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Abstract
Zincblende GaN has the potential to improve the efficiency of green- and amber-emitting nitride
light emitting diodes due to the absence of internal polarisation fields. However, high densities
of stacking faults are found in current zincblende GaN structures. This study presents a
cathodoluminescence spectroscopy investigation into the low-temperature optical behaviour of a
zincblende GaN/InGaN single quantum well structure. In panchromatic cathodoluminescence
maps, stacking faults are observed as dark stripes, and are associated with non-radiative
recombination centres. Furthermore, power dependent studies were performed to address
whether the zincblende single quantum well exhibited a reduction in emission efficiency at
higher carrier densities—the phenomenon known as efficiency droop. The single quantum well
structure was observed to exhibit droop, and regions with high densities of stacking faults were
seen to exacerbate this phenomenon. Overall, this study suggests that achieving efficient
emission from zinc-blende GaN/InGaN quantum wells will require reduction in the stacking
fault density.

Supplementary material for this article is available online
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1. Introduction

III-nitride material systems have been extensively used for
various optoelectronic applications, mainly light emitting
diodes (LEDs) [1–3]. Conventional white light LEDs are made
by utilising blue LEDs based on wurtzite (wz) InGaN/GaN
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multi-quantum wells (MQWs) with a phosphor cap, which
absorbs some of the blue light and emits longer wavelength
light [4]. This inevitably leads to energy losses [5, 6]. An
alternative to this down-conversion using phosphor materials
is colour mixing of separate blue, green, and red LEDs. Of
these LEDs, commercial wz–GaN-based blue and InGaAsP-
based red LEDs are very efficient. However, the efficiency of
wz–GaN-based green LEDs is nearly half that of red and blue
LEDs, known as the ‘green gap’ problem [7], and is related
to inherent limitations of wz–GaN based LEDs. In wz–GaN
based LEDs grown in the (0001) orientation, spontaneous and
piezoelectric polarization fields are present, causing a strong
quantum confined Stark effect (QCSE). These fields reduce the
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electron-hole wavefunction overlap, resulting in a reduction
of the rate of radiative recombination and thus making it less
competitive with non-radiative processes [8]. This causes a
decrease in the internal quantum efficiency (IQE) of the LEDs.

Additionally, to reach green emission, either more indium
needs to be incorporated into the InGaN/GaN QWs or the QW
thickness needs to be increased, in comparison to blue light
emitting QWs. This increase in the InN content in the QWs
is typically achieved by growing the heterostructure at a lower
temperature, which has been suggested to lead to incorporation
of a higher density of point defects and can possibly increase
the inhomogeneity of the InN composition in the QWs [9–
11]. Such point defects may act as non-radiative recombin-
ation centres, while any inhomogeneity of the InGaN QWs
can lead to poor spectral purity of wz-based InGaN/GaN QWs
[12–14].

Cubic zincblende (zb) GaN is a metastable phase of GaN,
which in comparison, should not exhibit such inherent polar-
ization fields when grown in the (001) orientation and has a
lower bandgap than wz–GaN. In consequence, it is expected
that a lower proportion of InNwill be required to achieve green
emission [15]. Such advantages should in theory allow for a
much higher IQE in long wavelength devices. Despite these
advantageous properties, current zb–InGaN/GaN QW based
LEDs are still lacking in efficiency. One reason for this may be
the presence of high defect densities, in particular {111}-type
stacking faults (SFs) and wz inclusions [16, 17]. While high
phase purities with low or no wz inclusions can be achieved
by optimizing the growth conditions [17–19], SFs are formed
right at the beginning of the heteroepitaxial growth at an angle
of about 55◦ with respect to the (001) growth plane. As they
are also inclined with respect to each other these SFs reduce
in density with increasing film thickness by defect reactions,
but they might not be completely avoidable [16] and hence
some of the SFs might reach and intersect the QWs. Despite
the theoretical advantages of zb–GaN over wz–GaN, it is thus
still necessary to develop a good understanding of the effect
of SFs on the optical properties of zb–InGaN-based QWs. An
insight into how these SFs behave optically is essential as they
may hamper the overall light emission quality of LEDs based
on zb-QWs.

