fact
that our emissions may be caused by recombinations that are
localized in the potential valleys of the alloys, which
ellipsometry may be less sensitive to.

Investigating the photoluminescence line shape in more
detail reveals that its FWHM (Figure 5) increases for alloy

ones at 20 K, and the emission maxima shift slightly to lower
energies (approximately by 30 meV). Both properties are
typical for emissions caused by shallow bound recombination.

Raman spectroscopy monitors the effect In content has on
the phonon structure in the films. These dynamic properties of
the crystal lattice also reflect the crystal symmetry and, thus,
yield additional information about its structural properties,
possible phase segregation, or phase transitions. Figure 6
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Figure S. The FWHM values of the low-temperature PL measure-
ments vs x(In). The blue dashed line represents the calculated alloy
broadening due to the statistical occupation of the cation sites with
Ga and In. The intermediate indium content values with narrower
FWHM are highlighted in red.

concentrations up to x(In) < 0.36 and drops for x(In) = 0.47
and x(In) = 0.59. The line width broadens again for high In
concentrations (x(In) > 0.72). The inhomogeneous broad-
ening of radiative recombination in ternary semiconductor
materials such as c¢In,Ga,;_ N is frequently attributed to
statistical fluctuations in the composmon The spectral
broadening o, is given by o, = (dE (x)/dx)o,,> with x
representing the indium content and Eg(x) the composmon—
dependent band gap- It is known that 6,2 = x(1 — x)/(cV,,.),
where ¢ = 4a0 is the cation concentration®® and V. =

exc

107ag,” is the exciton volume.”>”*® Thus, 6, then becomes
dx cag , (4)

Oy =

where ap, is the Bohr radius within a hydrogen model for
recombination, modified by the dielectric constant € and the
effective masses present in the semiconductor.”” We expect a
dependence like the one given by the blue dashed line in
Figure 5 if this description holds true for the entire
composition range x. While the model describes the observed
broadening reasonably well for low and high indium content
values, the FWHM values in the intermediate indium content
range (0.47 < x(In) < 0.59) are significantly lower than
predicted. This composition range (highlighted in red)
coincides with the CuPt-type ordering effect that was observed
in the HR-HAADF images of the TEM investigation (Figure
3d). Because the ordering effect is on the mesoscopic scale, it
has a strong effect on only the emission line width, not on the
peak energy. Nevertheless, the results show that the material
quality of our c-In,Ga,_,N in the critical composition range of
047 < x(In) < 0.59 is sufficient to exhibit radiative
recombination.

Preliminary PL experiments also show the emission of our
In-rich ¢-In,Ga,_,N films at room temperature. The intensities
of the spectra are about an order of magnitude lower than the

S
To] plN
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Figure 6. Raman spectra (A, = 405 nm) of c-In,Ga;_,N (0 <x < 1).
Substrate peaks are denoted by vertical dotted lines. The ¢-In,Ga;_ N
LO-like mode (black dashed line) shifts with the indium content
amount. Black arrows highlight the positions of the secondary peaks
that emerge for the low indium content spectra.

depicts the Raman spectra recorded in backscattering geometry
from the (001) surfaces of the series of c-In,Ga;_,N layers.
The full range of x(In) is covered, and both binary thin films
are included as references. However, due to the high
penetration depth of the exciting laser light (405 nm), strong
buffer and substrate modes are also visible for all x(In)
samples, denoted by dashed lines in Figure 6.

