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Abstract

®
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InGaN/GaN quantum wells grown in the zincblende phase along the [001] direction are free of
the internal electric fields that reduce the radiative recombination rate in conventional quantum
wells grown along the c-axis in the wurtzite phase. However, heteroepitaxial growth and
reduced thermodynamic stability compared to the wurtzite phase typically results in a
significant density of stacking faults (SFs) in zincblende GaN, which impacts emission
efficiency when they intersect quantum wells. Here it is shown that increasing the buffer layer
thickness that lies between the substrate and the active region significantly reduces the density
of SFs reaching the quantum well, and thereby increases the emission efficiency.

Supplementary material for this article is available online
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1. Introduction

Current light-emitting diode (LED) technology for light-
ing applications typically utilises c-plane wurtzite (wz)
InGaN/GaN quantum wells (QWs). However, the use of this
crystal phase and growth direction produces an internal elec-
tric field on the order of MV cm™! across the QWs, which acts
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to separate electrons and holes [1]. Such an increased separ-
ation reduces the rate of radiative recombination in the QW,
impacting the internal quantum efficiency of the LED. For
blue-emitting LEDs, this effect can be mitigated by decreas-
ing the QW thickness, allowing wall plug efficiencies of 84%
to be achieved in spite of these internal fields [2]. However,
the strength of the internal field increases with higher indium
content, reducing the radiative recombination rate further. The
negative impact of this on the efficiency of devices emitting at
longer wavelengths is potentially exacerbated by other issues
associated with higher indium content, such as increased alloy
fluctuations [3] and an increased density of trench defects [4].
Consequently, c-plane wz LEDs emitting in the green and
amber spectral regions exhibit efficiencies that are signific-
antly less than for their blue counterparts [3].

© 2025 The Author(s). Published by IOP Publishing Ltd
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The challenges associated with achieveing efficient emis-
sion from wz c-plane LEDs emitting at longer wavelengths
have motivated the study of alternative growth directions of
the wz-phase that eliminate or reduce the internal field across
the QW [5]. Another promising approach is to grow the LED
structure in the zincblende (zb) rather than the wz phase of
GaN. When grown along the [001] direction, zb QWs are com-
pletely free of the internal fields [6], resulting in sub-ns recom-
bination lifetimes [7, 8] i.e. two orders of magnitude smal-
ler than for similar c-plane wz QWs [9]. A further advant-
age of zb-GaN is that its bandgap (3.3 eV at low temperature
[10]) is significantly less than that of wz-GaN (3.5 eV at
low temperature [10]) so that less indium incorporation is
required for long wavelength emission. However, whilst zb
GaN-based LEDs have been reported, there efficiency cur-
rently lags behind that of their wz counterparts [11]. Hence,
studies to understand the impacts of materials growth and
structure on device performance are still required.

Heteroepitaxial growth of zb-GaN onto substrates such as
3 C-SiC/Si (3.4% lattice mismatch [12]) results in the forma-
tion of a considerable density of stacking faults (SFs) i.e. wz
monolayers within the zb lattice [13]. The prevalance of SFs
is attributed to the greater thermodynamic stability of the wz
phase [14, 15] and to the dissociation of perfect dislocations
into energetically preferred partial dislocations at the inter-
face with the substrate [16]. Several recent studies have indic-
ated that the SFs have an important role in determining the
emission properties of zb-QWs. Significant indium segrega-
tion has been found adjacent to SFs [17], which increases the
spectral breadth of the emission from zb-QWs [7]. SFs also
appear as darker regions in cathodoluminescence (CL) stud-
ies of the microstructure of zb-QWs [18] suggesting that they
reduce emission efficiency.

In this work, the effect of buffer layer thickness, #g, on the
SF density and on the recombination in the QW is investig-
ated. Earlier work by Vacek et al. suggests that as the zb GaN
layer thickness increases, SFs on different {111} planes can
eventually meet so that their Burgers vector may react so that
the SFs annhilate each other [16]. This is further supported in
the simulations of Lee et al., which showed that, in theory, a
substantial decrease in the density of SFs can be achieved by
using thick buffer layers [13]. Here, we show experiemntally
that increasing #g to 1.5 pm or greater significantly reduces the
number of SFs that intersect with the QW and that this results
in increased emission efficiency.

