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AlGaN-based multiple quantum well structures grown by plasma-assisted
molecular beam epitaxy were investigated for their use in light-emitting diode
(LED) structures. Initial testing was carried out on 20 pairs of AlxGa(1�x)N/
AlyGa(1�y)N quantum well structures with different levels of compositional
inhomogeneities in the alloy, introduced by appropriate choice of deposition
conditions. It was observed that these conditions did not change the overall
absorption edge, but generated a strong red-shifted photoluminescence peak.
A series of LEDs with similar quantum well structures in the active region
were grown, fabricated and tested. Our results indicate that deliberate
introduction of compositional inhomogeneities in the quantum wells increased
their electroluminescence intensity by an order of magnitude, but similar to
the photoluminescence results, shifted the peak from 320 nm to 350 nm.
Additionally, for these devices, no efficiency reduction was observed up to an
injection of 60 mA for a device area of 0.25 mm2. These improvements may be
attributed to carrier trapping mechanisms in the AlGaN well layers at
deliberately introduced deep potential minima, which are likely to arrest both
their overflow and their transport to extended defect states. The growth
conditions also improve the p-doping efficiency and reduce the probability of
leakage of carriers into the p-type layers through defect states. However, the
increased efficiency and reduced droop comes at the cost of a red-shift of the
electroluminescence peak.
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INTRODUCTION

The development of ultraviolet light-emitting
diodes (UV-LEDs) based on the III-nitride material
system has been underway for over two decades.1 An

important target has been the replacement of mercury
lamps for water purification and other germicidal
applications—and UV-LED-based systems2, 3 are now
appearing in the market. However, it is also clear that
at current technology levels, these devices have
significantly lower efficiency than their blue and
visible counterparts.4–7 While there are a number of
factors that contribute to the poor efficiency of these
devices, large defect densities in heteroepitaxially(Received November 16, 2020; accepted February 26, 2021;
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deposited UV-emitting AlGaN alloys are expected to
play a primary role. In blue-emitting InGaN alloys,
these defects are mitigated by carrier localization
brought about by spinodal decomposition8 or the
presence of V-defects surrounding dislocations,9

which is not the case for AlGaN alloys. There has
been a major effort towards mitigating these effects by
using AlN free-standing substrates,10, 11 patterned
templates,12–14 and advanced buffer layer and inter-
layer deposition schemes.15, 16 However, all of these
add to the overall cost, while providing only limited
improvement. Efforts directed towards reducing the
non-radiative recombination probability associated
with threading dislocations, as in the case for InGaN
alloys, are expected to greatly improve output powers,
while avoiding these additional process steps.

Introducing compositional inhomogeneities, lead-
ing to spatial nano-scale fluctuations in the band
gap of AlGaN materials, can play a significant role
in the mitigation process. Carriers can be localized
at such fluctuations, away from extended defect
sites, thereby enhancing radiative recombination
probabilities.17–19 Incorporating indium into AlGaN
alloys may lead to such fluctuations.20 Other efforts
rely on the difference in surface mobilities of Al and
Ga adatoms during growth. Plasma-assisted molec-
ular beam epitaxy (PA-MBE) is very effective in this
latter process, as this technique enjoys a wider
parameter space than other deposition methods.
This can be exploited to modify the compositional
inhomogeneities of AlGaN alloys by carefully con-
trolling the arrival rates of Ga and Al adatoms, as
well as that of highly potent active nitrogen,
independent of substrate temperature. These efforts
have led to increased internal quantum efficiency
(IQE) in AlGaN/AlN quantum wells,21 and LEDs
emitting around 350 nm22 and 280 nm.23, 24 How-
ever, there are few reports on the direct comparison
of MBE-grown AlGaN LEDs incorporating different
degrees of compositional inhomogeneities.

In this work, a number of AlGaN multiple quan-
tum well (MQW) structures were grown under
varying conditions of deposition by PA-MBE, lead-
ing to variation in alloy fluctuations. Post growth,
their optical absorption properties and photolumi-
nescence (PL) were investigated. Finally, using
similar deposition conditions, a series of UV-LED
structures were grown, fabricated and tested. A
comparative study of the effects of such alloy
fluctuations on the optoelectronic properties of such
LEDs is presented in this work.