Very few reports are present in the literature that study the
optical behaviour of SFs in zb–GaN [20–23]. Kemper et al per-
formed cathodoluminescence (CL) spectroscopy studies in the
scanning transmission electron microscope (STEM) to assess
the influence of SFs on the optical emission in zb–GaN epilay-
ers and demonstrated that SFs lead to a reduced CL emission
intensity [20]. Lorenz et al [21] and Wei et al [22] highlighted
that the presence of these SFs can lead to the formation of
wz inclusions in the epilayers. This significantly affects the
optical quality, as any optical emissions from the wz phase
leads to poor spectral purity in zb–InGaN/GaN QWs, i.e. a
shift and broadening in emission energies. Besides forma-
tion of wz inclusions, or {111}-type SFs running through the
QWs can also alter the local distribution of Indium [23, 24].

Ding et al performed multi-microscopy studies on a cross-
sectional TEM lamella of a zb–GaN LED heterostructure with
SFs running through the QWs [23]. In regions where SFs were
observed running through the QWs indium segregation next
to the SFs in the InGaN QWs was seen. The presence of this
phenomenon led to inhomogeneous emissions throughout the
QWs with regions where SFs interact with the QW exhibiting
lower energy CL emission than the main QW.

Current blue LEDs, made of wz–GaN, have a high peak
radiant efficiency of >80% [25]. However, as the injection
current density increases, the light output efficiency of wz–
GaN LEDs decreases [26]. This phenomenon is known as effi-
ciency droop or droop for short. Applications such as general
lighting require high brightness, which indicates that the used
LEDs need to emit a high flux of photons. If we utilise smaller
devices, large currents need to flow through the devices, which
leads to a drop in efficiency. One can use multiple devices at
low currents or larger devices at low currents, but this becomes
expensive. It is essential to achieve high brightness and high
efficiency while keeping the costs down. Additional applica-
tions such as micro-displays, which intrinsically require small
device sizes, also lead to high current densities leading to
inefficient devices. Extensive research has been carried out in
understanding the carrier mechanisms that triggers the droop
mechanism in wz-based InGaN/GaN QWs [26]. However,
only sparse information can be found in the literature regard-
ing droop in zb–InGaN QWs. Tsai et al simulated the optical
behaviour of zb–InGaN based LED structures and wz–InGaN
based LED structures including their dependence on the cur-
rent density [27]. Both structures had identical design paramet-
ers such as p and n doping concentrations, QW thickness and
InGaN composition. In the simulations both devices displayed
the droop phenomenon, but it was much more pronounced in
the wz device. The enhancement of the droop phenomenon in
the wz structure was attributed to the presence of polarisation
fields and a large carrier mass. These polarisation fields are
absent in zb–GaN when grown in the (001) orientation and
the carrier effective mass is lower in zb–GaN, which reduced
the droop in zb–GaN theoretically by 51%. These simulations
provide a hint that the droop phenomenon in zb–GaN material
may be less of an issue than in wz–InGaN LED structures.

In this study, we use CL spectroscopy to investigate the
optical properties of a zb–InGaN/GaN single QW (SQW)
structure. In particular, the impact of SFs on light emis-
sion from a single InGaN QW is studied. Furthermore,
to investigate whether the SQW structure suffers from
droop, a detailed CL study with varying beam current
was carried out while keeping the interaction volume
constant.

2. Experimental details

The zb–InGaN/GaN SQWheterostructure studied in this work
was grown on a 3C–SiC/Si (001) substrate in a 6× 2’ Aixtron
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close-coupled showerheadmetal organic vapour phase epitaxy
reactor. The substrate consists of a 3.5 µm thick layer of (001)
oriented 3C–SiC grown on a 750 µm thick Si wafer with a
4◦ miscut towards the [110] in-plane direction. The substrate
miscut was introduced to avoid the formation of antiphase
domains [16]. First, a 30 nm thick GaN nucleation layer and an
approximately 800 nm thick zb–GaN buffer layer were grown,
followed by a 40 nm thick InGaN underlayer, with an InN
composition of 1%–2%. On top of the InGaN underlayer a
SQW with a thickness of about 2 nm and a targeted composi-
tion of about 10% InN (i.e. In0.1Ga0.9N QW) was grown. The
SQW was then capped with an 8 nm thick GaN barrier layer.
The other growth parameters used for the growth of the SQW
are similar to the conditions typically used for c-plane wurtzite
InGaN QWs [28]. A schematic diagram representing the zb–
InGaN/GaN SQW structure is shown in the supplementary
information (figure S1).

