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An anomalous growth rate reduction and associated composition divergence with increasing
aluminum flux in m-plane AlGaN grown by plasma-assisted molecular beam epitaxy (PAMBE) at
low temperature (565°C) is observed and investigated. We find that the AlGaN growth rate under
conventional gallium-rich conditions decreases rapidly with increasing aluminum flux, contrary to
expectations. Moreover, the aluminum fraction of these layers increases super-linearly with
aluminum flux, indicating substantial nitrogen and gallium loss from the crystal surface. Indium
surfactant assisted epitaxy (ISAE) is found to mitigate this effect significantly. ISAE AlGaN layers
do not exhibit a significant decrease in growth rate with increasing aluminum flux, and their
aluminum compositions increase linearly with aluminum flux. Transmission electron microscopy
(TEM) images reveal the presence of high aluminum composition defects within the
conventionally grown AlGaN layers, which are significantly reduced in ISAE AlGaN layers. Spatial
correlation of these defects with local areas of reduced growth rate observed in an

(In)Alo.30Gao.70N/Ing.16GaossN multiple quantum well (MQW) structure suggests that these
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phenomena have a causal relationship. We attribute the growth rate reduction to loss of nitrogen
and gallium due to site blocking effects of aluminum adatoms. TEM imaging indicates that high-
quality, virtually defect-free (In)Alo.24Gao.76N/Ino.16GacssN MQWs can be grown at 565°C with

negligible indium incorporation into the barriers.

1. Introduction

The lll-nitride material system has long been a promising candidate for the development of a
variety of devices, such as high-electron-mobility transistors, light-emitting diodes, laser diodes,
and other novel optoelectronic devices." This is primarily due to their large bandgap, which ranges
from 0.64 eV in InN? to 6.2 eV in AIN.3 In particular, nitride multi-quantum well (MQW) structures
are of interest for near-infrared (NIR) optoelectronic devices due to their large conduction band
offsets (CBO). However, MQW devices using the conventional (0001)-oriented GaN substrates
are hindered by strong built-in spontaneous and piezoelectric polarization fields.*® The natural
solution to this issue is to eliminate built-in polarization fields by designing the structures on non-
polar substrate orientations, such as the (1010)-oriented m-plane. The second major challenge
of nitride MQW is the significant lattice mismatch between different IlI-nitride alloys that results in
high degrees of strain accumulation. Strain leads to defect formation and ultimately cracking with
detrimental effects on device performance.® Therefore, strain-balancing has been proposed as a
technique to mitigate strain accumulation in heterostructures using oppositely strained layers.’
On GaN substrates, this is achieved by alternating tensile-strained AlGaN layers with
compressively-strained InGaN layers. This paper presents a study of the structure of PAMBE
grown m-plane AlGaN and strain-balanced InGaN/AlGaN MQWs for NIR intersubband (ISB)
optoelectronic devices.

M-plane (1010)-oriented AlGaN/InGaN MQWs are ideal candidates for near-infrared (NIR)

ISB devices. These structures are free from the effects of internal polarization fields,®'° have



built-in strain mitigation, and can achieve CBOs large enough for NIR transitions when sufficiently
large aluminum and indium compositions are used. Recently, we reported PAMBE of high-quality
m-plane InGaN with up to 0.16 indium metal fraction,' but this requires growth at low temperature,
near 565°C. AlGaN growth by conventional gallium-rich methods at this temperature is
compromised by low adatom diffusion lengths and the inability to desorb gallium, resulting in
inhomogeneous material and asymmetric AlGaN/InGaN structures, respectively.’? We have
shown that ISAE eliminates these issues in low aluminum content m-plane AlGaN, while also
significantly improving surface roughness, interface quality, and photoluminescence (PL) of MQW
structures.' Studies conducted via metal organic chemical vapor deposition (MOCVD) on a
variety of surface orientations have also shown ISAE reduces defects'>'* in AlGaN layers while
producing atomically flat surfaces.’ Monroy et al.’® and Pramanik et al.’” experimentally showed
the surfactant effects of indium during the growth of c-plane AlGaN layers by PAMBE, and this
effect has been theoretically described by Neugebauer et al.”® However, we also found
unintentional indium incorporation in m-plane AlGaN grown by ISAE [referred to as (In)AlGaN] at
low temperature. This reduces the bandgap of the material and shifts the lattice constant closer
to GaN, resulting in a CBO below that required for NIR devices while also significantly reducing
the strain balancing effect.'”> Therefore, it is necessary to investigate the growth of low
temperature m-plane (In)AIGaN by PAMBE to minimize this undesirable indium incorporation and
ensure ISAE AlGaN can be used as a strain balancing layer in various devices.

In this work, we report the results of a detailed study of a series of low temperature m-plane
gallium-rich AIGaN layers and ISAE (In)AlGaN layers across a wide range of aluminum fluxes on
m-plane GaN. Shirazi et al. previously observed a significantly reduced growth rate in high-
composition m-plane Al,Ga1.,N layers (y > 0.50) grown at high temperature (720°C)."® However,
this has not yet been confirmed at low aluminum composition or low temperature.

