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GaN/AIN Multiple Quantum Wells were grown by Molecular Beam Epitaxy
e For high I11/V ratio Internal quantum efficiency (IQE) was below 10%

e For reduced I11/V ratio IQE was ~28% even for high dislocation densities

e Reduction of I11/V ratio generated faceted surfaces

e Spontaneously grown nanostructures observed
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Abstract:

Ultraviolet (UV) optoelectronic devices based on binary GaN quantum wells have been widely
reported in the literature. The internal quantum efficiency (IQE) of such structures is relatively
low due to the large dislocation densities generated during heteroepitaxial deposition on to non
lattice-matched substrates. Enhancement of 1QE is possible through the use of expensive lattice-
matched substrates or by using complex dislocation density reducing mechanisms. In this paper
we have investigated growth mechanisms of GaN/AIN multiple quantum wells (MQWS) using
Plasma Assisted Molecular Beam Epitaxy. Specifically the modulation of the surface diffusivity
of adatoms has been carried out through choice of appropriate growth parameters, such as the
group-I11 to group-V flux ratio. Our results indicate that this leads to modification of not only the
surface morphology, but also the abruptness of the well-barrier interface. Under conditions of
growth where surface morphology was atomically flat, the interfaces are relatively diffuse. The
IQE for such structures, as measured by the ratio of room temperature photoluminescence
intensity to that measured at 4 K, is rather low typically ~10%. Use of near stoichiometric
growth conditions however lead to a reduction of the surface diffusivity of adatoms, and the
formation of spontaneous nanostructures in the form of nano-dots of about 20 nm in diameter
and high levels of uniformity. The IQE for GaN/AIN MQWs grown under such conditions is
increased to as high as 28% even for samples with large dislocation densities. Thus, growth
under such conditions can mitigate the detrimental effects of non-radiative recombination centers
associated with dislocations by spatial localization of electron-hole pairs. These results are
important to many applications, including UV light emitting diodes.

Keywords: Molecular Beam Epitaxy, Group-111 Nitrides, Binary Multiple Quantum wells,
Internal Quantum efficiency.
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1. Introduction:

Ultraviolet (UV) solid state sources based on IlI-Nitride materials are expected to play a very
significant role in water purification, direct line-of-sight communications, solid state lighting,
polymer curing as well as in the biomedical field. Light emitting diodes (LEDs) have been
developed for wavelengths ranging from 390 nm down to 230 nm and lower, and some of these
are available commercially. These devices are typically based on AlGaN alloys with different
alloy compositions. However, the science behind the UV emission mechanisms in AlGaN
nanoheterostructures is still not fully understood, specially due to various alloy phenomena that
have been reported by several groups [1-2]. Specifically, the presence of potential fluctuations
due to nanoscale compositional inhomogeneity plays a very significant role in the optical
processes for AlGaN films. It has been reported that this leads to a broadening of the peak, as
well as considerable red-shift. Furthermore, the band-realignment of AlGaN alloys, as reported
both experimentally as well as from theoretical calculations, introduces an additional complexity
[3]. Moreover, these are also specific to the deposition technique and process parameters,
making it difficult to establish a clear picture accounting for the various observed results. For
growth by Plasma-Assisted Molecular Beam Epitaxy (PA-MBE), these parameters include the
arrival and desorption rates of the various species, the substrate temperature, and the plasma
activation conditions, all of which leads to a variation of the group Il to group V flux ratio. Our
recently published results on Multiple Quantum Well (MQW) structures with AlGaN both in the
wells and the barriers indicate that this particular parameter has a strong impact on the structural,
interfacial and luminescence properties, specifically the internal quantum efficiency (IQE) [4]. A
major reason lies in the variation of surface mobility and desorption rates of Al and Ga adatoms,

which under certain conditions allow the deliberate incorporation of compositional
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inhomogeneities, leading to improved radiative recombination rates. However, the well-barrier
interface quality is reduced, and necessitates the incorporation of additional process steps in

order to generate abrupt interfaces.