Hyperspectral CL measurements along with secondary
electron (SE) imaging were performed using an Allalin 4027
Chronos scanning electron microscopy CL system with a
150 l/mm grating (blazed at 500 nm). All measurements were
performed at an excitation voltage of 3 kV and a temperature
of 10 K, maintained using a liquid Helium cryostat in order
to limit the diffusion length. The beam current was varied
from 63 pA to 30 nA as measured by a Faraday Cup. Monte
Carlo simulations with the software Casino [29] revealed that
under these conditions the incident electrons lose 90% of their
energy at a depth of about 47 nm from the sample surface,
which covers the SQWand some part of the InGaN underlayer.

3. Results and discussion

As the surface morphology can give a first important insight
into the morphology of the SQW buried underneath the sur-
face, SE images were collected of the sample. Figure 1(a)
shows the SE image of the zb–InGaN/GaN single quantum
well structure. Overall, several elongated surface features
along with flat regions are distributed across the surface. The
elongated features are observed to be aligned both perpendic-
ular and parallel to the miscut direction, i.e. in both the [1–
10] direction and the [110] direction, marked by arrow-1 and
arrow- 2 in figure 1(a), respectively. Furthermore, pale stripes
are observed on the surface, parallel to the [110] miscut direc-
tion, marked by arrow 3 in figure 1(a). These are notably dif-
ferent from the other elongated features observed on the sur-
face, as they have relatively less contrast, indicating a smaller
local height or composition variation. The white box indicates
a region where little to no surface features are present. The
small bright dot features present on the surface, in figure 1(a),
can be attributed to contamination.

To investigate the variation in optical emission in the
InGaN/GaN SQW sample the panchromatic CL intensity map
in figure 1(b) has been recorded on the same area shown in
the SE image (figure 1(a)). In the panchromatic CL image,
large, isolated, regions of high emission intensity can be
observed on the surface. An example is marked by the white
box in figure 1(b). These regions are adjacent to areas with

very low emission intensity. Also, we can observe stripes of
high CL intensity running parallel to the miscut direction,
along [110]. These stripes are interrupted by regions of low
CL intensity, indicating the presence of non-radiative recom-
bination centres. Non-radiative recombination can occur at
point defects, threading dislocations or SFs [20, 30–37]. Even
though there are dark regions in the image, these are not
regions of zero emission but of relatively low emission intens-
ity compared to the surrounding material.

Correlating the SE image with the panchromatic CL image
gives an insight into the variation in CL emission intensity with
respect to the morphology. The high intensity regions present
in the panchromatic CL map (white box in figure 1(b)) cor-
relate with a flat surface region in the SE image (white box
in figure 1(a)) which is free from elongated surface features.
Such flat high intensity regions are also observed at the bottom
of the SE image (figure 1(a)) and the panchromatic CL map
(figure 1(b)). The features running parallel (along [110]), and
perpendicular (along [1–10]) to the miscut direction (marked
by arrow 1 and 2 respectively in figures 1(a) and (b)) have very
different optical properties. We attribute this to the structure of
the region surrounding either of these features. The features
perpendicular to the miscut direction, are surrounded by flat
regions free from any pale stripes, whereas the features paral-
lel to the miscut direction are surrounded by single or multiple
pale stripes. The pale stripes observed in the SE image (marked
by arrow-3 in figure 1(a)) themselves exhibit low CL emission
intensity (marked by arrow-3 in figure 1(b)), which indicates
that they are areas of high non-radiative recombination.