EXPERIMENTAL DETAILS

All structures were grown on c-plane sapphire
substrates on a VEECO Gen 930 PA-MBE system.
No chemical cleaning was carried out before intro-
ducing the substrates into the system. The sub-
strates were however outgassed at 500�C at a
background vacuum level better than 10�9 T before
growth.

A three-step growth process was followed in this
work, which has been detailed in our previous
publications.25, 26 An initial nitridation step was
carried out at a substrate temperature of 800�C,
using an RF plasma power of 400 W for a duration
of 60 min. An AlN buffer layer was deposited using a
modified migration-enhanced epitaxy (MEE) pro-
cess. This involved the periodic deposition of AlN
using an excess group III flux, immediately followed
by exposure of the deposited layer to active nitrogen
plasma. During this time, the substrate tempera-
ture was kept at 800�C. Subsequent AlGaN contact
layers and MQWs were deposited at a reduced
plasma power of 350 W. For the deposition of p-type
layers, the substrate temperature was reduced to
770�C, in order to ensure that the growth occurred
under excess group III conditions.

Preliminary investigations were carried out using
structures schematically shown in Fig. 1a. On top of
the AlN buffer layer, a 320-nm-thick AlGaN layer
was deposited and topped by a set of 20 wells and
barriers. The nominal composition of the bulk
AlGaN layer and the quantum well layers were
kept the same at 35%, while the barrier layers
consisted of AlGaN films with a 55% AlN mole
fraction. The nominal thicknesses of the well and
barrier layers were 6 monolayers and 8 monolayers,
respectively. The number of quantum wells was

Fig. 1. Schematic of (a) AlGaN/AlGaN MQW sample, (b) LED
structure.
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chosen to be much more than that used in a
conventional LED design. This, along with the
absence of p-type layers, allows the effective study
of optical properties through photoluminescence
measurements. The well layers were deposited
under conditions identical to those used to deposit
the underlying thick AlGaN layer.

The second schematic, presented in Fig. 1b is that
of a typical UV-LED investigated in this work. In
these LEDs, the active region consisted of quantum
well structures similar to those presented in Fig. 1a.
The n-AlGaN layer for the LEDs was doped with
silicon, and its nominal composition and thickness
were 40% and 810 nm, respectively. The quantum
wells were 8 monolayers thick with a nominal
composition of 32%, while the barriers were 28
monolayers thick with a nominal composition of
40%. The number of quantum wells was reduced to
keep in line with the efficient injection of holes in
the active region. The active region was followed by
an electron blocking layer (EBL), which was nom-
inally 7 nm thick with an AlN mole fraction of 50%.
The subsequent p-AlGaN (nominal composition:
40%) and p-GaN layers were each 20 nm thick.
The EBL, p-AlGaN and p-GaN layers were doped
with Mg.

A series of MQW samples P1–P5, grown under
varying group III to group V flux ratios, were
studied for this work. While P1 was deposited under
near-stoichiometric conditions, for the rest of the
samples in the series (P2–P5), an increasing group
III flux was employed. The structures P1–P5 were
studied by optical absorption spectroscopy and room
temperature PL measurements.

For LED devices, a corresponding series D1–D5
was developed. The LED devices were fabricated
using standard process steps. Reactive ion etching
was employed to form mesa structures. Ni/Au and
Ti/Al/Ti/Au stacks were employed to form of p-type
and n-type Ohmic contacts respectively. The LED
devices were tested using a probe station designed
to measure bottom-emitting LED structures at the
wafer level. Bias was provided to the device using a
source measure unit (Keithley 236), and the col-
lected luminescence spectrum was measured using
a monochromator and a photomultiplier tube.

RESULTS

Optical Characterization of Multiple
Quantum Well Structures

Initial work focused on the series of MQW struc-
tures P1–P5, which were grown under varying
group III to group V flux ratios. It was envisioned,
based on previously reported results by our group20

as well by others,21 that varying growth parameters
would lead to variation in the nature and level of
potential fluctuations in the well material. How-
ever, it was necessary to benchmark these samples
for any variation in the overall alloy composition.
The deposition conditions for the bulk AlGaN layer

underlying the quantum wells was the same as that
used for the well layers. Therefore, the determina-
tion of the absorption edge of the samples, which
was dominated by the underlying bulk AlGaN layer,
allows us to estimate the same for the well material
as well. Figure 2a shows the optical transmission
spectroscopy results carried out on these samples.
On the other hand, the MQW structures on the top
dominate the room temperature PL spectra pre-
sented in Fig. 2b.