Use of GaN as the well material can help to significantly lower the impact of these phenomena,
thereby simplifying the process steps. UV LEDs emitting at ~350 nm employing GaN quantum
wells have been reported [5]. GaN/AIN MQWs have been used for UV generation by e-beam
excitation for wavelengths as low as 235 nm and power levels as high as 150 mW has been
reported [6]. The efficiency of these structures has been determined both by direct measurements
as well as by temperature dependent photoluminescence (PL) measurements. The reported values
of 1QE depend strongly on the level of dislocation densities [7-8]. For Metal Organic Chemical
Vapour Deposition grown samples on sapphire, while IQE values as low as 0.18% to 0.39% have
been reported [9], for lower dislocation densities [10] of few 10° cm™ it increased to 26%. This is
in line with the theoretical calculations [11] where the IQE is expected to reduce from 95% to
below 5% as the dislocation densities increase from 1x10” cm? to 1x10% cm™ Takeda et al.
have employed Lateral Epitaxial Overgrowth techniques on patterned templates [12] to increase

IQE values from 5% up to 45% by reducing dislocation densities of 4x10° cm™ to 2x10° cm™.

Another source of loss of IQE is the presence of built-in electric fields in MQWSs grown along
the (0001) direction [13-14], which cause quantum confined stark effect (QCSE), separating the
electron and hole wave functions and reducing radiative recombination probability. This can be
avoided by growth along non-polar and semi-polar directions, but this requires deposition on to
non-standard substrates. Incorporation of an additional AlIGaN layer between wells and barriers

have been shown to increase the IQE considerably [15] by suppression of the polarization
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induced fields. The effects of QCSE can be moderated by use of very thin wells [16], and in this

paper we follow this route by keeping the well widths to 5 Mono Layers (MLS).

In this paper, we focus on enhancing the 1IQE of GaN/AIN MQWs grown on sapphire substrates
by PA-MBE through the modification of the growth parameters, without employing techniques

for suppressing the dislocation densities or the internal electric fields.
2. Experimental Details

Growth of GaN/AIN MQWs was carried out in this work using a VEECO-Gen930 PA-MBE
system using c-plane single side polished sapphire substrates (Monocrystal, Russia) of 2 inch
diameter and 300pum thickness. The substrates were initially out-gassed in two different stages at
140 °C and 400 °C respectively. The deposition was carried out at 800 °C. At first the substrate
was exposed to active nitrogen which converted the top surface to AIN by nitridation process.
The nitrogen plasma was activated using a Radio Frequency (RF) source from UNI-Bulb. The
plasma power was kept at 400 W and the flow rate of the high purity (99.9999%) nitrogen gas
used was 1.7 sccm. The plasma power was reduced to 350 W during the growth of subsequent
epitaxial layers while keeping the other plasma parameters same. The plasma conditions were
not changed further during the growth of subsequent epitaxial layers. On top of the nitridated
substrate a ~40 nm thick AIN nucleation layer was deposited using a modified migration
enhanced epitaxy (MEE) process [17]. The reflection high energy electron diffraction (RHEED)
image obtained after the deposition of this layer was streaky indicating a relatively smooth
surface. The Al flux was varied from 2.56x10° Pa to 2.97x10® Pa during the growth of this
layer. Subsequently, a 500 nm thick AIN layer was deposited to improve crystal quality. During

this growth a Ga flux was made incident to promote a smooth surface [18-19]. Twenty pairs of
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GaN/AIN MQWs were grown on top of the AIN layer with Well and Barrier thicknesses of 5
MLs and 8 MLs respectively by keeping the Ga shutter on continuously and switching the Al
shutter. A series of samples were grown by modifying the ratio of the group-I1l to group-V flux

employed during the growth [20-21] and monitored using RHEED time evolution [22].

The excitation source used for the PL studies was a 10 mW He-Ag LASER (Photon Systems)
emitting at 224 nm and a 100 mW He-Cd LASER (Melles Griot) emitting at 325 nm. For
temperature dependent PL measurements the samples were mounted on to the cold finger of a 4
K cryostat (Cryo Industries of America, Inc.). A 9 KW Rigaku SmariLab X-Ray Diffractometer
with rotating anode source was used for the High-Resolution X-Ray Diffraction (HRXRD)
studies. A Zeiss Auriga Field Emission Scanning Electron Microscope (FESEM) system was
used to study the surface morphology of the grown samples. An acceleration voltage of 3 kV was
employed for these measurements. The Atomic Force Microscope (AFM) studies were carried
out by a MFP-3D AFM system from Asylum Research with AFM probe from MikroMasch,

Estonia.

