View metadata, citation and similar papers at core.ac.uk

<
brought to you by .{ CORE

provided by Apollo

Stacking fault-associated polarised surface-emitted photoluminescence

from zincblende InGaN/GaN quantum wells
S. A. Church,}'® B. Ding,2 P. W. Mitchell,® M. J. Kappers,?> M. Frentrup,® G. Kusch,2 S. M. Fairclough,2 D. J.

Wallis,23 R. A. Oliver,2 and D. J. Binks!

Y Department of Physics and Astronomy, Photon Science Institute, University of Manchester, Manchester M13 9PL,

United Kingdom

2 Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Road,

Cambridge CB3 OFS, United Kingdom

3) Centre for High Frequency Engineering, University of Cardiff, 5 The Parade, Newport Road, Cardiff, CF24 3AA,

United Kingdom

Zincblende InGaN/GaN quantum wells offer a potential improvement to the efficiency of green light emission
by removing the strong electric fields present in similar structures. However, a high density of stacking faults
may have an impact on the recombination in these systems. In this work, scanning transmission electron
microscopy and energy-dispersive x-ray measurements demonstrate that one dimensional nanostructures form
due to indium segregation adjacent to stacking faults. In photoluminescence experiments these structures
emit visible light which is optically polarised up to 86 % at 10K and up to 75 % at room temperature. The
emission redshifts and broadens as the well width increases from 2nm to 8 nm. Photoluminescence excitation
measurements indicate that carriers are captured by these structures from the rest of the quantum wells and
recombine to emit light polarised along the length of these nanostructures.

LEDs based on InGaN/GaN quantum wells (QWs)
grown on the c-plane of the wurtzite (wz) crystal struc-
ture can have room temperature internal quantum ef-
ficiencies (IQEs) up to 90 % for emission in the blue.
By increasing the indium content in the QW, the emis-
sion wavelength can be extended into the green: however
this reduces the IQE, a phenomenon known as the green
gap?. A significant contribution to this drop in efficiency
is the quantum confined Stark effect, which arises due to
the strong electric field perpendicular to the QWs. The
electric field is a consequence of spontaneous and piezo-
electric polarisation effects. A larger indium content in-
creases the strain in the QW and results in an increase in
the electric field strength. The electric fields act to sep-
arate electrons and holes and thereby reduce the rate of
radiative recombination for longer wavelength emitters®*.
An additional contribution to the green gap is that the
lower growth temperature required to increase the in-
dium content, lead to a higher density of point defects
and an increased rate of non-radiative recombination®.

The IQE of green QWs thus may be improved by low-
ering the indium content, to reduce the non-radiative
recombination rate. One way to achieve this is to
grow QWs on zincblende (zb) GaN, which has a smaller
bandgap than wz-GaN by 200meV®. Additionally, zb-
GaN has zero spontaneous and piezoelectric fields in the
[001] direction™® and therefore the electric field across a
QW grown in the (001) plane is zero. Unlike wz-GaN?,
zb-GaN is not birefringent!, ensuring that the polarisa-
tion state of light propagating through it in all directions
is preserved.

However, as zb-GaN is thermodynamically metastable
during growth, epilayers contain stacking faults (SFs)!!,
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which have a typical density of 1 x 10° cm™! at the sur-
face in layers grown so far. These SFs are a change in the
stacking order of atoms such that the crystal structure is
comparable to wz-GaN in a thin plane'?. SFs may reduce
the IQE of the emission from zb-GaN/AIN QWs at room
temperature'®, but the impact of SFs on the emission
from zb-InGaN/GaN QWs has yet to be studied.

In this work we present structural and photolumines-
cence measurements of zb-InGaN/GaN QWs and sug-
gest that the SFs lead to polarised emission at temper-
atures between 10K and room temperature. This po-
larised emission may be useful as a light source for three-
dimensional display technologies'®.

The samples were grown on a 3C-SiC/Si (001) sub-
strate, with an offcut of 4° towards the [110] direc-
tion, the lattice mismatch with the GaN is 3.4 %'. A
GaN nucleation layer, with a thickness of 30 nm was ini-
tially grown, followed by 500nm of GaN buffer layer.
The GaN was nominally undoped, but secondary ion
mass spectroscopy (SIMS) measurements showed that
GaN epilayers grown under these conditions had an un-
intentional oxygen impurity concentration of the order
of 1x10®cem™3. Five InGaN/GaN QWs were sub-
sequently grown using a quasi-two-temperature (Q2T)
method!%; the barriers had a nominal thickness of 16 nm
and nominal QW thicknesses of 2nm, 4nm, 6 nm and
8 nm were studied. No additional cap layer was included
on top of the final GaN barrier.