The absorption edge remains un-shifted for the
various samples in Fig. 2a. The shift in the absorp-
tion edge was quantitatively represented by the
derivative of the absorption coefficient with respect
to photon energy, and the results are presented
later in Fig. 3. It can be clearly observed that the
overall alloy composition, as indicated by the optical
absorption edge, has a very weak dependence on the
group III to group V flux ratio. This is in line with
the well-established result that as long as the
growth of AlGaN alloys occurs in the excess group
III regime, the overall alloy composition is deter-
mined by the ratio of the arriving Al flux to that of
active nitrogen. This is due to the significantly lower
desorption rate of Al at usual growth temperatures

Fig. 2. (a) Optical transmission spectra of AlGaN/AlGaN MQW
samples grown under various III/V flux ratios, (b) Room temperature
photoluminescence spectra of the same samples.
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compared to that of Ga. The leftover active nitrogen
reacts with the Ga, and any additional Ga either
stays on the growth surface or is re-evaporated.
This additional Ga layer however modifies the
nature of the growth by strongly affecting the
surface diffusion rate of arriving adatoms. This also
leads to various other phenomena, such as complex
and incommensurate long-range atomic ordering,27

and nanoscale compositional fluctuations that have
been reported by our group,20 as well as by others.17

The effect of the group III to group V flux ratio on
the photoluminescence properties of the quantum
wells is presented in normalized form in Fig. 2b.
Sample P1, grown under stoichiometric conditions,
shows a single sharp peak at 314 nm. This peak has
a near-Gaussian profile, with a full width at half
maximum (FWHM) of � 15 nm. With progressive
increase of the group III flux, two effects can be
observed. For a small increase in group III flux, the
nature of this peak remains similar, but a red-shift
is observed, as seen for P2 and P3, for which the
centres are at 316 nm and 319 nm, respectively.
Simultaneously, a secondary peak is generated in
these samples at around 350 nm. However, pro-
gressive increase of the group III flux causes a major
transformation of the spectra, where the longer
wavelength peak dominates and a number of other
peaks evolve, spanning the range from 311 nm to
350 nm. It should be noted that for all the samples,
the overall alloy composition for the well materials
is identical. Thus, the variation of the PL peak
position can be attributed not to overall composi-
tional variation, but to spatial alloy fluctuations
that create local potential minima.20, 21

Figure 3 summarizes the optical absorption and
PL measurements for the various samples. It can be
seen that the Stokes shift, that is, the energy
separation between the optical absorption edge
and the nearest emission peak, is about 300 meV
for nearly stoichiometric samples, and this

progressively increases to about 450 meV with the
increase in the group III flux. In addition, PL peaks
are generated that are strongly red-shifted by
around 680 meV, which—as shown in Fig. 2b—dom-
inate the spectra. This red-shift has been reported
extensively by various groups, and we have reported
this phenomenon as well in earlier publications,20,

25 where we identify that two different types of alloy
fluctuations occur in AlGaN alloys. For nearly
stoichiometric samples, the fluctuations are due to
the relatively low mobility of the Al adatom on the
growth surface, and they form a prominent Urbach
tail below the absorption edge. For excess group III,
alloy fluctuations of much higher magnitudes occur
due to the presence of a thin metallic layer on the
surface during growth. The growth mode changes
due to the presence of this layer, which affects both
alloy phenomena25 and dopant incorporation,28, 29

as well as surface morphology30 in MBE-grown
GaN. This is addressed in the ‘‘Discussion’’ section.

Based on these observations, a series of LED
devices D1–D5 were developed with AlGaN layers
that are nominally identical in alloy composition,
doping and thickness, but which vary in the degree
and nature of alloy fluctuations.

Luminescence Properties of LEDs

A series of LED devices were grown, fabricated
and tested. Sample D1 was deposited under nearly
stoichiometric conditions, while D2 to D5 were
grown under progressively increasing group III to
V flux ratio. Based on our results on the series P1 to
P5, it is reasonable to conclude that the wells and
barriers of the LED active region contain an
increasing degree of compositional inhomogeneity,
while the overall alloy composition is not shifted.