Growth of IlI-Nitride materials by PA-MBE has been traditionally carried out under excess
group-11l regime [23] as smoother surface were obtained for these conditions of growth, and
quantum well interfaces are typically controlled by the morphology of the underlying layers.
Under such conditions of growth, the interface roughness was obtained to be near 1 ML, in the
root mean squire (RMS) value [24]. However, the growth of AIN under excess group-Ill is
complex, due to the very low desorption rates of Al at the growth temperatures employed. Near
stoichiometric growth can lead to rough surfaces due to the short adatom mobilities. If an excess
Al arrival rate is employed during growth, the un-reacted atoms stay on the growth surface due

to low desorption rate, and may hamper further growth. There is therefore a very narrow window
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where excess group-I11 conditions may be employed for AIN while avoiding these two extremes,
which is difficult to maintain for long deposition times due to the natural drift of the effusion cell
temperatures, plasma source parameters or substrate temperatures. A similar window between
growth under Ga limited condition and the Ga droplet regime has been well documented in the
literature, and is widens up for higher growth temperature [25]. However for AIN this is very
narrow, due to the higher AI-N bond strength and the lower evaporation rates of Al when
compared to Ga. A MEE process can be employed where the deposition under excess Al
condition is carried out for a short period of time, followed by a plasma exposure step to
consume the excess metallic atoms [26-28]. This was employed during the growth of the

nucleation layer of the samples discussed in this work.

This process of switching of the effusion cell shutter every tens of seconds is unsustainable for
thicker films and for long deposition times, and an alternative process was employed for growth
of thicker AIN films in this work. The Al flux was chosen to be nearly stoichiometric, and the
surface was exposed to an additional flux of Ga. As in case of stoichiometric growth of AIN all
the active nitrogen are preferentially consumed by the arriving Al flux the un-reacted Ga does
not incorporate into the film, but acts as a surfactant and increases the surface diffusion lengths
of the Al adatoms. Since desorption rate of Ga is quite high at the growth temperature, this

metallic Ga layer eventually evaporates.
3. Experimental Results
3.1 Growth by Plasma-Assisted Molecular Beam Epitaxy

We have investigated a series of samples in this work, whose schematic is shown in figure-1(a).

The various layers include an AIN buffer layer grown using the MEE process explained
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previously, an AIN film of ~0.5 um thickness grown using Ga as a surfactant, and twenty
GaN/AIN MQWs. The samples are nominally identical, except for the group-111 to group-V flux
ratio employed during growth. This parameter, which controls the diffusion length of surface
adatoms, has been identified as very critical for control of surface morphology as well as
incorporation of ambient impurities into the material [19]. However, it depends on several
factors, including the arrival rates of Ga and Al, the efficiency of the RF plasma, the nitrogen
flow rate and pumping rate of the chamber, as well as the substrate temperature which controls
the desorption rate. It is difficult to control accurately all these parameters, but the group-11l to
group-V flux ratio can be determined relatively by deposition of a layer under excess group il
for a time period T,n, and observation of the RHEED pattern. Since the additional metallic layer
on the surface scatter the electron-beam, a dim and diffuse pattern is observed. However, if the
surface is then exposed to the nitrogen plasma, there is a transition to a clear high-contrast
pattern over a time period (Tos). The duration of this time period T is a direct measure of the

group-I11 to group-V flux ratio, and can be used as a growth parameter [20-22].