The structural properties of the QWs were studied by
scanning transmission electron microscopy/energy dis-
persive X-ray (STEM/EDX) using an FEI Tecnai Osiris
operating at 200kV and equipped with four energy dis-
persive X-ray spectrometers. High-angle annular dark-
field (HAADF) images were taken with the beam direc-
tion parallel to the [1-10] zone axis. Samples for STEM
analysis were prepared using a focussed ion beam (FIB:
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FEI Helios NanoLab™) in-situ lift-out method.

The optical properties were investigated with photolu-
minescence (PL) and PL-excitation (PLE) spectroscopy
using a continuous wave HeCd laser at a wavelength of
325 nm, with an excitation power density of 10 W cm ™2,
and a 300 W Xe lamp coupled to a monochromator with
an excitation power density of ~ 0.4mW cm~?2 at each
wavelength, respectively. The PL was focused onto the
slit of a double-grating spectrometer with a spectral res-
olution of 24 A. The light was detected using a GaAs
photomultiplier tube (PMT) and processed with lock-in
amplification techniques. The optical polarisation was
analysed with a Glan-Thomson polariser placed at the
spectrometer slit, collecting the emission in the [001] di-
rection. The spectral response of the PMT and spec-
trometer was measured using a calibrated black-body
source, and used to correct the PL spectra. A differ-
ent response was measured for each polariser angle to
account for the polarisation response of the grating. PL
time decays were obtained by excitation with a 100fs
frequency-tripled pulsed Ti:Sapphire laser with a wave-
length of 267 nm resulting in an injected carrier density
of 3 x 10'2 /em? /pulse. Time correlated single photon
counting techniques were used to produce PL-decay tran-
sients.
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FIG. 1. Room temperature photoluminescence spectra for

quantum wells with widths of 2nm, 4nm, 6nm and 8nm,
polarisation resolved in the [110] and [1-10] directions. The
spectra have been normalised and offset for each sample for
clarity. The peak common to all the spectra at 2.8eV is a
spontaneous emission line from the laser.

The polarised PL spectra at room temperature for
each sample are shown in Fig. 1. These spectra ex-
hibit Fabry-Perot interference fringes due to reflections
at interfaces'”. The emission is polarised in [1-10]. This
was quantified using the degree of linear polarisation
(DOLP)v DOLP = (Imax - Imin)/(lmax + Imin)v where
I'max,min are the maximum and minimum integrated in-
tensities of the emission. The DOLP was determined,

with an error of £ 5%, to be 75%, 70 %, 65 % and 75 %
for QW widths of 2 nm, 4 nm, 6 nm and 8 nm respectively,
and is therefore broadly independent of the QW-width.

The emission from the 2nm sample has a peak energy
of 2.62eV and a FWHM of 420 meV. As the width of
the QW is increased to 4nm, 6 nm and 8 nm, the peak
energy of the emission decreases to 2.53eV, 2.45eV and
2.38 ¢V and the FWHM increases to 440 meV, 470 meV,
and 510 meV, respectively. The FWHMs of these spectra
are large compared with wz-InGaN/GaN MQWs>18,

The normalised (X,Y) CIE color values'® for the PL
spectra vary from (0.14, 0.17) for the 2nm sample to
(0.33, 0.51) for the 8 nm sample - which represent the col-
ors blue and yellow-green respectively. This redshift of
the emission with increasing QW width is largely compat-
ible with a reduction in the quantum confinement energy
at larger QW widths. However, the emission continues
to redshift as the QW width increases significantly above
the Bohr radius of the electrons and holes (approximately
2.6 nm and 0.26 nm, using dielectric constants and effec-
tive masses for zb-GaN©®20:21) " indicating that another
effect is at play.

The high oxygen concentration may lead to a high den-
sity of shallow donors in the GaN22. This would result
in the presence of a high density of free electrons in the
QW which would partially fill the conduction band (CB)
due to modulation doping effects?®. The CB filling may
be partially responsible for the large FWHM of the emis-
sion. Varying the excitation power density by 3 orders of
magnitude produced no significant change in the FWHM,
consistent with band filling being predominantly due to
the high donor density (see Fig S3 in the S.M.).

Carrier localisation is known to strongly influence
other InGaN/GaN QW systems'®. However, the tem-
perature dependent PL, shown in Fig S2 of the S.M., did
not show any of the characteristics of such localisation,
such as the s-shape peak energy dependence with tem-
perature?*. However, this does not rule out these effects
occurring as they may be obscured by the large FWHM
of the two overlapping peaks.