2. Methods

2.1 Sample growth

The samples analysed in this study were grown using metal-
organic vapour-phase epitaxy on 3 C-SiC/Si (001) substrates
with a 4° miscut towards the [1-10] direction, employing an
Aixtron 6 x 2 in. CCS reactor. Three series of samples were
studied, as illustrated in figure 1. Series 1 comprises a set of
samples with a thin 44 nm thick nucleation layer followed by

a single GaN buffer layer of varying thickness. Four samples
with buffer layer thicknesses of 15 = 0.6 um, 1.5 pym, 2.3 pym,
and 3.0 ym were grown under conditions that had previously
been optimised to suppress the formation of unwanted wz-
GaN incslusions [19]. Series 2 is based on a similar set of buf-
fer layers with thicknesses between 0.6 ym and 3.0 ym. These
were overgrown together in one growth run with an additional
200 nm of non-intentionally doped GaN, so that the total GaN
buffer layer thicknesses, tg, were 0.8 ym, 1.1 pym, 1.4 pm,
1.7 pm, 2.5 pm, and 3.2 pm, respectively. This was followed
by the growth of a 2.3 nm wide In,Ga;_,N single quantum
well (SQW) at a temperature of around 720 °C, which was
capped with an 11 nm thick GaN layer. The QW thickness
of 2.3 nm was chosen to provide structures comparable with
typical c-plane wz structures, with thicknesses in the 2 nm to
3 nm range [20]. Finally, in Series 3 a multiple quantum well
(MQW) structure was grown on a set of GaN buffer layers
with total thicknesses of 3 = 0.8 um, 1.7 ym, 2.5 pum, and
3.2 pm, respectively. In this series, an additional 4 nm thick
In,Ga;_,N underlayer (x =~ 1%) was included below the first
QW. It has been shown for hexagonal c-plane MQW:s that such
an underlayer improves the overall performance of the MQWs,
which makes this heterostructure more device relevant [21].
The MQWs grown on top of this underlayer consist of five
InGaN QWs with a nominal width of 2.3 nm, each topped by
a 11 nm thick barrier.

2.2. X-ray diffraction (XRD) studies

The samples in Series 1 were studied by XRD to assess the
impact of changing layer thickness on the crystal quality.
For this purpose, XRD reciprocal space maps were recorded
around the 113-type zb-GaN and 1-103 wz-GaN reflections
parallel and perpendicular to the miscut direction of the sub-
strate with a PIXcel solid-state area detector in a PANalytical
Empyrean diffractometer. Intensity profiles along the SF-
streak between the two nearby reflections were then extrac-
ted, and subsequently fitted with three Pseudo-Voigt functions
to account for the zb and wz reflections, and for an ill-defined
diffuse scattering between them thought to be related to highly
defective zb regions in the investigated GaN buffer layers. The
integrated intensities of these fit profiles were then used to
quantify the zb-GaN fraction following the description in [12].

2.3. Cathodoluminescence studies

Series 2 was designed for cathodoluminescence studies. Since
in (001)-oriented zb-GaN SFs form on {111} planes, and are
thus inclined to the growth direction, SQWs without InGaN
underlayer were preferred for this study to avoid confusion in
data interpretation arising from the prescence of SF intersec-
tions with quantum well or underlayer material located at dif-
ferent depths in the sample. Room temperature CL measure-
ments were conducted with an Attolight Allalin 4027 Chronos
scanning electron microscopy-cathodoluminescence (SEM-
CL) system, using a 150 1 mm~! grating blazed at 500 nm.
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(a) Buffer layer series

(b) SQW series

(c) MQW series

Figure 1. Schematic structures of the three different sets of samples. (a) GaN buffer layers, (b) SQW samples, and (¢) MQW structures.