As mentioned previously, during the growth of the MQW structure, the Ga as well as the
nitrogen plasma shutter was kept on during both the well and barrier layer deposition, and the Al
shutter was switched on and off. Therefore, Ga was present during the growth of the barrier
layer, even though the incorporation is minimal due to the presence of the Al adatoms, which
preferentially bond to the available active nitrogen. Unlike our recent work on AlGaN/AlGaN
MQWs [4], no growth interruptions were carried out in between wells and barriers. A series of
samples were investigated where the group-Ill to group-V flux ratio was varied from

stoichiometric to excess group-lI1.
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Figure-1(b) and 1(c) show the RHEED image of the sample surface after the growth of the AIN
layer for one of the samples in the series as an example. These images were taken after leaving
the sample at growth temperature of 800°C to allow the excess Ga to evaporate. Streaky lines are
observed, and clear (2x2) reconstruction lines are present both for the [1 1 -2 0] as well as the [1
0 -1 0] azimuths. This indicates both that the samples have the metal polarity, and that the overall

surface is smooth.

3.2. Room Temperature Photoluminescence Measurements

Photoluminescence studies for a series of samples grown under varying group-lll to group-V
flux ratio were carried out at room temperature using a He-Cd LASER and the results are shown
in figure-2(a). It can be observed that for all the samples the spectrum consists of a single peak.
For samples grown under stoichiometric conditions, the peak is at 342 nm. As the group I1/V
flux ratio increases the PL peak continuously shifts to longer wavelengths, along with a near
monotonic decrease in intensity. While initial studies as shown in figure-2(a) presents the
experimental data for a series of samples with continually varying group I11/V flux ratio, we have
selected three samples for further study and determination of IQE values. The sample S1 was
grown under excess group-ill and shows a peak positioned at 355 nm, while the sample S3 was
grown under nearly stoichiometric condition and shows the highest intensity and a peak at 344
nm, and the sample S2 has group-111/V ratio value between these two extremes and a peak at 350

nm.

Before determination of IQE, care was taken in the choice of LASER excitation to eliminate the
possibility of band-filling and many-body effects. Hangleiter et al. has showed that for InGaN
Single Quantum Well samples of well and barrier widths of 1 nm to 5 nm and 7 nm respectively,

the probability of radiative recombination increases with the excitation power, thereby increasing
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of IQE values [29]. Our excitation levels were deliberately kept low by employing a relatively
large spot size of several mm square and such effects are not expected in our measurements.
However, we have ensured this by carrying out room temperature PL studies as a function of
excitation intensity using a set of optical density filters and the results are presented in figure-
2(b). 1t was found that the PL intensity varies linearly with excitation levels as shown in figure-
2(b). Moreover, the Full Width at Half Maxima (FWHM) of the PL peak was found to have only

a minor variation with the change in excitation levels.
3.3. Temperature Dependent Photoluminescence Measurements

The direct measurement of IQE is complex and the well established technique for its estimation
is through the ratio of PL intensity measured at room temperature to that measured at low
temperatures [30-31]. We have investigated the samples S1, S2 and S3 by temperature dependent
PL carried out using two different LASER sources, a He-Cd LASER emitting at 325 nm and a
He-Ag LASER emitting at 224 nm. The second LASER has the advantage that the scattering is
far from the wavelengths of interest. Furthermore, it establishes that these measurements are

independent of excitation intensity and many-body effects are negligible.

The temperature dependent PL spectra for the sample S2 and S3 normalized to the maximum
peak value in each case are presented in figure-3(a) and figure-3(b) respectively and the
excitation wavelength used for these measurements was 224 nm. As shown previously there is a
single peak at room temperature for both the samples and with cool down no additional peaks

appear.

For sample S2, which was grown using moderate Ga coverage, the room temperature PL peak

occurs at 355 nm and with cool down the peak shifts to a position of 347 nm at 4 K. For sample
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S3, which was grown under stoichiometric conditions the corresponding peak positions are 344
nm and 341 nm respectively. The plot of peak intensity as a function of inverse temperature is
presented in the inset for both samples. It is to be noted that for both the samples the peak shifts

steadily to shorter wavelengths and no s-type behaviour is observed.

From the ratio of the room and low temperature PL peaks, we find that the IQE value for Sample
S2 and S3 are 10% and 28% respectively. The IQE for S1, not shown here for limitation of
space, is also nearly 10%. Figure-3(c) shows the values of the IQE for all three samples
measured using the He-Cd and the He-Ag LASERs and while there is some scatter in the data, it
was found that the values of 1QE show a similar overall trend. This strong variation of 1QE for
very similar quantum well structures can be linked to a number of possible physical phenomena,

and further investigations were carried out to identify their influence.

