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The luminescence properties of cubic GaN films grown
upon 3C-SiC/Si (001) substrates by MOCVD were in-
vestigated. The spectra show luminescence peaks which
are associated with donor bound exciton recombina-
tion and donor acceptor pair recombination. A reduced
peak energy for the D0X emission compared values re-
ported in the literature suggests a tensile-strain-reduced
bandgap of approximately 3.27 eV, which is consis-
tent with the absorption edge in photoluminescence-
excitation spectroscopy. The presence of hexagonal ma-
terial introduces a broad emission band at 3.40 eV with
a FWHM of 190 meV, extending to energies

up to 3.60 eV. The intensity of this emission scales lin-
early with excitation power, its peak energy and width
remaining unchanged. This band is associated with an
absorption edge below 3.70 eV and therefore is not
caused by absorption into phase-pure cubic or hexag-
onal GaN. The photoluminescence lifetimes measured
across this band reduce from 0.40 ns to 0.20 ns with in-
creasing emission energy. All these observations can be
explained by considering a type-II-band alignment adja-
cent to stacking faults within the cubic GaN.

Copyright line will be provided by the publisher

1 Introduction InGaN/GaN quantum wells (QWs)
grown on cubic GaN are not subject to the strong elec-
tric fields perpendicular to the plane of the wells found in
conventional QWs grown along the c-axis of hexagonal
GaN [1–3]. So, compared with c-plane hexagonal struc-
tures, the electron-hole wavefunction overlap is increased,
which should lead to an increase in the radiative recom-
bination rate. In addition, since cubic GaN has a smaller
bandgap than hexagonal GaN, longer wavelength visible
QW emission can be achieved with a comparatively lower
indium content. This will reduce the lattice mismatch at the
heterointerface and may therefore lead to reduced defect
densities in QWs. These two effects are likely to improve
the internal quantum efficiency (IQE) of cubic InGaN/GaN
QWs, and make them promising active layer candidates for
efficient green LEDs [4,5]. However, cubic GaN is ther-

modynamically metastable during growth; therefore often
a large proportion of the stable hexagonal phase will form
in the structure which can negatively impact the structural
and luminescence properties of the films [6]. Therefore,
detailed study and optimisation of cubic GaN is an impor-
tant step towards device development.

3C-SiC/Si (001) substrates have a number of favorable
properties which make them well-suited for the epitaxial
growth of cubic GaN [1,6–14]. These substrates can be
produced with large diameters and are therefore compat-
ible with commercial processing in Si foundries, provid-
ing a clear path to commercialisation of cubic GaN based
LEDs. Also, the relatively small lattice mismatch between
3C-SiC and cubic GaN (3.7 % [15]) has the potential to re-
duce the strain in the crystal and improve the crystal quality
compared with other substrates.

Copyright line will be provided by the publisher



2 S. A. Church et al.: Photoluminescence studies of cubic GaN epilayers

Here we investigate the effect of hexagonal phase im-
purities on the photoluminescence (PL) spectra of cubic
GaN grown on 3C-SiC/Si substrates.

2 Experimental Method The cubic GaN studied in
this work was epitaxially grown via metal-organic chemi-
cal vapour deposition (MOCVD) using a two-step growth
method similar to that described by Wei et al [6]. The
growth was performed on ca. 1x1 inch2 pieces cut from
100 mm diameter 3C-SiC/Si (001) substrates. A reference
sample (A) was produced upon a substrate with 750 µm of
Si (001) and 7.0 µm of 3C-SiC, and consisted of a layer
of 250 nm of cubic GaN. X-ray diffraction (XRD) recip-
rocal space maps reveal a relatively low integrated inten-
sity for the 1011 hexagonal GaN reflection compared with
the symmetric 002 cubic GaN reflection, indicating that the
amount of hexagonal material is around 5 %. Sample (B)
was produced on a 6.3 µm layer of 3C-SiC on a 525 µm
thick Si (001) layer, which contained a 250 nm cubic GaN
layer, followed by a 10 nm AlN interlayer, and a 500 nm
layer of GaN above this. A significantly higher amount of
hexagonal GaN in sample (B), around 50 %, was observed
in XRD measurements. The phase impurities can also be
observed in TEM measurements, such as those shown in
Figure 1, which indicate the presence of hexagonal GaN
above the interlayer in sample B. This is incorporated as
crystal inclusions up to 300 nm in size and thin planes of
hexagonal GaN known as stacking faults (SFs). A 5.0 µm
layer of c-plane hexagonal GaN grown upon c-plane sap-
phire was also studied for comparison, (C).