The overall mean CL spectrum of the imaged area in the
SQW sample is shown in figure 1(c). It reveals an emission
peak centred at 3.00 eV with a FWHM of 260 meV. This peak
is associated with emission originating from recombination in
the InGaN/GaN SQW. A broad low-energy shoulder peak was
observed, which can be associated with a strong inhomogen-
eity of the emissive layer across the sample. This can include
variations of the QW as well as other luminescence centres
which will be discussed in detail later.

Comparing the spot spectra, obtained from the hyperspec-
tral CL map, at the different surface features observed in the
SE image gives an insight into the CL emission energies of
these features, as shown in figure 1(d). The high intensity
flat region (white box in figure 1(a)) exhibits a peak emis-
sion energy at 3.00 eV. We observe a red shift in peak emis-
sion energy of∼190 meV for all investigated features perpen-
dicular to the miscut direction (arrow-1 in figure 1(a)) along
with a drop in the absolute peak intensity by 50%, in compar-
ison to the high intensity regions (white box in figure 1(b).
A high energy shoulder can be observed for this spectrum
whose energy matches the main QW emission from the flat
region. The peak emission energy of the features parallel to
the miscut direction, (arrow-2 in figure 1(a)) is about the same
as for the elongated feature perpendicular to the miscut direc-
tion. However, the peak intensity in these regions drops by two
orders of magnitude compared to the mean emission intens-
ity obtained from the area in the white box in figure 1(b). It
is evident from these spot spectra that the mean spectrum is
dominated by the bright flat areas.
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Figure 1. (a) Representative planar SE image, (b) low temperature (10 K) panchromatic CL intensity map of the zb–InGaN/GaN single
quantum well structure. The white dashed box indicates a flat region, arrow 1 indicates a surface feature along [1–10], arrow 2 indicates a
surface feature along [110] and arrow 3 indicates a pale stripe. (c) Mean spectrum (averaged over the mapped area) of the whole imaged
region and (d) comparison between spectra from single pixels (arrow 1 and 3) and averaged emission from area within the white box.

In the initial analysis of the SE image (figure 1(a)), we
identified pale stripes running across the surface of the SQW
sample and found that they are corresponding to regions of
significantly reduced CL emission intensity (figure 1(b)). A
closer look at these regions was performed to isolate regions
with pale single stripes and also bunches of stripes and assess
their impact on light emission. For this, a region with clear
pale stripes running across the surface, as shown in figure 2,
was chosen. Some of these stripes are marked by yellow
dotted lines (i–iv) in the SE image, figure 2(b), highlight-
ing that they are aligned parallel to the miscut direction. The
spacing between these pale stripes appear quite random; in
some regions single or only a few stripes run across the sur-
face, while there are also regions with bunches of pale stripes
present. Two isolated pale stripes, marked i and ii, run par-
allel to each other. Both regions appear dark in the panchro-
matic CL image in figure 2(c) and the regions between them
appear bright. This indicates that these pale stripes are rich
in non-radiative recombination centres. Similar pale stripes
are labelled as iii and iv in figures 2(a) and (b). The region
between these stripes, marked by the yellow arrow 2, exhibits
high CL intensity, whereas the region with a high density of
these pale stripes, marked by arrow 1, shows extremely low

light emission with a measured drop in intensity by two orders
of magnitude.

The presence of these non-radiative recombination centres
in the InGaN/GaN structures could be attributed to several
possible factors like point defects [38], line defects such as
misfit dislocations or threading dislocations [37] and/or planar
defects such as SFs [20]. Taking a closer look at these regions
of low emission from the CL image in figure 2, one can see
that the region is a pale stripe-like structure rather than being
spotty. Spottiness would be typical for point defect clusters
or point defects [38, 39]. There may be a possibility that if
the defect density is high enough, they would not appear spot-
like, but the individual spots would merge and may form lines.
However, it would be difficult to explain why there would
be a preferential incorporation of point defects along a well-
defined line without the presence of other defects. Another
option for the observation is the presence of 1D defects. Misfit
dislocations can, in principle, form to accommodate the lat-
tice mismatch between the SQW and the surrounding mater-
ial. However, a detailed high-resolution STEM study by Ding
et al on similar zb–InGaN/GaN MQWs found no misfit dis-
locations newly formed in the MQWs [23]. If such misfit dis-
locations do not form in MQWs, they are even less likely to
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Figure 2. SE image of InGaN/GaN SQW sample (a) without and (b) with yellow lines matching with pale stripes and their corresponding
(c) panchromatic CL image. (d) An overlay of the SE image and the panchromatic CL intensity image along with SF identification lines
highlighting the non-radiative nature of the SFs. The yellow arrows indicate the regions of pale stripes marked by 1 and a region without
SFs marked by 2.