The improvement of the IQE can be due to the reduction of the dislocation density or may be due
to generation of features that can localize the carriers away from the defect centeres leading to an
increase in the radiative recombination probability. InGaN MQWs have extremely high IQE
even at high dislocation densities. This phenomenon has been attributed to the presence of
spinodal decomposition In these samples, which can lead to the presence of compositional
inhomogenties [32-33]. This in turn leads to a fluctuation of the band-gap and can lead to
localization of generated electron-hole pairs away from dislocations thereby increasing radiative
recombination probability. AlGaN MQWs have also been shown to benefit from the presence of
compositional inhomogeneities and high IQEs have been reported [34]. For GaN wells and AIN
barriers, compositional inhomogenties do not occur and the source for localization of carriers can
be linked to the nature of the well-barrier interface. The presence of pits in InGaN MQWs has

been linked to the variation of the well and barrier widths and the creation of a potential barrier
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surrounding the dislocations [35], which can also lead to a high IQE. To examine these
possibilities the structural and surface morphological properties of these samples were studied

and the results are given below.
3.4. X-Ray Diffraction of Quantum Wells

The samples were characterized by X-ray diffraction using an X-ray source with water cooled
rotating copper anode. Cu K, radiation (A=1.54 A) was used as the incident radiation in all the
measurements. The measurements were carried out in a high-resolution mode that is employing
a two-bounce Ge 220 monochromator in the incident path. The experimental configuration used
a four-circle geometry with the sample placed on a horizontai stage, which can be rotated and

tilted about its surface normal.

The 0-20 plot of this X-ray diffraction study is shown in figure-4. For clear observation and
distinct identification of the data corresponding to the three different samples, the observed X-
ray intensity values are multiplied by constant numbers as indicated in the figure. The major
peak observed in the graph occurs corresponding to AIN, indicating that despite the presence of
the Ga flux, there was no incorporation of Ga in the bulk film for reasons explained previously.
The MQW layers produce a series of peaks on either side of this main AIN peak, and their peak
positions can be attributed to their periodic structure. It is clear that for all three samples, the
peak positions are relatively similar. The peak at 35.1 © is the zeroth order of the superlattice (SL)
structure, given by the average composition of the wells and barriers, as well as any residual

strain.

The periodicity of the structures was determined by the equation given below:
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A
~ 2(sinf,,, — sin6,)

N

Where
P is the SL periodicity
M is the wavelength of the incident X-ray (1.54 A for Cu K, line)
and 0, is the peak position corresponding to the n-th order SL peak.

We find that the overall periodicity obtained from the three samples S1, S2 and S3 are 31.6 A,
32.7 A and 32.6 A respectively, indicating a variation less than 1 ML. Since the growth rate
remains the same for all layers, we can estimate the thickness ratio of the wells and barriers from
their respective deposition times. From these two considerations, we can estimate that the wells
and barriers were around 5 MLs and 8 MLs thick respectively. While the variation of periodicity
is small, the nature of the interfaces, as indicated by the relative intensity and width of the SL
peaks, show strong differences. The most prominent as well as the sharpest SL peaks were
observed for sample S2, while for sample S1, grown under the highest Ga coverage, as well for
sample S3, grown under stoichiometric conditions, the SL peaks were relatively weaker. The
intensity of the SL peaks is linked to the quality of the interface, which includes both the
abruptness of the interface - that is the presence of a clear transition between the well and the
barrier - as well as the interface flatness. Since the samples were terminated at the end of the last
barrier with no capping layer, we can estimate the nature of the interface roughness from the
surface morphology, and our results of FESEM and AFM studies of the final surface are

presented in the following section.
3.5. Surface Morphology
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The surface of the samples S1, S2 and S3 were studied by FESEM with acceleration bias of 3
KV, and the images are produced in figure-5. Figure-5(a) shows the surface morphology of
sample S1 which was grown under high Ga coverage. It can be observed that the surface is
smooth with clear step-flow morphology. The flat regions observed are about 100 nm wide. With
reduction of Ga coverage, the surface morphology is starkly different, and shows a reduction of
size of the flat regions to about 30 nm, in the form of islands that are surrounded by a
interconnected network of shallow trenches as can be observed for sample S2 in figure-5(b). The
surface of sample S3 grown in the stoichiometric growth regime is given in figure-5(c) and show
narrow ridge like features. Furthermore, we observe clear nano-dot like features decorating the
top of the ridges. The diameters of these dots in the lateral direction are about 20 nm, with a

relatively narrow size distribution.