Electroluminescence (EL) measurements were
carried out on the devices, and the spectra are
presented in Fig. 4a in normalized form, while the
relative intensities are shown as bar diagrams in
Fig. 4b. Each device shows a nearly Gaussian single
sharp EL peak, with no significant secondary peaks
until 450 nm, even in the logarithmic scale (not
shown here). There is however a progressive shift in
the peak centre with increasing group III flux used
during growth of the active region. D1, grown under
near-stoichiometric conditions, shows a peak at
� 323 nm. For device D5, grown under the highest
group III flux, the EL peak is at 348 nm. The
FWHM for all LED devices varies between 20 nm
and 24 nm. From Fig. 4b, which compares their
intensity at a forward current of � 60 mA, it can be
observed that, along with the red-shift of the
luminescence peak, there is a progressive increase
of the EL intensity until device D4, which is about
an order of magnitude brighter than D1. Even
higher group III flux, however, reduces the peak
intensity. These results indicate that the growth of
UV-LEDs under excess group III conditions leads to

Fig. 3. Absorption edges and dominant photoluminescence peak
positions (at room temperature) of the MQW samples grown under
various III/V flux ratios.
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a significantly higher efficiency, along with a red-
shift of the peak.

Variation of Output with Drive Current

In Fig. 5a, the wavelength-integrated output
intensities of the LEDs, as measured by the area
under the curve of the output spectra, are plotted as
a function of the drive current. These output
intensity values, divided by the input electrical
power, are plotted as a function of the drive current
in Fig. 5b. Since only a very small fraction of the
total output power can be measured at the wafer
level, the results are presented in normalized form.
However, the nature and relative magnitudes of the
power outputs of the final bonded devices are
expected to qualitatively follow the same trend,
with some variation due to better thermal manage-
ment and light extraction.

For devices D1–D3, the efficiency shows a widely
reported nature with increase in current—an initial
increase, followed by saturation and finally a
drop.31, 32 However, for D4 and D5, the output
power does not show any evidence of a drop at the
current levels employed in this work, which at
60 mA translates to a current density of 24 A cm-2.
It should be noted that these are also the devices
that show a strong red-shift of the luminescence
peak along with significantly higher intensities,

indicating a correlation between the two results.
This is addressed at length in the ‘‘Discussion’’
section.

Finally, in Fig. 6 we present the variation in
luminescence peak width with increasing current
injection for the different devices discussed in this
work. There is a clear difference in the two classes of
samples. While the samples grown under a nearly
stoichiometric regime show a strong reduction in
FWHM with increasing injection, those grown

Fig. 4. (a) Normalized electroluminescence spectra of the LED
devices grown under various III/V flux ratios, (b) Relative EL intensity
of the devices measured at � 60 mA.

Fig. 5. (a) Electroluminescence intensity as a function of the drive
current of the LED devices grown under various III/V flux ratios, (b)
Relative efficiencies of the same LED devices.

Fig. 6. FWHM of the electroluminescence spectra as a function of
the drive current for the LED devices grown under various III/V flux
ratios.
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under excess group III conditions show a weak
increase at higher levels of injection current.

DISCUSSION

Photoluminescence Measurements

The results obtained from the MQW samples P1-
P5 can be linked to generation of potential fluctu-
ations in the AlGaN material.21, 25 The origin of the
shallower compositional inhomogeneities are gen-
erated by the differences in the gallium and alu-
minum adatom diffusion length, which is
considerable given (a) the lower substrate temper-
ature used in the MBE process compared to met-
alorganic chemical vapor deposition (MOCVD) and
halide vapor phase epitaxy (HVPE) processes, (b)
the significantly stronger Al-N bond, and (c) the
high potency of the RF-plasma activated nitrogen
species, all of which impede aluminum movement
on the growth surface. The deeper fluctuation has a
different origin, applicable for only a much higher
group III to group V flux ratio. Under these
conditions, a metallic layer of gallium18, 25 is
present on the growth surface, onto which the Al
and active nitrogen is incident. Strong local fluctu-
ation in the composition of the metallic alloy on the
growth surface is converted by the active nitrogen to
nanoscale variations in AlGaN composition, which
in turn produces band-gap fluctuations. This growth
mode is unique to the PA-MBE process.