form in a SQW, because the accumulated strain energy is smal-
ler for a single layer, providing a weaker driving force for
dislocations to form. This does not completely rule out mis-
fit dislocations as the origin for the non-radiative areas in the
CL map. However, given that Ding et al report of a high dens-
ity of {111} SFs from the epilayer crossing the QWs [23] and
given that a high density of dark regions in the panchromatic
CL maps are observed, it is much more likely that SFs are the
relevant defect here.

As discussed earlier, in the panchromatic CL images the
regions associated with the pale stripes in the SE images
appear dark. This can be explained by the optical properties
of SFs in zb–GaN, which are significantly different from SFs
in wz–GaN [31, 36, 40]. As a simplified picture, one can con-
sider a SF in wz–GaN as a monolayer-wide zb insertion and
vice versa. At low temperatures, the zb SFs in wz–GaN are
optically active and bright. The band gap of zb–GaN is smal-
ler than that of wz–GaN, and these SFs in wz–GaN act as
a QW thereby confining the electron and hole together in a

reduced volume [36, 41]. This increases the probability of
recombination, giving brighter emission. In contrast, at room
temperature these SFs in wz–GaN have reduced intensity [42].
This has been attributed to several factors in the literature, but
the most common suggestion is the presence of point defects
and dislocations at or around a SF that led to non-radiative
recombination pathways [20, 43, 44]. As the carriers need
little energy to escape the QW formed by the SF, and at room
temperature thermal energy is available, carrier can diffuse to
these low energy defect sites thereby leading to non-radiative
recombination.

In the case of zb–GaN, a SF is a wz insertion, which has
a wider band gap than the surrounding zb–GaN. Electron-
hole pairs generated in the SFs can diffuse into the surround-
ing zb–GaN material where they could recombine radiat-
ively, which would lead to emission intensity similar to the
surrounding material. However, we observe dark stripes in
the panchromatic CL maps, which implies that there must
be non-radiative recombination associated with the SF or its
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immediate surroundings. This is also supported by the work
fromKemper et al [20] who observed, in cross-sectional TEM-
CL maps of zb AlN/GaN MQWs, that regions around SFs
exhibit low CL intensity, whereas regions in the zb material
free from these defects produce higher intensity light emission.
Based on all these findings we conclude that the pale stripes
that are observed in this work are identifiable as individual
SFs and/or SF bunches, acting as non-radiative recombination
centres, either due to their inherent nature or due to decoration
with point defects. Furthermore, we note that these pale stripes
tend to locally lie mostly along the same orientation (similar
to arrow- 3 in figure 1(a)) along [110]. Additionally, we also
observe a lower density of pale stripes along [1–10] direction.
This is consistent with previous study which shows an aniso-
tropy of SF orientation in similar samples [16]. SFs typically
form on {111} planes at a specific angle to the GaN/SiC inter-
face. The anisotropy in SFs can result from introducing a mis-
cut into SiC/Si substrates to address anti-phase domains. This
contributes to the creation of step bunches with {111} micro-
facets, favouring the formation of SFs.

We note that in the above discussion we address the carrier
dynamics at SFs based on the relative bandgaps of the zb and
wz material. However, the band alignments between the two
materials may also play an important role. Unfortunately, even
for GaN, there is some ambiguity in the literature as to whether
the band alignment is type I [31, 45–47] or type II [48–50].
To fully understand the carrier dynamics here, we would need
to know the band alignments between zb and wz materials in
strained InGaN, a point which has received almost no attention
in the literature. This issue requires further study, if the impact
of defects in either non-polar wz–InGaN QWs or zb–InGaN
QWs is to be fully understood.