We find that as the Al flux increases, the growth rate of gallium-rich AlIGaN layers decreases
super-linearly, despite nitrogen limited growth conditions. Moreover, the Al composition also
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increases super-linearly with Al flux, suggesting that gallium and nitrogen are prevented from
incorporating into the lattice. Interestingly, application of an indium surfactant restores the
expected AlGaN epitaxy. The growth rate of (In)AlGaN bulk samples is not significantly affected
by Al flux, and composition increases linearly with increasing Al flux. High-resolution scanning
transmission electron microscopy (HR-STEM) images of a 30 repeat (In)Aly.30Gag.70N/Ing.16Gao.ssN
MQW structure reveal that the reduction in growth rate is linked to the formation of high-Al
containing defects within the material. Understanding and controlling these processes allowed us
to grow low temperature (In)AIGaN layers with negligible indium incorporation, resulting in the
demonstration of a 15 repeat strain-balanced (In)Alo 24Gag 76N/INg.16Gag.saN MQW structure with a

CBO theoretically suitable for NIR optical transitions.

2. Experimental

All films were grown by PAMBE on commercially available m-plane (10T0) free-standing GaN
substrates with a -0.5° £ 0.2° miscut toward the (0001) direction purchased from Nanowin Science
and Technologies. The substrates have a threading dislocation density < 5x10® cm™ and a root
mean square (RMS) roughness of < 0.3 nm over a 4x4 uym? area. The substrates were sonicated
in trichloroethylene (TCE), acetone, and methanol, rinsed with deionized water, and then dried
with N> gas. Before entering the PAMBE chamber, the substrates were outgassed overnight (>
12 hours) at ~500°C in an ultra-high vacuum (UHV) chamber attached to the PAMBE. The
substrates were then loaded into a PAMBE system equipped with conventional effusion cells for
aluminum, indium, gallium, and silicon. A Veeco Unibulb radio-frequency (RF) plasma source is
used to supply atomic nitrogen to the chamber. Prior to the active layer, an ~150 nm GaN buffer
layer is grown at 720°C under gallium-rich conditions. This results in a GaN surface with
pronounced step-terraces and RMS < 0.3 nm, as measured by atomic force microscopy (AFM)

on control samples.



Metal fluxes were measured with a beam flux gauge and recorded as beam equivalent
pressure in units of torr. These measurements were converted to flux estimates in units of
atoms/cm?s using known material densities and calibration samples of Ino.0sGao.91N, Alo 20Gao.soN,
and InN for gallium, aluminum, and indium, respectively. All samples reported here were grown
with a N2 flow rate of 0.5 sccm and a RF power of 300W. Thickness measurements made from
transmission electron microscopy images of GaN grown under nitrogen-limited conditions
suggest these nitrogen parameters correspond to a ~7.9 nm/min GaN growth rate, yielding
~5.8x10"* atoms/cm?s active nitrogen flux.

X-ray diffraction (XRD) measurements were made with a Panalytical MRD X'Pert Pro High-
Resolution diffractometer. Modeling of XRD w-26 scans was done with the software package
Epitaxy 4.5a provided by Malvern PANalytical and was used to determine the thickness and
composition of all bulk films. These models assume uniform material, and the growth rates and
compositions extracted from them represent an average throughout the material. Vegard’s law
was used to calculate the lattice parameters of ternary alloys. Using the density of GaN, each
growth rate was converted to an effective nitrogen flux (¢§f ! ) in atoms/cm?s, representing the
approximate number of nitrogen adatoms incorporated into the lattice per unit area per unit time.
Since the aluminum sticking coefficient at these temperatures is unity, for (In)AlGaN layers we
assumed all provided aluminum adatoms are incorporated into the structure. Individual layer
growth rates and compositions in MQW structures cannot be determined directly through XRD w-
20 scans. Therefore, to model these structures the material growth rates and compositions are
assumed to be similar to those in AIGaN and InGaN bulk layers grown under similar conditions.

All samples in this study were grown at 565°C under metal rich conditions, such that nitrogen
was the limiting component. This low growth temperature was chosen to achieve sufficient indium
incorporation in (In)AlGaN/Ing.16GaossN MQW for NIR applications.’? A series of m-plane AlGaN

bulk films of increasing aluminum flux was grown to study their structure and morphology. Three



of those samples were grown gallium rich. This was verified experimentally by either the
observation of metallic droplets on their surface or by observation of a significant reflection high
energy electron diffraction (RHEED) intensity recovery time upon termination of metal flux under
constant nitrogen flux. Three additional films were grown with an indium surfactant using the same
aluminum flux as the gallium-rich samples. The gallium flux of these samples was set such that
Dy + Py = (IDI‘i,ff, thus resulting in layers with little to no indium incorporation. One monolayer of
indium was pre-deposited prior to (In)AIGaN growth. An indium flux of approximately 0.93x10'
atoms/cm?s was used for the (In)AIGaN sample with the highest aluminum flux. All other
(In)AlIGaN samples were provided a decreased indium flux of 0.57x10" atoms/cm?s to reduce
droplet formation without sacrificing surfactant capabilities. The growth time for all bulk films was
345 seconds.