In order to quantify the vertical dimensions, tapping mode AFM was carried out on the samples
and the results are presented in figure-6. For sample S1, again flat step-like features were
observed surrounded by pits which may be as deep as 5 nm. The flat surfaces exhibited an RMS
roughness of 2 A, while the overall image RMS was 7 A. Similar RMS roughness was observed
for S2. The dot like features observed in FESEM for sample S3 are again visible in the AFM
image, which is presented in two different magnifications in figure-6(b) and 6(c). The ridge like
features are observed in the AFM image with lengths around 200 nm and widths of 20 nm to 30
nm. The overall RMS roughness for this sample was increased significantly to 11 A. Nano-dots
decorate the top of the ridges and their widths and heights are about 20 nm and 2 nm
respectively, indicating that they are disc-like in structure. It should be noted that a few of these

dot like features are also observed for S1 and S2 samples, but their density is significantly lower.
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The variation of surface morphology with the amount of Ga coverage can be linked to the
surface diffusivity of the adatoms. It has been well established both experimentally as well as
theoretically that the presence of a metallic adlayer on the growth surface allows the formation of
a diffusion channel that increases the surface diffusivity of the adatoms and thereby reduces
surface roughness. Both samples S1 and S2 were grown with a Ga adlayer on the surface and
that leads to flat surfaces. The pits observed are typical of the termination of vertically
propagating threading dislocations. The step flow morphology of sample S1 is a typical of MBE
grown samples and is a result of a growth mode where active nitrogen is made incident on the
growth surface coated with a layer of Ga. However the formation of nano-dots for growth under
nearly stoichiometric conditions may be linked to the droplet-epitaxy related processes and is

discussed in the next section.
4. Discussions

The formation of the nano-dots may have several mechanisms. The reduction of the Ga surface
mobility can cause the formation of three dimensional structures by the Volmer Webber
mechanism. However that is unlikely to generate dots of uniform sizes. The formation of strain
induced islands has been reported in GaN quantum wells previously [36], but it is unlikely that
only S3 will show this phenomenon and not the other samples which have the same thickness
and composition of the wells and barriers. The third and more likely source is the formation of
nano-droplets of Ga metal which then convert to GaN on exposure to active nitrogen. The
thinness of the Ga coverage, along with the rough surface morphology can lead to formation of

these nano-droplets through surface forces.
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The effect of the growth mode on the density of threading dislocations, surface roughness and
the internal quantum efficiencies observed have been summarized in table-1. Since in this work
the focus has been on the improvement of the radiative recombination rate in MQWSs using
growth techniques and not from employment of various processes for reduction of dislocation
densities such as interlayers or thick templates, we have left the AIN layer relatively thin. Thus,
the dislocation densities as determined from on and off-axis rocking curves are quite high in all
three films. We see a small reduction of the values in sample S3 and we believe it is related to
the relatively rough surface morphologies. Such a growth mode tends to bend threading
dislocations and cause their annihilation rather than allowing them to grow vertically and
undiminished. We however would like to highlight the result that a relatively high value of IQE
was observed even for relatively high dislocation densities. A number of reports in the literature
have estimated the IQE for materials with such high dislocation densities and while there is a
spread in the values, the predicted percentage numbers are very small, a result that is linked to

the large number of non-radiative recombination centers associated with such defects.

While it is challenging to pinpoint the exact mechanism that leads to high IQE values even for
samples with high dislocation densities, comparison of materials properties of samples S1, S2
and S3 does provide some indication. Our results indicate that for sample S1, even though the
surface is the smoothest, the IQE is relatively low. This may be linked with the weaker XRD SL
peaks, which indicate that when the growth is carried out under conditions of excess Ga coverage
the interfaces are relatively diffuse and carrier localization is low. For samples S2 and S3 the
interfaces are expected to be abrupt and not diffuse because the Ga coverage on the growth

surface is either thinner or absent. This can be established from the relative increase of the SL
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peaks of S2 compared to S1. However, even for this sample the IQE is relatively low, indicating

that interface abruptness, while important, is possibly not a deciding factor.