3.1. Droop in zb–GaN

As highlighted in the introduction, droop is an important phe-
nomenon that can occur in an LED device, thereby hampering
the overall light output from the device. We have also demon-
strated in the previous section, that SFs are associated with
non-radiative recombination. SFs running through the QWs
can lead to local indium agglomeration as show by Ding et al
[24], which is expected to result in linewidth broadening [24].
Hence, they have a deleterious effect on the QW performance.
By performing beam current dependent CLmeasurements, we
can separate the impact of changing the carrier density on
regions with and without SFs (which we identified in the pre-
vious section), thereby trying to address the impact of SFs on
droop.

Initially, we conducted current-dependent studies by
repeatedly exposing one region to varying beam currents,
ranging from low to high (see supplementary information
figure S2). Upon re-measuring the same region at lower cur-
rents, we observed a drop in intensity compared to the initial
intensity level. This highlighted that the electron beam can
damage the zb InGaN QW, making it challenging to distin-
guish between the effects of beam damage and the droop
phenomenon at high currents. To mitigate this issue, current-
dependent studies were performed on different regions to

minimise beam damage at higher currents. To mitigate this
issue, current-dependent studies were performed on different
regions to minimise beam damage at higher currents. For this
purpose, areas across the sample surface with similar surface
morphology have been selected. To have consistent data at one
beam current for comparison and normalization, panchromatic
maps were obtained at the lowest current (63 pA) for all the
areas. Then measurements with one more beam current (either
250 pA, 1, 3, 5, 10, 20, or 30 nA) have been performed at each
area. Furthermore, all measurements were performed at low
temperature (10 K) to limit the diffusion length. Figure 3 gives
an overview of selected regions with significant change in the
CL maps (here 250 pA, 3, and 30 nA). The SE images (left
column) show the same general morphology that we have pre-
viously discussed, with protruding surface features and SFs
present in the imaged areas. The initial CL measurements per-
formed at 63 pA for each region are shown in figure 3 (middle
column). These panchromatic CL images reveal, similar to the
observations in the previous section, high emission intensity
blocks as well as stripes of lower emission intensity.

After the initial measurements at 63 pA, CL imaging was
performed at higher beam currents (figure 3, right column).
For the CL measurement at 250 pA, the CL intensity variation
of the surface remained similar to that of the region measured
at 63 pAwith high intensity emission in rectangular blocks and
the presence of stripes parallel to the [110] miscut direction.
The small spatial offset observed between the 63 and 250 pA
panchromatic images is attributed tomicroscope drift. Overall,
the average absolute intensity of the bright rectangular blocks
increased with increasing current. A further increase in current
to 1 and 3 nA, revealed small to no variations in the optical
properties (not shown).

At 5 nA, the high intensity blocks act similarly to those
previously observed, where the centre of the block retains high
emission intensity. However, the emission of the edges of these
blocks seems to drop in relative intensity and sharpness (evid-
ent in figure 3) compared to the centre of the blocks, poten-
tially indicating an increase in the carrier diffusion length.
Furthermore, we can see that the low intensity stripes have dis-
appeared from the image. This may be attributable to a relative
increase in the intensity of the blocks, which leaves the emis-
sion obtained from the stripe regions unobservable due to the
colour scale chosen here. While the absolute intensity of these
stripes is increasing with respect to other currents, they do not
increase at the same rate as the SF free blocks. The same obser-
vation was made for measurements at 10 and 20 nA where the
overall absolute intensity of pale stripes and SF free regions is
increasing but the increase in intensity is slower in stripe like
regions than in SF free regions. At 30 nA, the high intensity
blocks associated with flat regions are the only features clearly
visible in the panchromatic CL maps. The stripe like regions
have much lower CL emission intensity, such that they cannot
be observed at all in the linearly scaled intensity plots.

A comparison of the mean spectra across all regions is
shown in figure 4(a). For this plot, all spectra have been norm-
alised to the mean spectrum peak intensity of the 63 pA spec-
trum measured at the same area. At 250 pA, the mean spec-
trum has a peak emission energy at 2.95 eV with a FWHM of
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Figure 3. SE images of the InGaN/GaN SQW sample measured across different areas and a comparison between the panchromatic CL
images measured at 63 pA and at varying beam currents between 250 pA and 30 nA.