A 5 keV electron beam with an interaction volume reach-
ing approximately 90 nm into the sample, a probe current
of 1.25 nA and an aperture size of 50 pm was used to col-
lect hyperspectral CL maps and concurrent secondary electron
(SE) images with a size of 7.56 yum x 7.56 pym and a res-
olution of 128 pixels x 128 pixels. In the hyperspectral data
sets a full spectrum is associated with each pixel of the map,
which allows analysis of spectral differences across the map.
For all measurements the dwell time was 100 ms per pixel.
The measured CL data were analysed with the open-source
python-based LumiSpy package [22].

2.4. Photoluminescence experiments

The MQW:s in series 3 were studied by photoluminescence
(PL) spectroscopy. Using MQWs for the PL experiment
ensure that changes seen in temperature dependent data are
not dominated by thermionic emission out of a SQW and intro-
duces into our study a structure relevant to the active region of
adevice. PL measurements were conducted at 12 K by placing
the samples on the cold finger of an evacuated, closed-cycle
helium cryostat. For steady-state measurements, the samples
were excited above the bandgap of zb-GaN using the 325 nm
(3.8 eV) line of a continuous wave 10 mW HeCd laser. The
laser was focused onto the sample using a lens with a focal
length of 15 cm, resulting in a spot size of 80 pm. The emitted
PL was collected and directed into the entrance slit of a spec-
trometer with a spectral resolution of 4.8 nm and then detec-
ted by a photomultiplier tube (PMT). A mechanical chopper
was used to modulate the HeCd laser, and the reference sig-
nal from the chopper, along with the PMT signal, was sent
to a Stanford Instruments lock-in amplifier for phase-sensitive
detection, enhancing the signal-to-noise ratio. Neutral dens-
ity filters were used to adjust the power density incident on
the samples. Statistics on spectrally integrated QW emission

intensities were obtained at room temperature using a con-
focal microscope system to collect light from 14 x 14 array of
regions on each sample, each of which was 75 ym in diameter.
Excitation was through the same microscope and used an ultra-
fast laser (Light Conversion Pharos PH2-20 W) emitting 260 fs
pulses at 1 MHz repetition rate, frequency tripled to obtain an
excitation wavelength of 343 nm with an average power dens-
ity of 10 W-cm™?; detection was via a fibre-coupled spectro-
meter (Horiba iHR 550) and CCD array (Horiba Synapse).
PL decay transients were obtained by exciting the samples
with 100 fs pulses at a wavelength of 266 nm (4.7 eV) gen-
erated by a mode-locked Ti:sapphire laser and up-converted
to the third harmonic. The resulting PL transients were found
by using a microchannel plate at the exit slit of the spectro-
meter and employing the time-correlated single photon count-
ing technique.

3. Results

3.1 Series 1: Buffer layers

To investigate the impact of the buffer layer thickness on
the crystal quality of the four samples in series 1, a quanti-
taive phase analysis has been performed by XRD. Figure 2
shows that the zb phase purity across all samples is rel-
atively high and improves from about 94% to above 98%
with increasing GaN buffer thickness. This observation is
related to the suppression of small amounts of inclusions
of the wz phase and defect-rich regions in the samples to
a total of less than 2% for the sample with 3.0 pym buf-
fer thickness (see supplementary material figure S1). This
improvement in crystal quality was also supported by room-
temperature PL measurements of the near-band edge emis-
sion, showing an increase in the maximum intensity by
roughly an order of magnitude between the thinnest and
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3.2. Series 2: Single quantum wells

Representive panchromatic CL maps of the six SQW samples
are shown in figure 3. All maps show a pattern of rectan-
gular bright patches bounded by a network of low-intensity
dark stripes running along the (110) directions. These dark
stripes have previously been suggested to be associated with
the agglomeration of non-radiative recombination centres in
the vicinity of {111}-type SFs near the sample surface [18].
Across the sample series it appears that the density of dark
stripes reduces as the buffer thickness increases. For a statist-
ical analysis of these features, ten parallel lines of equal spa-
cing have been drawn on each of the CL maps for both inplane
(110) directions, respectively, and the number of intersections
of these lines with the dark stripes have been evaluated. For
each sample, CL maps of three different regions have been
analysed to determine an average value and a standard devi-
ation for the density of SF-related dark stripes. Figure 4(a)
shows that for both in-plane directions the SF-related dark
stripes reduce in density from about 3.0 x 10* cm~! to about
1.5 x 10* cm™! as the total thickness of the GaN buffer
increases from 0.8 pm to 3.2 pm. This implies that the dens-
ity of SFs reduces with increasing buffer layer thickness, con-
sistent with the reduction of intensity from highly defective
material seen in the XRD analysis for the buffer layer samples
of series 1 in section 3.1. However, it should be noted that the
density of dark stripes gives an underestimation of SF dens-
ity, because SFs are often present in these samples in bunches
[17], and the resolution of the CL. measurements is insufficient
to observe separate features from each SF within a bunch. One
might speculate that broader, darker stripes are more likely to

