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Growing green and amber emitting InGaN/GaN quantum wells in the zincblende, rather than the wurtzite,
crystal phase has the potential to improve efficiency. However, optimisation of the emission efficiency of these
heterostructures is still required to compete with more conventional alternatives. Photoluminescence time
decays were used to assess how the quantum well width and number of quantum wells affect the recombination
rates, and temperature dependent photoluminescence was used to determine the factors affecting recombina-
tion efficiency. The radiative recombination lifetime was found to be approximately 600 ps and to increase
weakly with well width, consistent with a change in the exciton binding energy. The relative efficiency at
room temperature was found to increase by a factor of five when the number of wells was increased from
one to five. Furthermore, the efficiency increased by factor 2.2 when the width was increased from 2.5 nm
to 7.5nm. These results indicate that thermionic emission is the most important process reducing efficiency
at temperatures in excess of 100 K. Moreover, the weak dependence of the rate of radiative recombination
on well width means that increasing well thickness is an effective way of suppressing thermionic emission
and thereby increasing efficiency in zincblende InGaN/GaN quantum wells, in contrast to those grown in the

wurtzite phase.

I. INTRODUCTION

The active region of commercial white LEDs consists of
a blue-emitting InGaN/GaN quantum well (QW) grown
in the c-direction of the wurtzite (wz) crystal structure.
The QWs can emit light with an internal quantum ef-
ficiency (IQE) of up to 90%!. Some of this light is
absorbed by a phosphor coating, which re-emits yellow
light. At low drive currents, the device efficiency is lim-
ited by Stokes’ losses from the phosphor?. This can be
avoided by instead mixing the light from red, green and
blue LEDs to produce white light where the efficiency is
more closely related to the IQE of the active regions.

The emission wavelength of the InGaN/GaN QWs can
be increased to the green and red by increasing the in-
dium alloy fraction. However, in conventional wurtzite
LEDs this leads to a reduction in the IQE3. This "green
gap", is partially due to the strong electric fields which
are present perpendicular to the QWs. These fields form
due to the spontaneous and piezoelectric polarisation of
the crystal structure, and results in a reduced electron-
hole wavefunction overlap®. A higher indium content in-
creases the strain in the QW and leads to stronger elec-
tric fields, and therefore reduced radiative recombination
rates. Another important factor is the increase in the
non-radiative recombination rate for higher indium con-
tent, which has been attributed to a greater density of
point defects in the active region due to the low growth
temperatures required to incorporate more indium?®.

Thus the efficiency of white LEDs could be improved
by increasing the IQE of longer wavelength emitters by
reducing either the required indium content or the elec-

tric field strength. Both of these can be achieved by
growing the InGaN/GaN QWs in the zincblende (zb) in-
stead of the wz phase. Firstly, the bandgap of zb-GaN is
200meV smaller than that of wz-GaN°®, so longer wave-
length emission can be achieved with a lower indium con-
tent”. Additionally, zb-GaN is free of polarisation fields
in the [001] direction® ', which leads to faster radiative
recombination rates due to excitonic recombination®!!.
It may also be possible to use thicker zb-QWs to in-
crease the emission wavelength!?, which is not feasible
in polar-QWs due to the greater electron-hole separation
produced as the QW thickness increases.

zb-GaN is typically grown heteroepitaxially on zb-
structured substrates, such as GaAs'® or 3C-SiC/Si
(001)1415 the latter of which has the advantage of a
reduced lattice mismatch with the GaN (3.4 %'6). How-
ever, zb-GaN tends to have a high density of extended
defects such as threading dislocations and stacking faults
(SFs) 1719 which may increase the non-radiative recom-
bination rate.

To investigate the factors affecting the performance
of zb-InGaN/GaN QWs, the photoluminescence (PL)
from a series of zb-InGaN/GaN QWs with different QW
widths and numbers of wells is investigated. The PL
lifetimes and temperature dependence for these QWs are
compared and used to assess the emission efficiency.

Il. EXPERIMENTAL METHODS

The samples studied in this paper, shown schemati-
cally in Figure 1, consist of five zb-InGaN/GaN QW
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FIG. 1. A schematic diagram for five-QW samples studied in
this paper, where X (2.5 nm, 5 nm, or 7.5 nm) is the QW
thickness (a). A schematic for the single QW sample (b).

structures deposited on a 800nm thick zb-GaN buffer
layer. These heterostructures were grown in an Aixtron
1x6” MOVPE CCS reactor on 3C-SiC/Si (001) substrates
as detailed in ref?. The InGaN/GaN MQW stack was
grown under conditions typically used for (0001) MQW
structures, as described in detail in ref?'. The barrier
width was nominally 8 nm and the QW-width was varied
between samples, nominally 2.5nm, 5.0nm and 7.5 nm.
A single QW was also grown with a QW-width of 2.5 nm
under the same conditions. The structure of the single
quantum well sample was examined by cross-sectional
scanning transmission electron microscopy (STEM), us-
ing a FEI Tecnai Osiris microscope operated at 200kV.
High-angle annular dark-field (HAADF) STEM images
were taken with the beam direction parallel to the [1-10]
zone axis. The indium concentration was estimated from
our luminescence studies rather than by x-ray diffraction,
as explained below.