210 meV. With increasing current, the peak intensity gradu-
ally increases. A small red shift in the peak position of 5 meV
with increasing currents from 1 to 3 nA followed by a small
blue shift by 5 meV when increasing currents from 3 to 5 nA
can be observed. Such a shift is likely to relate to slight
inhomogeneities in indium incorporation over the surface as
the spectra are measured at different regions. Therefore, we
concluded that within the accuracy of our measurements the
overall main emission energy is independent of the current
about (2.95 ± 0.005) eV. This indicates that there is no blue
shift in emission energies with increasing current as is typic-
ally observed for conventional c-plane wz QWs [51]. Such a
blue shift is observed for wz QWs because of the screening of
the polarisation fields with increasing carrier density, leading
to a reduction in the QCSE. The absence of such a blue-shift
in the investigated zb–GaN SQW is evidence of the zb–GaN

SQW being free from polarisation fields as theoretically pre-
dicted. We note that we also do not observe any impact of state
filling with increased current density in these samples.

Figure 4(b) shows the integrated intensities of the mean
spectra as a function of the applied beam current.With increas-
ing current, a sublinear increase in intensity similar to a square
root function indicated by the dashed guide-to-the-eye linewas
observed. Only the data point at a current of 20 nA deviates
from this trend, but we believe that this may be an outlier. Such
an outlier is likely given the methodology, which involved
taking each measurement on separate regions, so that spatial
inhomogeneities in the sample will impact the data set. We
treat the circled data point at 20 nA (figure 4(b)) as the anom-
aly rather than the data point at 30 nA because in the alternat-
ive case a smooth trend line would deviate from the data cer-
tainly at 10 nA and probably also at 5 nA. Overall, figure 4(b)
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Figure 4. (a) Mean spectra of different areas of the InGaN/GaN
SQW measured with different beam currents. All intensities are
normalised to the 63 pA mean spectrum intensity of the
corresponding area. (b) Calculated integrated intensities of the mean
spectrum across each area with varying beam currents. The black
circle indicates a circled data point which is considered as an outlier.
(c) Graph showing the variation of the integrated intensity of
emission, normalised to the emission from the same region at 63 pA
for equal-sized regions at the centre of the high intensity blocks, the
edges of the high intensity blocks and the stripey regions. In (b) and
(c), the dotted lines are a guide to the eye. The error bars show
standard deviation across the investigated data points.

implies that this SQW exhibits the droop phenomenon, which
is generally characterised by a sub-linear increase in emission
intensity with current density.

Possible non-radiative recombination loss processes which
lead to efficiency droop have been discussed in the context
of hexagonal wz–GaN-based MQW structures [26]. Among
them are the Auger–Meitner recombination and carrier delo-
calisation, which both become more relevant at high currents
[26]. It is expected that the same processes may be relevant in
zb–GaN based QW structures. However, theoretical simula-
tions predict a significantly smaller droop in the case of zb–
GaN compared to hexagonal wz-based QW structures [27].
This was attributed to better electron-hole wavefunctions over-
lap in comparison to wz–GaN which leads to faster radiative
recombination, reducing the carrier density at an equivalent
current density. However, these simulations always consider
crystalline perfect defect-free material and do not consider the
rich defect structure in real zb–GaN material.

To study the role of such defects—predominantly SFs —in
the observed droop in zb–GaN based SQW, individual regions
in the hyperspectral CLmaps have been studied in more detail.
By comparing the CL maps in figure 3, it is evident that dif-
ferent features have varied intensity with respect to increas-
ing currents. At all currents, we observe the flat regions which
seem free from SFs remaining bright relative to the surround-
ing material. However, the edges of these flat regions (close to
surrounding SFs) and the bright stripes (separated by adjacent
SFs) in the CL maps do not maintain their brightness relat-
ive to these bright stripes as the current density increases. To
quantify this, we plot figure 4(c), which shows the variations
in intensity with increasing current for three different types of
regions: the centre of the high intensity blocks, the edges of
the high intensity blocks, and the stripey regions (figure S3 in
the supplementary information). For each type or region, four
measurements have been made, and the data come from areas
of equal size. All intensities are normalised to the intensity at
63 pA for the relevant area.