These samples were mounted upon the cold-finger of a
closed-cycle helium cryostat at temperatures between 10 K
and 300 K. Excitation was performed using a CW 40 mW
HeCd laser emitting at 325 nm (3.81 eV), focussed to pro-
vide excitation densities up to 4000 Wcm-2. The 1/e ab-
sorption depth of this excitation is approximately 80 nm
[12,18] and the 1/e carrier diffusion length at low temper-
ature is expected to be of a similar magnitude [19]. The
number of photoexcited carriers which recombine close to
interfaces with the interlayer or substrate is therefore ex-
pected to be small; these measurements are most sensitive
to the material near the surface of each sample. A compar-
ison of samples A and B would therefore reflect the differ-
ence between cubic and mixed-phase GaN. The lumines-
cence was collected by a double-grating spectrometer with
24 Å resolution and detected with a PMT using lock-in
amplification techniques. The emission spectra from such
a setup is typically influenced by Fabry-Pérot interference,
which was reduced by orientating the samples at Brew-
ster’s angle, with the unreflected p-polarised light selected
by a linear polariser and collected by the spectrometer [20].

Photoluminescence-excitation spectroscopy was per-
formed on samples using a 300 W Xe lamp, combined with
a monochromator, to provide a variable-energy excitation

Figure 1 TEM measurement of a small region of sample B,
showing the formation of stacking faults and hexagonal inclu-
sions around the AlN interlayer.

source. In this technique, the excitation photon energy is
varied whilst monitoring the luminescence intensity at a
constant photon energy.

To measure the PL time-decays of the samples, a fre-
quency tripled Ti:sapphire laser was used to produce ex-
citation pulses with a 100 fs duration at a wavelength of
267 nm. Standard time-correlated single-photon counting
techniques were used to produce a histogram of the varia-
tion of photon counts versus time delay for various detec-
tion energies, with a time-resolution of 0.08 ns.

3 Results and Discussion The PL spectra of all
samples measured at 10 K are shown in Figure 2. The
bandgap of unstrained hexagonal GaN at these tempera-
tures is 3.50 eV [21]. Sample C exhibits an intense exci-
tonic peak (X) at 3.48 eV, with a full-width at half maxi-
mum (FWHM) of 12 meV, which is followed by two LO
phonon replicas, each separated by 91 meV. Broad emis-
sion bands are present at 3.00 eV and 2.20 eV, each with
a FWHM around 400 meV, which are the yellow and blue
luminescence (YL, BL) bands commonly reported in the
literature [22].

In contrast, cubic samples A and B show dominant
emission peaks at 3.23 eV and 3.24 eV respectively. Pho-
toluminescence-excitation measurements in Figure 3 indi-
cate that the emission is associated with a steep absorp-
tion edge between 3.26 eV and 3.27 eV. Temperature-
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pss header will be provided by the publisher 3

2 . 0 2 . 5 3 . 0 3 . 5
0

1

2 . 0 2 . 5 3 . 0 3 . 51 E - 4

1 E - 3

0 . 0 1

0 . 1

1  A
 B
 C

No
rm

alis
ed

 In
ten

sity

E n e r g y  ( e V )

 A
 B
 C

No
rm

alis
ed

 In
ten

sity

E n e r g y  ( e V )