The optical properties of the QWs were investigated
using temperature dependent PL spectroscopy. The sam-
ples were placed on the cold finger of a closed-cycle he-
lium cryostat, capable of reducing the temperature to
10K, and excited using a continuous wave He-Cd laser at
a wavelength of 325 nm with an excitation power density
of 10 W cm~2. This photon energy is above the bandgap
of GaN (3.3eV9), and therefore photons are absorbed in
both the GaN and the InGaN layers. The 1/e absorption
length is approximately 80 nm?223, and so photons will
be absorbed in the QWs, barriers and underlying GaN
layers.

The luminescence was focused onto the slit of a spec-
trometer with a spectral resolution of 4.8nm and de-
tected using a GaAs photomultiplier tube. The spectral
response of the system was measured using a calibrated
black body and used to correct the spectra. A lock-in
amplifier and optical chopper were used to extract and
process the luminescence signal.

PL time decay measurements were performed with
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FIG. 2. Photoluminescence spectra of zb-InGaN/GaN QWs
with different QW widths at a temperature of 10K and an
excitation power density of 10W/cm?. The oscillations of
the intensity on these spectra are due to Fabry-Perot inter-
ference?*. The peak intensity of the SQW sample has been
normalised to that of the five QW samples.

a 100fs pulsed Ti:Sapphire laser, which was fre-
quency tripled to a wavelength of 267nm and pro-
duced a photogenerated carrier density of approximately
1 x 10" cm™2pulse™. The luminescence was detected
using a micro-channel plate with a 1/e time resolution of
80 ps, and time correlated single photon counting tech-

niques were used to produce the PL transients.

I1l.  RESULTS

A (HAADF) STEM image of the SQW sample is given
in the supplementary material (S.M.) as an example. It
has been previously reported®> that stacking faults (SFs)
can cause significant buckling of zb-InGaN/GaN QWs
and this is evident here as well. The non-planar geometry
of the QWs produced by the buckling prevents a reliable
analysis of composition by x-ray diffraction techniques.
As discussed below, the indium content of the QWs and
Qwires is instead estimated by comparing the peak emis-
sion energy to calculations of the recombination energy
for different compositions.

PL spectra at a temperature of 10 K for the QW sam-
ples studied are shown in Fig. 2. The samples show emis-
sion in the visible spectrum originating from recombina-
tion in the InGaN/GaN QWs!!. The peak recombination
energy is between 2.8eV and 2.9eV. The FWHM of the
spectra are 290meV, 300meV and 290meV, and there
is no trend observed with increasing QW width. The
FWHM of the single QW sample spectrum is 280 meV,
similar to the five-QWs, which suggests that inhomogene-
ity within each QW, rather than differences between the
QWs in the stack, is the dominant source of variation.



Previous studies on zb-InGaN/GaN QWs have shown
that the major source of inhomogeneity is the segrega-
tion of indium, which occurs in 2 nm wide regions in
the QWs adjacent to SFs?®. The local indium content
in these regions can be enhanced by a factor of 2.3 and
thus produce one-dimensional quantum wires (Qwires),
with a size of 2nm in one direction and a size in an or-
thogonal direction that is limited by the QW width 2°.
The impact of these Qwires has previously been observed
in optical measurements: a second, lower energy, emis-
sion peak which is highly polarised at all temperatures!!.
There is only one emission peak in the spectra in this re-
port, although polarisation-resolved PL spectra, shown
in the S.M., show that the maximum degree of linear po-
larisation at 10K is 69 %. This result is similar to the
Qwire emission in previous samples'! and suggests the
emission described in this report is also predominantly
due to recombination in these Qwire defects but, as in-
dicated by a degree of linear polarisation at 10 K that is
less than 100 %, with a contribution due to recombination
in the QWs. Structural characterisation has shown that
similar segregation is seen in zb-InGaN layers of different
thicknesses?®. It is therefore likely that the SF-related
indium segregation is similar for all of the samples stud-
ied in this paper, consistent with their similar spectral
width as seen in Fig. 2.