0

Figure 3. Panchromatic CL maps for the SQW samples with GaN
buffer thicknesses of a) 0.8 ym, b) 1.1 pm, ¢) 1.4 pm, d) 1.7 pum, e)
2.5 pm, f) 3.2 um. All measurements were performed at 300 K.

relate to SF bunches and narrower, less pronounced stripes to
individual SFs.

Compared to the dark stripes, the rectangular patches in
the CL maps of the SQW samples in figure 3 are signi-
ficantly brighter and more homogenous in their light emis-
sion, suggesting that these regions relate to low defect dens-
ity regions with low SF density. As shown in figure 4(b), the
mean area of individual bright patches increases significantly
from (0.050 £ 0.002) um? for the SQW grown on the thin-
nest GaN buffer to (0.365 + 0.035) um? in the case of the
thickest buffer, while in the CL maps of figure 3 the density of
bright patches decreases monotonoically as the buffer thick-
ness increases. Both observations are consistent with a reduc-
tion of the SF density. Furthermore, the CL emission intensity
within the bright patches increases, which might be related to
an increasing average distance from the centre of the bright
patches to the SFs, reducing the likelihood that free carriers
will be able to diffuse to SFs and recombine non-radiatively. In
consequence, it becomes more likely that carriers recombine
radiatively within the SQW, leading to an overall increase of
the intensity from individual patches.

The mean CL spectra across each of the hyperspectral maps
for the six SQW samples in series 2 are shown in figure 5.
The majority of the light intensity comes from the QW and
is emitted at about 2.6 eV, while the zb-GaN near-band-edge
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Figure 4. (a) Variation in the density of SF-related dark stripes in
CL maps with GaN bufter thickness parallel and perpendicular to
the [110] miscut direction. (b) Mean area per bright patch against
buffer thickness.

emission at about 3.2 eV only contributes a small amount to
the total intensity. Across the samples, the intensity of QW
emission increases as the buffer thickness increases, consist-
ent with an improvement of the crystal quality by reduction
of the defect density in the sample, suggested by the previ-
ous observations from XRD and our interpretation of the CL
maps. Interestingly, the maximum of the QW emission blue
shifts slightly by 30-50 meV and the low energy tail of the
QW emission peak becomes weaker with increasing buffer
thickness (see supplementary material figure S3). This small
blue shift is unexpected given that as the buffer layer thickness
increases, we observe a slight temperature drop at the surface
during the SQW growth for thicker buffer layers, which would
be expected to result in a slightly increased indium incorpora-
tion into the InGaN QW, and hence a red shift in the emission
(see supplementary material figure S4). We hence hypothesise
that both the weakening low energy tail and also the blueshift
may relate to the reduction in SF density.

QW emission
/) GaN buffer thickness tg
0.8 um
1.1um
1.4 um
1.7 um
2.5um
3.2um

\ NBE emission
N A
3.0 3.2 3.4

2.8

2.6
Energy (eV)

Figure 5. Mean CL spectra of the zb-InGaN SQW samples of
series 2. All measurements were performed at 300 K.