The Raman spectra of c-In,Ga,;_,N epitaxial layers reveal a
Raman si (%nal which shifts linearly with x(In) from c-GaN (737

m~1% °1) to c¢-InN (586 ecm™'°* ). The frequency of this
Raman signal is consistent with the longitudinal (LO) phonon
frequency in both binary materials. This finding strongly
suggests that this semiconductor alloy system exhibits a one-
mode behavior that is in accordance with theoretical
predictions given by the modified random-element isodisplace-
ment (MREI) model.®> In addition, a second Raman signal,
which also shifts with x(In), is distinguishable in the vicinity of
the LO-like signal for In content values in the range of 0.11 <
x(In) < 0.36 (indicated by small black arrows in Figure 6). In
the In-rich samples (0.47 < x(In) < 0.92), either these two
peaks have merged into one broad signal or the LO mode is
considerably broadened. In the case of the binary c-InN
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epitaxial film, the mode is narrower again. The most commonly
given (and often correct) explanation for the broadening of the
LO phonon signal is alloy disorder. The origin of additional
broad Raman signals, such as the second signal observed here
in close vicinity to the LO-like mode of the alloy, is often
second-order Raman scattering.64 However, in our case, it
seems unlikely that second-order Raman scattering is the origin
of the additional peaks seen here, based on the phonon
dispersions calculated for c-GaN and c-InN.®%° In our series
of samples, preliminary experimental evidence suggests that
both effects (i.e., the strong broadening of the LO-like phonon
signal at high x(In) and the occurrence of a second signal at
lower x(In)) may be related to short-range CuPt-type
ordering, which yields alternating In- and Ga-rich lattice
planes along the [111] direction. This phenomenon is well-
known from Ga,_,In P alloys with intermediate x(In).*”% The
ideal structure that corresponds to the CuPt-type ordering is a
rhombohedral crystal structure, where the cubic [111]
direction acts as a high symmetry three-fold rotational axis
and there is a basis of four atoms (2 N, 1 Ga, 1 In) per unit cell
instead of two atoms, as in zincblende crystals. In the idealized
structure, the alternating (111) planes of the Ga and In atoms
lead to a reduction in the cubic symmetry, accompanied by a
doubling of the real space unit cell along the (111) direction.
The latter corresponds to a first approximation of a bisection of
the zincblende Brillouin zone between the I'- and L-point. As a
result, the zincblende phonon dispersions along this direction
are basically folded back to the I'-point. This means that two
LO-like phonons (A; symmetry in case of the corresponding
rhombohedral structure) become allowed in the presence of
CuPt-type ordering. Furthermore, the theoretical work that has
been done on phonon dispersions of c-GaN and c-InN®>%°
reports that the LO phonon dispersion of c-InN between I'
and L is flatter than that of c-GaN. This suggests that two LO-
like Raman signals are observable at lower In content (as
indicated by the arrows in Figure 6) but then merge into one
broader feature at higher In content. The frequency difference
between the two signals can be estimated from the LO phonon
dispersion of the corresponding zincblende material. The
frequency difference calculated based on the values for c-GaN
is in reasonable agreement with the frequency difference
between the two Raman features observed in the spectra.
Although the transverse (TO) modes of zincblende
materials are forbidden in the backscattering from (100)
surfaces, corresponding modes can be discerned in the spectra
of the binary materials at 551 cm™ (c-GaN°""%’) and 458
em™! (c-InN**%%). No clear signals can be discerned for the
alloy thin films; this is because the anticipated Raman signals
are covered by the strong signals of the LO phonon of the Si
substrate and the TO mode of the c-GaN buffer layer.

B CONCLUSIONS

The present work shows that the miscibility gap of c-GaN and
c-InN can be overcome by sophisticated strain management in
the MBE growth of cubic ¢-In,Ga, N films on c-GaN/AIN/
3C-SiC/Si templates. The substrate temperature governs the
indium content, the growth rate, and the morphology of the
film. Thorough characterization using HRXRD, Raman
spectroscopy, and EDX confirms a singular, partially strained,
cubic crystal phase. HR-STEM images reveal a modified CuPt-
type ordering in ¢-In,Ga; N when x &~ 0.5, which is further
supported by the FWHM of the emission line width. Low-
temperature photoluminescence demonstrates the tunability of

39519

the emission energy from the near-ultraviolet to the near-
infrared with a bowing coeflicient of 2.4 eV. Our results
encourage further efforts toward device fabrication including
electrical characterization and thermal stability, as well as the
growth of quantum structures for a higher emission yield and
spectral optimizations.
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