During PL measurements, the photogenerated
carriers are initially excited to energy levels far
above the band edges before thermalizing to the
bottom. They are subsequently trapped at local
band-gap fluctuations, and may either recombine
directly from there, or may be de-trapped by
thermal energy and diffuse until they are captured
by a deeper fluctuation that does not allow further
de-trapping. Accordingly, a number of peaks may be
observed in the PL spectrum, with peak positions
corresponding to the energy depth of the fluctua-
tions from where the recombination occurs. The
severe red-shift of the second peak for samples P4
and P5 indicates that under excess group III
conditions, the localized band-edge minima are
significantly deeper. We have previously attribu-
ted25 this to the mechanism for generating large-
amplitude compositional fluctuations in AlGaN
alloys that is linked to the formation of a metallic
layer on the growth surface.

Electroluminescence Measurements

Our results indicate that the increase of group III
to V flux ratio causes a red-shift of the luminescence
peak in UV LEDs. If we compare this behaviour
with that of the PL spectra of the MQW samples,
there is a strong qualitative similarity. We believe
that these results strongly indicate that the mech-
anism for shifting the electroluminescence peak
originates from the quantum well region. The

quantum wells were grown under nominally iden-
tical conditions, except for the variation of the group
III to V flux ratio, from nearly stoichiometric to an
excess group III condition. Such variation has been
shown to keep the overall growth rate33 and com-
position identical, so the overall composition of wells
and barriers, as well as their thicknesses, were the
same. Therefore, it is not the overall configuration of
the wells and barriers, but a variation of the
material properties, that lead to the red-shift. These
variations can be in doping levels, in the well-
barrier interface quality, or in the nanoscale com-
positional variation of the well and barrier alloy
compositions, as all of these are affected by the
presence of excess gallium on the growth surface. Of
these, however, only the third can be linked to a
strong Stokes shift with increasing group III flux.
This phenomenon of nanometer-scale variation in
the band gap is expected to spatially isolate carriers
away from extended defect regions, thereby enhanc-
ing the radiative recombination probability. This is
observed in the strong improvement in lumines-
cence efficiency in sample D4. Thus, both the red-
shift and the increased output power can be
explained.

Droop, the phenomenon of reduced efficiency of an
LED at high currents, has been studied extensively
in InGaN, and to a lesser degree in AlGaN alloys.
While a consensus is yet to be reached, droop has
been attributed to defect related Auger recombina-
tion,34 inefficient carrier injection,35 carrier escape
through trap related states,36 and carrier overflow
due to polarization-related band bending.37 Studies
on injection-current dependence in our AlGaN
LEDs at the wafer level indicate that deposition
conditions that lead to increased compositional
fluctuations in the wells not only lead to higher
efficiency, but also affect the variation of this
efficiency with increased current injections. Under
the conditions of measurement, effects such as
device heating are expected to operate identically
on all the devices and therefore can be ruled out in a
comparative study as presented here. We have to
therefore look for other mechanisms to account for
the variation in ‘‘droop’’ in our LEDs grown under
different group III to group V flux ratios.

There are several pathways that lead to reduction
of the output intensity with increased injection
currents. In the literature, there are many compet-
ing theories, and it is not possible to address all of
these mechanism in our devices without carrying
out extensive studies, including those at low tem-
perature. We can however point out several impor-
tant observations.

Firstly, the LEDs we compare here all have
nominally the same structure and composition,
and the only variation that has been introduced is
that in the group III to group V flux ratio. There are
several reported effects from such a variation: One
is the increased amplitude of compositional inho-
mogeneity in the well and barrier layers. The second
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is more efficient Mg incorporation in the p-type
layers. The third is the variation in surface mor-
phologies. We have looked at possible ways in which
these two variations may play a role in explaining
the observed results. We have assumed here that all
the other mechanisms, including Auger recombina-
tion, will be unaffected by a variation of the group
III to group V flux ratio.

MBE growth on sapphire typically leads to high
dislocation densities, which is one major pathway
for loss of carriers to non-radiative recombination.
In the presence of compositional inhomogeneities,
the carriers are localized at potential minima away
from defect states. One possible mechanism for
droop in our devices is the overflow of carriers from
localized minima at higher injection levels, which
can then travel to extended defect sites at grain
boundaries and reduce the overall radiative recom-
bination probability.