The PL spectra in Fig. 2 indicate that two emission
bands are present at a temperature of 10 K, and this is
the case for all of the samples studied, as shown in Fig. S1
in the supplementary material (S.M.). For the 2nm QW,
there is a low energy peak centred at 2.67eV and a high
energy peak at 2.86eV. These energies are higher than
the values at room temperature due to the increase in
bandgap with decreasing temperature. For the 2 nm QW,
the lower energy peak is polarised with a DOLP of 86 %
in the [1-10] direction, whereas the high energy peak has
a DOLP of 37 %. As the sample temperature is increased,
the higher energy peak quenches at a faster rate than the
lower energy peak, such that the polarised lower energy
peak dominates in the room temperature PL spectra in
Fig. 1. This is clearly demonstrated in temperature de-
pendent PL measurements shown in Fig. S2 in the S.M..

To gain a greater understanding of the recombination
mechanisms underlying the two emission bands at low
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FIG. 2. 10K polarised PL spectra detecting emission of light
polarised at angles between the [110] and [1-10] crystallo-
graphic directions for the 2nm QW.

temperature, PL time decays were measured at a tem-
perature of 10K, as shown in Fig. 3. When detecting at
an emission energy of 2.95eV the decays are monoexpo-
nential. This decay shape may be a result of the high
oxygen concentration?3, which ensures that the electron
density, n, is much greater than the hole density, p. n
can therefore be considered effectively constant and the
rate is only affected by a change in p.

A non-exponential decay component becomes promi-
nent in the spectrum at lower emission energies, which
indicates that a different recombination mechanism is re-
sponsible for the low energy peak. The non-exponential
form may indicate a distribution of different recombina-
tion rates with the same emission energy, resulting from
recombination of carriers from different local environ-
ments.

To investigate the impact of the sample inhomogene-
ity, and the QW width on the decays, a fit of the form
Ae=t/™ 4+ Be=t"/™2 was applied to PL decay curves from
each sample. The first monoexponential term extracts
the lifetime of the high energy mono-exponential decay.
The second stretched exponential term applies to the
lower energy non-exponential decay and provides an indi-
cation of the degree of inhomogeneity by the S term. An
example of this fit is shown in Fig. 3, and the variation
of # with emission energy for each sample is shown as an
inset.

The monoexponential lifetimes were found to be con-
stant with emission energy, with values of 320 ps, 210 ps,
230 ps and 290 ps for increasing QW widths. There is
some random variation in the decay time between sam-
ples, but no trend as the QW thickness is increased. This
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FIG. 3. PL time decays at a temperature of 10K for the
2nm QW sample. The lines show the stretched exponential
fits to the data at the highest and lowest emission energy
studied. The S factor in the stretched exponential fit for
different emission energies and QW widths is included in the
inset.

may be a consequence of the high density of electrons,
which means that the wavefunction overlap with holes,
and therefore the rate of radiative recombination, is not
strongly dependent on QW width. Any variation in the
decay times may be due to disorder in the structures.

The stretched exponential component of the decay
function was only required for a good fit to the PL tran-
sients for the low energy side of the emission, correspond-
ing to the low energy peak in Fig. 2. The emission ener-
gies for which this occurs are reduced for wider QWs due
to the redshift of the emission. For all samples, as the
emission energy reduces, § reduces, varying between 1.0
and 0.5 depending on the sample. The decays become
less exponential at lower energies, indicative of recom-
bination in regions of increased disorder contributing to
the lower energy emission. This is qualitatively consis-
tent with the increase in the FWHM for the lower energy
emitting samples in Fig. 1.

Structural measurements of the QWs offer an expla-
nation for this lower energy emission. Fig. 4 shows a
STEM-EDX map of the 8nm QW sample. SFs inter-
sect with the QWs on their way to the GaN surface. The
EDX measurements show that the indium content within
a few nm of the SFs is approximately double the indium
content in the rest of the QW. Since the SFs are planar
defects, these regions will extend perpendicular to the
plane of the image (in the [1-10] direction) resulting in
a one-dimensional nanostructure: a quantum-wire. The
bandgap of the quantum wire is smaller than in the rest
of the QWs and is likely to result in the lower energy
peak in the PL spectrum. More detailed examination of
the indium content variations in these materials will be
published elsewhere?®. Fig. 4 shows that the QWs have



been grown on a rough zb-GaN surface, which results in
a meandering profile when viewed in the [1-10] direction,
but not in the [110] direction!!. This meandering may
also result in an additional contribution to the confine-
ment of the carriers in the quantum wires and in the rest
of the QW. Anisotropic strain may also contribute to the

polarisation of the QW emission?®.
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FIG. 4. HAADF STEM image of a 8nm zincblende In-
GaN/GaN QW. Included is an EDX relative indium com-
position map of the intersection between the QWs and SFs.