The surface morphology of the sample S3 indicate a ridge-like nature, and this is typical of thin
films of I11-Nitride materials grown by MBE under near stoichiometric conditions. We believe
that this roughness was established during the growth of the underlying layer and was replicated
by the quantum wells deposited on top. The increased IQE therefore may be linked to the nature
of the surface. The higher interface roughness is also indicated by the XRD results where the SL

peaks are relatively weak and the higher orders are not clearly observable.

Based on these results, the strong increase of the radiative recombination probability can be
linked to several causes. Firstly, the ridge-and-trenich morphology suggests that the quantum
wells are grown on planes which are tilted away from the [0 0 0 1] direction, and such structures
will see a reduction of the QCSE. This will cause both an enhancement in luminescence
efficiency as well as a blue shift in the peak. The shift to shorter wavelength was indeed
observed for this sample. In addition, while the nanostructures observed on the growth surface
are too large to act as quantum structures, they may play an important role in carrier confinement
and thereby promaote radiative recombination. A third possibility is the modification of the point
defect density in the material due to a variation of Ga coverage on the growth surface. All of
these effects come together to generate high IQEs despite the large dislocation density levels.
While it is difficult to pinpoint the exact cause of the strong increase of IQE, in the absence of a
strong reduction in dislocation densities, it is likely that all of these surface and interface features
play a role in carrier localization away from non-radiative recombination centers. Since

compositional inhomogeneity that is present in InGaN and AlGaN materials is absent in binary
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GaN, this carrier localization effect can only be caused by confinement due to morphological

reasons.
4. Conclusions

In this paper we have investigated methods to increase the IQE for GaN quantum wells. Since
the alloy fluctuations as seen in AlGaN and InGaN structures are absent here, the carrier
localization occurs solely through structural and morphological considerations. We observe that
while a group-1l1-rich growth predictably leads to smooth surfaces, growth under stoichiometric
conditions are more appropriate for optical emitters as the IQE values are significantly higher.
This may be linked to a ridge-like surface morphology along with the presence of spontaneously
formed nanostructures. Overall, we have observed IQE values of 28% for samples with
dislocation densities near 10** cm™. This can lead to a path where relatively efficient UV-LEDs

can be developed on low cost substrates despite the presence of large dislocation densities.
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Figure-1: (a) Schematic of the samples, and RHEED for the [1 1 -2 0](b) and [1 0 -1 0](c)

azimuths.
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Figure 2: (a) Room Temperature PL spectrum of a series of samples with varying group 1/
flux ratio, of which S1, S2 and S3 are indicated and (b) Variation of the PL intensity

and the FWHM with Optical Density Filter for sample S3.
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Figure-3: (a) Temperature dependent PL spectra (Aex = 224 nm) of sample S2 (normalized to
the maximum peak). Inset: Plot of the PL intensity as a function of 1000/T for
sample S2 (b) Temperature dependent PL spectra (Aex = 224 nm) of sample S3
(normalized to the maximum peak). Inset: Plot of the PL intensity as a function of
1000/T for sample S3 (c) IQE values of the three samples measured with the two

different excitation sources.
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Figure-4: High Resolution X-ray 0-26 plot of the three samples S1, S2 and S3.
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Figure-5: FESEM image of (a) sample S1 (b) sample S2 and (c) sample S3.
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Figure-6: AFM images for sample S1 (a) and sample S3 (b) and (c) for area 1 pm x 1 um and

500 nm X 500 nm respectively.

Table Captions

Table-1: Comparison of the dislocation densities, RMS roughness and IQE values of the

samples.

Table-1
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sample Edge Dislocation Screw Dislocation RMS
D densizty density Roughness IQE (%)
(cm?) (cm) A
s1 1.2x10" 1.1x10% 7 10
S2 1.3x10" 1.0x10" 7 ~10
S3 8.5x10" 6.7x10° 11 28
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