Y L

B L

L O

XD 0 XD A P

Figure 2 Normalised PL at 10 K for all samples, measured with
an excitation power density of 10 Wcm-2. Inset is the same spectra
on a semi-log scale to illustrate the blue luminescence and phonon
replicas in sample C.

dependent PL measurements show the peak energy initially
blueshifts up to 120 K, before redshifting at higher tem-
peratures, as shown for sample B in Figure 4. The peak
energy follows a Varshni bandgap temperature dependence
above 120 K, with parameters α = 0.538(8) meVK-1 and
β = 300(100) K, which are within the expected range for
GaN [21]. This temperature dependence allows us to at-
tribute this feature to recombination of excitons bound to
neutral donors (D0X) within the cubic GaN at low tem-
perature. As the temperature is increased, the bound exci-
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Figure 3 PL spectrum of sample B measured at 10 K with an ex-
citation energy of 3.81 eV (solid line). 10 K photoluminescence-
excitation spectra (dot and dash lines), with detection energies
of 3.40, 3.18, 3.12 and 2.85 eV, indicated by arrows, which corre-
spond to the high energy band, between the DAP and D0 X peaks,
the DAP peak and the low intensity band respectively. The in-
crease in photoluminescence-excitation intensity close to the de-
tection energy is caused by the scattered excitation beam.
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Figure 4 Temperature dependence of the peak energy of the near-
band-edge emission for sample B (black). An empirical Varshni
fit to measurements above 140 K is shown (red) and extrapolated
to 10 K.
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Figure 5 PL time decays for sample B, measured at 10 K. The
discontinuity in decays at 1.40 ns is caused by the system re-
sponse.

tons are ionised, resulting in recombination of free exci-
tons, causing the resultant blueshift [9]. The assignment is
also consistent with the observed PL decay curves, as in
Figure 5, which shows that the decay transients of the fea-
ture are fast (0.17 ns lifetime) and monoexponential [23]
for the first 70 % of the decay. An additional, slower mo-
noexponential component with 0.65 ns lifetime is present
in these decay curves, which may be caused by spectral
overlap with the wing of the high energy band seen in Fig-
ure 2 for sample B, which will be discussed later.

It is of note that the peak energy of the D0X features are
lower than reported in the literature by between 0.03 eV
and 0.04 eV [7,9,11,12,23–28]. This may be a result of
a reduced bandgap due to tensile strain in the GaN [23],
which lies between 0.5× 10−3 and 3× 10−3 for sample A

Copyright line will be provided by the publisher



4 S. A. Church et al.: Photoluminescence studies of cubic GaN epilayers

at room temperature, as revealed by high resolution XRD
ω − 2θ measurements of multiple on- and off-axis reflec-
tions. The unstrained bandgap of cubic GaN is 3.30 eV at
10 K [21]; therefore the bandgap of these samples is re-
duced to between 3.26 eV and 3.27 eV, which corresponds
well with the absorption edge in the photoluminescence-
excitation spectra. In sample B, the D0X peak energy is
10 meV higher than sample A, which could be caused by a
reduction in tensile strain towards the top of sample B.

The second peak in the spectra in Figure 2, centered
at 3.15 eV and 3.13 eV for samples A and B also corre-
spond to an absorption edge in Figure 3 at the cubic GaN
bandgap, but are not present in the PL spectra above 80 K.
As the excitation power is increased, the peak intensity in-
creases sublinearly and blueshifts by 0.04 eV, as shown
in Figure 6. The decay transients for this emission are not
mono-exponential, as shown in Fig. 5, and faster decays
are observed at higher energies, as in Figure 7. These be-
haviours are indicative of donor-acceptor recombination
(DAP) [24].