A PLE spectrum is shown in Fig. 5. When detect-
ing the emission at any wavelength across the PL peak,
photon absorption edges can be observed at energies of
3.26eV and 3eV. The first absorption edge is at a con-
stant energy and is close to the bandgap of unstrained zb-
GaN (3.3eV®). This therefore corresponds to the photo-
generation of carriers in the zb-GaN, which are captured
by, and recombine in, the QWs. The energy discrepancy
suggests that the zb-GaN is under tensile strain, consis-
tent with previous results?’.

The second absorption edge is not at a constant en-
ergy. A sigmoidal fit was applied to the PLE spectra
to extract characteristic absorption energies across the
emission spectrum?®. When detecting on the higher en-
ergy peak, the absorption edge shifts with emission en-
ergy, with an energy difference of approximately 250 meV
between absorption and emission. This is consistent
with direct absorption of photons into QWs, generating
electron-hole pairs which cool to the ground states before
recombining.

For the lower energy peak, this absorption edge shifts
at a reduced rate with emission energy and the absorp-
tion edge drops close to zero before the onset of emission.
This suggests that there are distinct regions in the QWs
with different energy levels: this is consistent with the
STEM/EDX measurements in Fig. 4. There will be little
direct photon absorption into the quantum wires due to
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FIG. 5. A PL spectrum at a temperature of 10 K of the 6 nm-
thick QW (black), and a PLE spectrum detecting the emission
at an emission photon energy of 2.53 eV (black-dashed). The
characteristic energies of the GaN (blue) and QW (red) ab-
sorption edges extracted from PLE spectra, dotted lines are a
guide to the eye to indicate a change in behaviour across the
spectrum.

their small volume and low density of states. Instead,
carriers are captured from the rest of the QW into the
quantum wires: this leads to energy differences up to
800meV between absorption and emission. As the ab-
sorption occurs mainly into unpolarised states, the PL
spectra are independent of the polarisation of the excita-
tion source (see Fig. S4 in the S.M.). CB filling may also
contribute to this large energy difference by preventing
absorption into the filled low energy CB states, whilst
the carriers in these filled states can still radiatively re-
combine.

The large degree of inhomogeneity is a key factor in
the recombination from the quantum wires, as evidenced
by the large FWHM of the PL spectra in Fig. 1. This
may be due to variation in the size and indium content
of the quantum wires, and variation in the degree of CB
filling. Furthermore, it is thought that the SFs will alter
the local electric fields in the structure due to sponta-
neous polarisation effects?!. Variation in the SF distri-
bution is therefore another mechanism for increased in-
homogeneity in the samples. The fitting of PL decays
demonstrates that lower energy recombination originates
from regions of greater inhomogeneity, which would cor-
respond to wider quantum wires with more indium con-
tent, stronger electric fields and more CB filling.

The optical polarisation of the low energy emission can
also be explained by considering recombination in the
quantum wires2?. By changing the cross sectional di-
mensions of the wire, the DOLP can be changed and it is
possible that the DOLP will not vary significantly with



temperature under certain conditions3®. Simple calcula-
tions shown in the S.M. show that it is possible for these
conditions to be met in this material system. The high
energy emission is also polarised, but to a much lesser ex-
tent: this may be a consequence of the meandering shape
of the QWs or anisotropic strain in the QWs.

The SFs are present on the {111} planes of zb-GaN3!,
which would produce nanostructures along both the [110]
and [1-10] directions in the QW. If the distribution of the
SFs is uniform on all 4 planes then the net optical polari-
sation perpendicular to the growth direction will be zero.
However, a recent report'! has shown that the density of
SFs is dependent upon the direction of the substrate off-
cut. This would result in a greater density of SFs in one
direction, leading to a net optical polarisation. Addition-
ally, the meandering profile of the QWs is preferentially
seen in the [1-10] direction.

In conclusion, optically polarised emission is observed
at room temperature from zb-InGaN/GaN QWs, with a
DOLP of up to 75%. This DOLP is similar to those
achieved by wz-QWs26:3234 but is obtained using stan-
dard MOCVD epilayer growth without any further pro-
cessing steps. The emission can be tuned to cover the
visible spectrum with minimal impact upon the efficiency
or dynamics of the recombination. The emission is asso-
ciated with indium-rich quantum wires which form in the
QWs due to their intersection with SF defects. The quan-
tum wires capture carriers from the rest of the QWs. At
low temperatures the emission from the rest of the QWs
can be seen. Further investigations are required to max-
imise the DOLP by increasing the anisotropy in the SF
distribution.

See the supplementary material for low temperature
PL spectra of the full QW series, along with the temper-
ature and excitation power dependence of the spectra,
demonstrating the lack of evidence for localisation and
band filling effects. Low temperature polarised PL and
PLE spectra are also included, along with calculations of
the carrier ground states in the quantum wires.
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