To investigate this hypothesis, a band-pass filter between
2.15 eV and 2.25 eV was applied to the CL maps to high-
light the intensity distribution of the low energy shoulder of the
SQW peak, as shown in figure 6. Bright lines can be observed,
which reduce in density with a greater buffer layer thickness
and which tend to be located close to (or on) the position of
the SF-related dark stripes in the panchromatic CL maps of
figure 3. It has previously been reported that the intersection
of SFs with an InGaN SQW can lead to the formation of elong-
ated indium-enriched regions [17] which result in quantum
wire (Qwire)-like features in the emission spectrum [23]. We
would expect that such indium enriched regions will emit at a
slightly lower energy than the surrounding SQW, and that the
low energy shoulder of the QW emission peak is indeed related
to emission from such SF-related indium-enriched material.
Interestingly, the vast majority of the bright lines in figure 6
appear to align perpendicular to the [1-10] miscut direction.
This is consistent with obersevations by Gundimeda et al on
the predominant orientation of Qwire features in a similar
SQW sample, which was related to the significantly higher
density of SFs intersecting the QWs perpendicular to the mis-
cut than parallel to the miscut [23]. However, here we note that
despite there being multiple features associated with SFs par-
allel to the miscut in the panchromatic images (figure 3), very
few of the observed low energy emission features align in this
direction, raising the possibility that there are also differences
in the segregation occurring to the different orientations of SF.

3.3. Series 3: Multiple quantum wells

The low temperature PL spectra for the four MQW samples
in series 3 are compared in figure 7. In each case the emis-
sion is dominated by a broad QW peak centred at 2.75 eV
with a full width half maximum of ~150 meV. The spectra
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Figure 7. 12 K PL emission spectra for MQW samples with buffer
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power density used was 10 W-cm™2.

for each g value are very similar on their high energy side
but differences can be seen on the low energy side, with a
shoulder centred at about 2.5 eV being evident which reduces
in intensity as g increases. This is consistent with the obser-
vation of a reduced tail at low emission energies in the CL

data (figure S3). Given the reduction in SF density noted above
for greater fg, and the fact that the low energy features can be
associated with the SFs using the band-pass-filtered CL maps
(figure 6), the shoulder observed in PL is likely to be associ-
ated with SFs. There are also some near band edge peaks in
the 3.1 eV to 3.3 eV region; similar features have been repor-
ted previously which were attributed to donor bound exciton
and donor-acceptor pair recombination in the GaN [24].

Figure 8 shows the PL decay transients obtained at various
emission energies for the 5 = 3.2 pum sample; similar data
for the other samples are given in the supplementary mater-
ial (see figure S5). Each transient is very similar for the first
0.5 ns after the initial peak but after that different behaviour
is observed. The transients at energies corresponding to the
main emission peak (2.70-2.95 eV) remain similar to each
other but those at energies corresponding to the low energy
shoulder noted in the PL spectra (2.48 eV and 2.58 eV—see
figure 7) decay more slowly. This difference in decay beha-
viour is consistent with the low energy shoulder region being
due to emission from a different microstructural feature than
the main emission peak. The formation of microstructures that
result in Type II confinement of carriers due to the existence of
closely-spaced SFs has previously been used to explain the PL.
spectra observed for cubic GaN epilayers [24]. One possibility
is that similar Type II carrier confinement arises in the QWs
investigated in this study due to some combination of indium
segregation and closely space SFs, reducing the electron-hole
wavefunction overlap and thus the recombination rate for that
fraction of the carrier population confined by the Type II struc-
tures.