As the width of the QW is increased, the emission red-
shifts by 80meV over the range studied. To both es-
timate the indium content and understand the origin of
the redshift, the ground state electron-hole transition en-
ergies were calculated for the Qwires. The Qwires were
treated as square potential wells that confine both elec-
trons and holes in two dimensions. This potential well is
2nm wide in one direction, corresponding to the width
of the indium segregation region adjacent to an SF, and
has a length equal to the QW thickness in an orthogonal
direction. Note that the potential well could be treated
as square since the zb-InGaN/GaN QWs in this study
are free of the transverse electric fields that are present
in wz-InGaN/GaN QWs?. Further details of these calcu-
lations are given in the S.M. and the results show that
the transition energies are only weakly dependent on QW
width for thicknesses greater than about 5 nm, in agree-
ment with the very similar peak energies observed for
the 5nm and 7.5nm QW samples, as shown in Fig 2.
In contrast, the transition energies are more sensitive to
the indium content, redshifting by about 30 meV for a
1% change in indium content of the Qwire for a 5nm
wide well, for instance. These calculations also allow us
to estimate the indium content in the Qwires as 20.0 %
+ 0.5 % for the 5nm and 7.5nm samples, and 22.5% +
0.5 % for the 2.5 nm samples; these values correspond to
indium contents of 9% + 5% and 10% =+ 5% in the rest
of the QWs, respectively.

The PL time decays were measured at a temperature of
10K and at intervals across each emission spectrum. The
decays obtained at the PL peaks are shown as an inset
in Fig. 3 as examples. The decays are non-exponential,
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FIG. 3. 10K spectrally-averaged 1/e decay times (black) and
integrated intensities of the QWs with different widths (red
closed squares are for MQW, and open square for the SQW).
The integrated intensities are normalised to the 7.5 nm sam-
ple. Inset are examples of the PL times decays close to the
peak energy of the five QW samples, at energies of 2.88eV,
2.76eV and 2.70eV for QW widths of 2.5nm, 5.0nm and
7.5 nm.

which is indicative of inhomogeneity in the samples. As
discussed above, there is significant indium segregation
at SFs and this produces inhomogeneity from the varia-
tion in size and in indium content of these regions. The
1/e decay times were extracted and a spectrally weighted
mean was calculated for each sample, as shown in Fig. 3.
The integrated intensity of the emission at 10 K from each
sample is also shown.

The decays are very similar for all samples, and the
1/e decay time varies slowly between 530 ps and 680 ps,
and increases with greater QW width. These decay times
are similar to those measured for non-polar m-plane wz-
InGaN/GaN QWs?%, and also non-polar quantum dots?”,
in which recombination is excitonic in nature. This sug-
gests that the zb-InGaN/GaN QWs, and the Qwires
within them, are free of the electric fields that tend to sep-
arate carriers in wz-InGaN/GaN QWs?8, and that the re-
combination observed here is hence excitonic in nature?°.
The variation in the decay times is consistent with quan-
tum confinement effects. As the QW width is increased,
the exciton binding energy will reduce, and lead to an in-
crease in the decay time?°. For the MQWs, the variation
of integrated intensity is comparable to the uncertainty
of the measurement, and is therefore largely unaffected
by the QW width, despite the change in recombination
lifetime. This suggests that there is no significant com-
peting non-radiative process at low temperature, and the
internal quantum efficiency is close to 100 %, as found for
wz-InGaN/GaN QWs?°, or that there is a compensating
change in the rate of any non-radiative process. In con-
trast, the integrated intensity for the SQW was about
70 % of the value for the MQW of the same width, sug-
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FIG. 4. Integrated intensity for temperatures between 10 K
and 300 K, relative to the value for the 7.5 nm MQW sample
at 10K .

gesting the carrier capture is less efficient for the SQW.

The emission efficiency of QWs is typically greatest
at low temperature and declines as the temperature is
increased 3°. The temperature-dependence of the PL in-
tensity was thus investigated to determine how emission
efficiency changes with temperature. For each sample,
the integrated intensity at each temperature relative to
the value for the 7.5nm MQW sample at 10K is shown
in Fig. 4.

Between 10K and 100K the relative intensity drops
slowly from its peak value to about 70 % for all QWs.
This quenching process is independent of the QW width
and the number of QWs. Above this temperature, the
intensity drops more quickly, dropping faster for the nar-
rowest QW, and fastest for the single zb-InGaN/GaN
QW sample. The room temperature intensity for the
5.0nm and 7.5 nm QWs is similar, with values of 4 % and
5% of the value at 10 K. However, this drops to 2% for
a QW width of 2.5 nm, despite the increase in the radia-
tive recombination rate. The single QW has the lowest
relative intensity at room temperature at about 0.2 %.