The DAP peak energy at 10 Wcm-2 is 0.02 eV higher
in sample A than B in Figure 2. If this is corrected for the
relative bandgaps of the two samples the difference is in-
creased to 0.03 eV. In addition, the intensity of the DAP
peak relative to the D0X is also reduced in sample B. This
is tentatively ascribed to a reduced density of the associ-
ated donor and/or acceptor states.

Both samples A and B present a low intensity emission
band centered at 2.00 eV in Figure 2, with FWHM of ap-
proximately 400 meV. This is tentatively assigned to the
YL, based on data reported previously fo hexagonal GaN
[22]. The YL is less dominant in sample A, which suggests
there may be a reduced density of carbon and oxygen im-
purities and gallium vacancies to which the YL is typically
attributed [29,30].
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Figure 6 Power dependence of the peak energies for the DAP
emission (black) and high energy band (blue) in the PL spectra of
sample B in Figure 2.
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Figure 7 1/e lifetimes (blue) of PL decays, such as those in Fig-
ure 5, at 10 K. The 10 K PL spectrum (black) for sample B, mea-
sured under pulsed excitation. The circled point is the lifetime of
the low intensity background of the D0X decay.

An additional low intensity band is present near
3.00 eV in sample A and B. Photoluminescence-excitation
measurements in Figure 3 show an absorption edge around
3.27 eV, which suggests that this emission is associated
with the cubic GaN. This emission is typically attributed
to various DAP and free-to-bound recombination path-
ways and phonon replicas in cubic GaN with unknown
origins [12,23–25] and is comparable in intensity between
samples A and B.

A conventional assessment of the crystal quality is
given by the FWHM of the D0X peak and the ω-broadening
of the 002 X-ray reflection, which in these samples, re-
duces from 47 meV and 38′ in sample A to 33 meV and
30′ in sample B respectively. This suggests that the local
quality of regions of cubic material is improved for sample
B. However, this corresponds with the introduction of an
emission band, with a peak emission energy of 3.40 eV
and a FWHM of 190 meV, in the PL spectrum of sample
B. Since this feature is not present in sample A, it is rea-
sonable to conclude that it is a result of introducing the
AlN interlayer into the crystal.

Defect luminescence within the AlN interlayer can be
ruled out as the cause of this emission band since the layer
is only 10 thick, and the excitation energy is below the
bandgap energy of the AlN (6 eV). Luminescence in this
region of the spectrum has previously been attributed to
hexagonal GaN [8,9,11,12,23], although significant emis-
sion above the recombination energy of excitons in hexag-
onal GaN has not been reported. It is therefore likely that
the hexagonal GaN, as either inclusions or stacking faults
in the TEM, is responsible for the emission band.

The photoluminescence-excitation spectra for the
3.40 eV band are in Figure 3, which show a shallow ab-
sorption edge starting between 3.60 eV and 3.70 eV. This

Copyright line will be provided by the publisher
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Figure 8 Band alignment adjacent to stacking faults in the cu-
bic GaN, along the hexagonal [0001] direction, assuming valence
and conduction band offsets of 70 and 270 meV [34] and a spon-
taneous polarisation of −0.034 Cm-2 [21]. The electric field has
been calculated using equations devised by Bernardini et al. [35]
for multiple quantum well systems.

is not consistent with the bandgap of hexagonal GaN. In
addition, the onset of the absorption edge shifts by approxi-
mately 0.05 eV when detecting at different energies across
the emission band. The emission extends to energies as
low as 3.18 eV, which is evident as a comparable absorp-
tion edge is observed in the photoluminescence-excitation
spectrum measured at this energy. This behaviour suggests
that the emission does not originate from the hexagonal
inclusions seen in the TEM, for which we might expect
a narrower peak, similar to the exciton from sample C in
Figure 2. This could be due to exciton diffusion out of
the inclusions, since the diffusion length in GaN has been
measured to be similar to the size of the inclusions [19].