For currents up to 20 nA, the graph in figure 4(c) shows the
same trend that we have observed by eye: the emission from
the edges of the high intensity blocks and the stripey regions
increases in intensity as the measurement current increases,
but the rate of increase is slower relative to the centre of
the high intensity block. Also, the data for the centre of the
high intensity blocks strongly resemble the data in figure 4(b)
from the mean spectra, showing that these regions dominate
the total emission. All the different regions show a sub-linear
increase in intensity with measurement current. This is most
pronounced at the highest measurement current. Given that
the data points taken at 20 nA are suggested to come from an
anomalously bright region, as explained above, the fact that
for all three types of regions we see a drop in intensity from
20 to 30 nA is likely an artefact of the measurement approach.
However, for the stripy regions, the emission intensity at 30 nA
is slightly lower than the emission intensity at 10 nA. This
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may indicate that we are not purely measuring droop phenom-
ena here, but that we are observing damage to the sample. We
know that the electron beam may damage these samples, as
is evidence in the supplementary information (figure S2). It is
possible that the stripey regions—where SFs are present—are
more vulnerable to damage—than regions with less defects.
This might be because there is indium segregation adjacent
to the SFs and high indium content material may be more
damage-prone. Alternatively, it might relate to distortion of
bonds in the faulted region again leading to a greater vulner-
ability to damage.

However, within all these caveats, the data in figure 3 taken
together may hint at the possibility that the presence of SFs—
whether in the stripey regions or bounding the high intensity
blocks—may exacerbate the droop phenomena in zb–InGaN
QWs. This seems a reasonable suggestion, given that we have
shown elsewhere using TEM that Indium segregates adja-
cent to the SFs [24]. This could lead to locally higher car-
rier densities in the segregated regions than in the SF-free
regions, so that droop via the Auger–Meitner effect is exag-
gerated in the highly defected regions. An alternative explana-
tion might be that at these highest currents available localised
states related to well width or compositional fluctuations fill
up [52]. Carriers can then access a continuum of states and
can diffuse over longer distances. If the SF in and of itself acts
as a non-radiative centre at high carrier densities, it may be
that diffusion via this continuum of states at the highest car-
rier densities allows carriers from the local region to access
the SF and recombine non-radiatively. However, even if the
SF itself is not a non-radiative centre, it still represents a wz
inclusion in a zb matrix, and the work of Ding et al [24] sug-
gest that In segregates adjacent to the SF rather than on the SF.
Both these points suggest that the SF itself will have a higher
local bandgap than the surrounding material and thus present
a barrier to carrier diffusion. Hence, carriers may diffuse par-
allel to the SF to threading dislocations or other defects which
act as SF terminations, and there recombine non-radiatively.

4. Conclusion

In conclusion, a detailed investigation of the low-temperature
optical behaviour of a zb–GaN/InGaN SQW LED structure is
presented. The SQW structure revealed non-uniform distribu-
tion of emission intensity and emission energy. Regions with
pale stripes in SE imagewere identified as individual SFs or SF
bunches, which are associated with non-radiative recombina-
tion centres and lead to reduced intensity of light emission.
This is either due to their inherent nature or due to decoration
with point defects.

Power dependent studies were performed to investigate the
droop behaviour of the SQW structure in general and the influ-
ence of SFs in particular. Overall, the SQW structure itself
did suffer from the droop phenomenon. These measurements
also gave proof of absence of polarization fields in the zb–
GaN QWs since no significant shift in emission peak energy
was seen with varying current densities. Additionally, we sug-
gest very tentatively that the regions associated with a high

density of SFs may suffer a stronger droop than the regions
without any SFs possibly due to In segregation. This might
indicate that the SFs exacerbates the droop phenomenon in this
zb SQW sample. This issue is worthy of further investigation.
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