The emission from the QWs is at a photon energy
above the bandgap of both the Si and 3C-SiC in the
substrate332 and therefore the effect of re-absorption,
and how it varies with temperature, must be consid-
ered. At these energies, the 1/e absorption length of
Si at room temperature is approximately 1 pm?3!'. As the
temperature is reduced the absorption length increases
but remains of a similar order of magnitude®!. Since the
thickness of the Si is 750 pm, and much larger than the
absorption length, all emitted light which enters the Si
is reabsorbed and there is no change with temperature.
For the 2.7 pm-thick SiC layer the absorption length is
130 pm at room temperature32, which increases to 170 pm
at low temperatures®®. The amount of re-absorption in
this layer is therefore small (=~ 2%), and the change in

4

temperature has been calculated to cause only a 0.5%
change in the extraction efficiency, after accounting for
reflections at the hetero-interfaces. These re-absorption
effects therefore have no influence on the temperature
dependence of the PL measurements, although they will
reduce the light extraction efficiency at all temperatures.

The slow initial decrease in intensity from 10K to
100 K that is independent of the QW width or the number
of QWs is attributed to increasing non-radiative recom-
bination at defects as the excitons become more mobile
with increasing temperature. A similar slow initial de-
crease in intensity is observed for polar wz-InGaN/GaN
QWs that is also independent of QW width*, although
it can be extended to even higher temperatures by in-
creasing the QW number from 2 to 18 QWs?®. There
are a number of possible explanations for the more rapid
intensity decrease at temperatures above 100K that is
stronger for the narrower QWs and for the single QW
compared to the 5 QW stacks. Omne candidate for
this process is the thermal escape of electrons from the
Coulomb attraction of the hole, separating the exciton.
However, as the exciton binding energy will reduce with
QW thickness??, wider QWs would exhibit faster inten-
sity quenching with temperature. In fact, the opposite of
this is observed.

Instead, the high temperature quenching is qualita-
tively consistent with thermionic emission (TE) from the
InGaN into the GaN barriers (the dependence on QW
number indicating that TE is into the GaN barrier and
not just from the Qwires into the rest of the QW). A
model of TE out of QWs developed by Schneider and
Klitzing 36 shows that increasing the QW width will re-
duce the TE rate, and will therefore reduce the degree
of quenching of the PL intensity. This occurs because
increasing the width will reduce the quantum confine-
ment energy, therefore increasing the effective QW bar-
rier height, and also reduce the carrier density in the
QW. These results thus suggest that TE of carriers out
of the QWs is an important factor in the efficiency of
blue-emitting zb-QWs. Hence the efficiency should be
improved by adopting strategies to reduce TE in a sim-
ilar manner to polar-QWs by increasing the number of
QWs to increase carrier recapture3®. Additionally, since
increasing the width of the zb-QWs has only a small effect
on the radiative recombination rate, this affords a further
way to reduce the TE emission rate and thereby increase
the room temperature efficiency, as discussed above.

IV. SUMMARY

In summary, the temperature dependence of PL for zb-
InGaN/GaN QWs have been studied, to assess the factors
which control the radiative efficiency at room tempera-
ture. Increasing the QW width caused the PL spectrum
to redshift, and the recombination rate to reduce, consis-
tent with changing the quantum confinement energy of
carriers. The constant spectral width for different QW



widths suggest that there is no change in the distribution
of radiative states. No significant change in integrated
intensity was observed at 10K for different QW widths,
indicating that the recombination is entirely radiative at
this temperature, with a lifetime of around 600 ps, which
varies slowly with QW width. The magnitude of these
lifetimes suggest that the QWs are free of electric fields.

The decrease in intensity with temperature is relative
slow and independent of QW width and number until
100K and then becomes more rapid and dependent on
these parameters. This behaviour is attributed to defect-
associated non-radiative recombination at prevailing low
temperatures with thermionic emission becoming domi-
nant above 100 K. The room temperature efficiency is
improved from 0.2% to 2% by increasing the number
of QWs from one to five, due to greater carrier recap-
ture. Since the radiative lifetime only varies slowly with
QW width, the decrease in quantum confinement energy
associated with increasing the well width also gives an
efficency improvement. Experimentally we see the room
temperature efficiency increase to 5% for 7.5nm QWs.

Overall, these results indicate that, as well as by in-
creasing the number of QWs in the stack, the efficiency
of zb-QWs may also be improved by increasing the well
thickness, in contrast to QWs grown in the wz-phase®”.
Moreover, increasing the QW thickness beyond 5 nm only
weakly affects the recombination energy, so that using
wider wells does not significantly restrict the emission
wavelength.

SUPPLEMENTARY MATERIAL

STEM HAADF image of the single quantum well sam-
ple; polarisation-resolved PL spectra and degree of linear
polarisation for each QW thickness; calculated recombi-
nation energy due to quantum confinement for each QW
width and for a range of indium contents.
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