As the excitation density is increased, the intensity of
this band increases linearly and the peak energy is un-
changed, as shown in Figure 6. The FWHM is also inde-
pendent of the excitation density. There is therefore no in-
dication of any saturation effects. Futhermore, PL time de-
cay measurements in Figure 5 indicate that the decay tran-
sients are monoexponential and fast, with lifetimes around
0.20 ns at the highest emission energies. At reduced en-
ergies, the lifetime increases, reaching 0.40 ns at 3.30 eV
in Figure 7. At further reduced energies, the lifetime re-
duces since the D0X becomes the dominant component
in the spectrum. However, there remains a lower inten-
sity, longer lifetime monoexponential component to the de-
cay. The lifetime of this component can be found via a bi-
exponential fit to the decay, yielding 0.68 ns. This is as-
signed to the high energy band, since the lifetime of this
decay is consistent with the approximately linear trend for
the other decays in this band.

Adjacent to SFs, a type-II QW-like potential profile is
formed [31–34], as shown in Figure 8. Electric fields are
present due to differences in the spontaneous polarisation
fields of the two crystal phases [21]. Recombination will
occur with electrons, confined within the cubic GaN by the
electric fields and SF barriers, and holes, confined in a tri-
angular QW by the electric fields. More densely packed
stacking faults will result in a narrower confinement region
for the electrons, which will increase the confinement en-
ergy and hence the recombination energy. It is clear from
Figure 8 that this could occur above 3.50 eV, the hexago-
nal GaN bandgap, and may therefore account for the PL
in Figure 2. The absorption edge would occur due to a re-
duction in the density of states as the energy falls below
EAbs, as indicated in Figure 8. This energy is a few 100
meV larger than the bandgap of hexagonal GaN and may
explain the absorption edge energies in Figure 3. This band
alignment spatially separates the carriers and would result
in a PL decay time that reduces as the recombination en-
ergy increases, consistent with observations in Figure 7.
Therefore this densely packed SF picture can qualitatively
account for the observations of the high energy band.

4 Summary Two samples of GaN grown by MOCVD
upon 3C-SiC/Si (001) substrates were studied to investi-
gate the luminescence properties of a cubic and a mixed
phase layer of GaN, samples A and B respectiely. These
properties were compared with a c-plane hexagonal GaN-
on-Sapphire sample, sample C. Photoluminescence-excita-
tion measurements at 10 K illustrated that the majority of
emission features below 3.27 eV were associated with cu-
bic GaN. Temperature and power dependent PL measure-
ments, along with PL time decays, were used to identify
the origins of the main PL features: a dominant D0X peak
between 3.23 eV and 3.24 eV, followed by a DAP peak
between 3.15 eV and 3.13 eV and the YL at 2.00 eV. A
comparison of the peak D0X energy and absorption edge
between these samples and literature lead to an estimated
strain-induced cubic GaN bandgap between 3.26 eV and
3.27 eV.

The DAP emission for sample B is less intense than
that in sample A and the peak energy is lower for equiva-
lent excitation powers, which we tentatively attribute to a
lower density of donor and/or acceptor impurity states in
this sample. In contrast, the YL is more intense in sample
B.

The PL spectra indicate that sample B has a reduced
D0X FWHM compared to sample A and a 0.01 eV larger
bandgap. This suggests that the local tensile strain of
the cubic material has been partially relaxed. An emis-
sion band with a peak energy at 3.40 eV and a FWHM
of 190 meV is also observed for sample B. This emis-
sion band extends to energies up to 3.60 eV, above the
hexagonal GaN bandgap. Photoluminescence-excitation
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6 S. A. Church et al.: Photoluminescence studies of cubic GaN epilayers

measurements show a shallow absorption edge below ap-
proximately 3.70 eV, which indicates this cannot be due
to absorption in phase-pure cubic or hexagonal GaN. The
PL decays for this emission are monoexponential and fast,
with lifetimes around 0.30 ns, decreasing at higher en-
ergies. This may be a result of quantum confinement at
bunches of stacking faults.
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