The normalised temperature dependence of the spectrally
integrated emission spectrum for the 3.2 ym sample is shown
in figure 9. The reduction in emission with increasing tem-
perature is consistent with a greater probability of carriers
encountering a non-radiative recombination centre. The rel-
ative intensity at 300 K, i.e. its value as a percentage of the
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intensity at low temperature, as a function of buffer layer thick-
ness for the MQW series is shown in the inset of figure 9.
The tg = 0.8 pum sample suffers the greatest loss of emis-
sion intensity as the temperature is increased to 300 K, with
the intensity reducing to about 29% of its low temperature
value. In contrast, the other samples exhibit a smaller loss of
intensity with temperature, each reducing to about 34%-36%
of their low temperature emission intensity; only minor intens-
ity increases are evident as tg increases beyond 1.7 um, as was
the case for the CL intensity described above. This suggests
that most of the improvement in emission efficiency obtained
from a reduction in SFs is achieved by increasing 7z to 1.7 ym
with little additional benefit resulting for further increases in
tg. This is consistent with the identification of SFs as a key
source of non-radiative recombination in zb-QW:s for g up to
1.7 pm, but after that other sources become more important
so increasing fg has less impact. Various authors have pre-
viously used the relative intensity at 300 K as an estimate
of the internal quantum efficiency (IQE) of wz-InGaN/GaN
QWs [25-27]. This approach assumes that the IQE at low
temperature is ~100% because carriers are not sufficiently
mobile to encounter non-radiative recombination centres to
a significant degree. Notwithstanding this assumption, this
method provides a useful means of comparison with the zb-
InGaN/GaN QWsreported here. For instance, for a stack of
eight 3 nm wide wz-QWs emitting at 2.7 eV Wang et al
found by this method that the peak IQE was ~65% [25]. More
recently Alreshidi et al also used the relative intensity at 300 K
to estimate the IQE for stacks of nine 3 nm wz-QWs, also emit-
ting at 2.7 eV, and found that it improved from 40% to nearly
90% as the number of superlattice pairs under the MQWs was

increased from 1 to 12 [26]. Thus, using relative intensity we
estimate the IQE of these zb-QWs to be typically 2-3 times
less than that of comparable wz-QWs.

4. Discussion

Across the three methodologies it can be observed that increas-
ing buffer thickness reduces SF density and this has a signfic-
ant impact on carrier recombination in zb-InGaN/GaN QWs.
XRD and CL maps indicate an improvement in material qual-
ity as buffer thickness is increased. Both the CL and PL emis-
sion spectra show suppression of a low energy tail or shoulder
within the QW emission band with increasing buffer thickness.
The low energy tail is associated with SF regions within the
QW layers (see figure 6). Similar features have been reported
previously for MOCVD-grown blue-emitting zb-InGaN/GaN
QWs [17] and linked to the formation of QWires within the
QW layer. The emission from these microstructural features is
noted to exhibit decay tails that persist for longer times com-
pared to the rest of the QW emission band [7], as observed in
figure 8 of this article.

The improvement in material quality, suppression of SF-
related emission, and increase in QW emission efficiency at
300 K by increasing the buffer layer thickness, is beneficial
for realising higher efficiency zb-LEDs. However, due to the
anisotropic distribution of SFs [13], there is a limit to the
benefit of increasing buffer layer thickness. Above 2.5 pm in
both XRD and CL measurements, very little change can be
observed in the zb phase purity or SF density. Consistent with
this, no significant improvement in the relative QW intens-
ity at 300 K could be observed as the buffer layer is grown
above 1.7 pum, suggesting that SFs are no longer the most
important non-radiative recombination channel for samples
with these thicker buffer layers. As noted above, the estim-
ated IQE for these zb-QWs is 2-3 times smaller than for
comparable wz-QWs. However, the high IQEs now repor-
ted for wz-QWs are the result of a series of improvements
made over decades whereas comparatively little effort has
been focused on increasing the IQE of zb-QWs to date. There
are several approaches that have been successfully used to
enhance wz-QW IQE that could be adopted for zb-QWs. For
instance, the use of underlayers that are 10 s of nm in thickness
has been shown to signficantly reduce the point defect dens-
ity in the QW region, and thus the associated non-radiative
recombination [21, 28]. The strain engineering enabled by
varying the number of superlattice numbers underneath the
QWs has been shown to improve the IQE, as mentioned
above [26].

5. Conclusion

The removal of SFs, the dominant extended defect within
the zb-InGaN/GaN QWs, is crucial to achieve efficient zb-
LEDs. In this paper, XRD, CL mapping and photolumines-
cence techniques were used to study the effect of buffer layer
thickness on the SF density within zb-InGaN/GaN QWs. By
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monitoring both material quality and the emission properties
of the QWs, it is observed that increasing the buffer thickness
reduces SF density; this improves the zb phase purity, sup-
presses unwanted SF-related emission within the QW layer
and improves the QW emission efficiency at 300 K. However,
most of the benefit to materials quality and QW emission effi-
ciency is achieved for a buffer thickness of 1.7 um, with less
to be gained for thicknesses greater than this.
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