If we can model the AlGaN layers as inhomoge-
neous, with regions of higher Ga content embedded
inside an overall matrix, and with the amplitude as
well as the spatial density of the fluctuations
increasing strongly with higher group III to group
V flux ratio, this increases the probability of carriers
encountering such high Ga-content regions. Thus,
at higher injection currents, while free carriers in
the matrix region can travel towards the junction,
those located in regions of high gallium content are
less likely to participate, thereby inhibiting such a
carrier overflow. Furthermore, carriers may re-
localize from intermediate potential minima to
deeper minima, which leads to the same effect.
The overall effect would be to reduce the transport
of carriers towards defect sites when the level of
alloy fluctuations is higher.

Another mechanism that has been investigated
extensively in the literature as a possible cause of
droop is the asymmetry of injection of electrons and
holes.38 In this case, the carriers are not lost to non-
radiative recombination within the quantum well
region, but are leaked out to the p-layer and
recombine from there. The doping levels in p-GaN,
and possibly in p-AlGaN have been found to have a
strong correlation with the group III to group V flux
ratio, and higher hole concentrations and mobilities
have been observed at higher group III levels.28

This has been attributed to two mechanisms: one is
the increased sticking coefficient of Mg in GaN, and
the other is a more efficient incorporation of Mg at
Ga substitution sites, thereby increasing the doping
efficiency. In this work, for all LEDs, the EBL, p-
AlGaN and the p-GaN layers are grown at a lower
substrate temperature, thereby promoting a higher
group III to group V flux ratio and therefore better
doping levels for the reasons discussed above. Based
on these results, it is possible to speculate that with
high doping efficiency in the p-type region, there
would be a reduction in the level of defects associ-
ated with Mg incorporation at the junction, and
defect-related tunnelling is not expected to play an

important part. However, with carriers in deeper
potential fluctuation in the active region, the prob-
ability of their leakage over the electron blocking
layer is reduced. Thus, the mechanism of loss of
carriers by overflow into the p-type layers is
retarded for samples D4 and D5. This would reduce
droop in these devices.

A number of reports on InGaN LEDs have
introduced the insertion of a varying barrier
height39–41 as a means of reducing droop. In struc-
tures grown by MOCVD, an improved IQE was
reported for 265–300 nm LEDs by growing uneven
MQW structures.42 In this work, we have not
attempted any deliberate variation of barrier
height, but variations may occur due to fluctuations
in the well and barrier composition, as discussed
earlier. Finally, if there is a variation of surface
morphology with changing group III to group V flux
ratio, there will be a related variation in the quality
of the interface between wells and barriers. A
‘‘softening’’ of the well barrier interface is likely
under these deposition conditions. While such struc-
tures have been reported to show a reduced droop in
InGaN LEDs,43 further studies are needed to come
to a conclusion for our devices.

Whether the loss of radiative recombination is
due to leakage to defect states within the quantum
well region, or over the barrier to the p-type layer,
the presence of compositional fluctuations is
expected to be a mitigating factor in both cases.
Further studies are necessary in order to determine
which of the two plays a larger role in these devices.

CONCLUSION

In this work, we have demonstrated that, for UV-
LEDs based on structures grown by PA-MBE, the
group III to group V flux ratio plays a very critical
role. Under a moderately excess group III regime,
the EL intensity shows a nine-fold increase as
compared to the stoichiometric sample. We believe
that this is due to the introduction of compositional
inhomogeneities that lead to the formation of local-
ized energy minima where carriers can become
trapped and subsequently recombine at the local-
ized energy minima, thus preventing them from
travelling to extended defect sites. These results
indicate that UV-LED devices can be developed
with significant improvement in luminescence prop-
erties at the cost of a red-shift of the peak, which
can be taken into account during the design of the
device. Additionally, the phenomenon of droop, that
is reduced efficiency at higher current injection,
appears to be significantly reduced for samples
grown under excess group III conditions. While the
exact mechanism behind this reduction can be
determined only after further studies, these results
indicate that it is possible to reduce the detrimental
effects of dislocation densities on UV-LED perfor-
mance through appropriate choice of deposition
conditions. Thus, they are likely to find use in the
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development of bright and efficient devices on to
low-cost substrates.
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