Indium incorporation in the (In)AlIGaN layers was evaluated by modeling XRD w-26 scans
under the assumption that the AIN growth rate is identical to the growth rate derived from XRD
for the gallium-rich AlGaN layer grown with the same Al flux. Note that for the sample grown with
the largest Al flux (1.72x10'* atoms/cm?s), this method was not possible due to inhomogeneity of
the gallium-rich layer. Therefore, this AIN growth rate was estimated by assuming it scales linearly
with beam equivalent pressure. Simulations of XRD w-26 scans for the bulk (In)AlGaN layers
using the above assumptions revealed peak positions that closely matched the experimental
spectra. We take this as an indicator that little to no indium incorporated into these layers, as any
significant indium incorporation would shift the measured peak position to lower angles.

(In)AlIGaN/InGaN MQW structures were also grown under conditions similar to the bulk
samples, but with ®,; + &, = CDf\,ff. The InGaN layers in the MQWSs were grown with excess
indium as described previously.''? Since indium incorporation at 565°C is limited by thermal
decomposition," the InGaN growth rate and composition were assumed to be the same as those

of a thick Ing.16Gao.ssN layer grown under the same conditions. Indium was provided to the barriers



of these structures using a modulated deposition scheme similar to that used in our previous
work'? to minimize droplet formation. In contrast to our previous work,'? additional gallium flux
was provided during (In)AlIGaN barrier growth to compensate for the increased growth rate
observed in the presence of indium surfactant. The Indium flux is similar to that used in Ref. 12.
Consequently, the net llI/N ratio in this work is increased relative to our previous work. Note that
in our previous work'2 @, + &g, < d)lf,ff due to our lack of understanding of the change in growth
rate in the presence of indium surfactant. Most important, XRD analysis similar to that described
for (In)AlIGaN layers indicated that these adjusted fluxes resulted in negligible indium
incorporation in the barriers. We believe this is because gallium and aluminum incorporate before
indium and use up all available nitrogen adatoms. This method also prevented excess gallium
from incorporating into the InGaN layers.

The bulk and MQW m-plane structures were investigated with high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM acquisition was
done with a double aberration-corrected Thermo Scientific Themis Z TEM/STEM at 300kV
acceleration voltage and 0.23nA current. Samples were prepared using the focused ion beam
(FIB) in situ lift-out method on a Thermo Scientific Helios G4 UX Dual Beam. 500V polishing and
plasma cleaning were conducted on the lamellas to reduce high-energy ion beam damage and

contamination.

3. Results and Discussion

The average growth rate and composition for all measured m-plane AlGaN bulk films are
summarized in Figure 1(a) and Figure 1(b), respectively. Under metal rich conditions, we expect
the growth rate to be independent of metal flux. However, for gallium-rich grown structures, we
find that the nitrogen limited growth rate decreases with increasing aluminum flux. This surprising

decrease is super-linear with Al-flux, and at our highest measured aluminum flux results in a



sample with almost half the expected growth rate (Figure 1(a)). The gallium-rich samples also
show a super-linear increase in aluminum content (Figure 1(b)), which follows from the decrease
in incorporated nitrogen adatoms coupled with aluminum’s preferential incorporation over
gallium.?° Note that the reported growth rate and composition for the gallium-rich film with the
highest aluminum flux are rough estimations; this is due to inhomogeneous material, likely partial
relaxation, and large variations in the sample thickness. Samples grown by ISAE, however, show
a negligible decrease in growth rate with increasing aluminum flux (Figure 1(a)), and a linear
increase in aluminum content (Figure 1(b)). This suggests that ISAE efficiently suppresses the

anomalous decrease of m-plane AlGaN growth rate with increasing aluminum flux.
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Figure 1. Plot of the growth rate (a) and aluminum metal fraction (b) of AlGaN (blue) and (In)AlIGaN
(red) layers grown under varying aluminum fluxes. The black dashed line represents the nominal
m-plane GaN growth rate under gallium-rich conditions. AlGaN layers were grown under gallium-
rich conditions, while (In)AlIGaN were grown under an indium surfactant. All samples contain less

than 0.01 mole fraction of indium as modeled by XRD.



HR-STEM images were taken of several samples to verify the film thicknesses as well as
investigate their material quality (Figure 2). Figure 2(b) shows the (In)Alo30Gao7oN layer which
was provided an aluminum flux of ~1.72x10'* atoms/cm?s. To compare with this ISAE sample,
HR-STEM images were taken of a gallium-rich structure with an identical aluminum composition
(Figure 2(a)) and a gallium-rich structure grown with an identical aluminum flux (Figure 2(c)). The
AlGaN samples are significantly thinner than the (In)AlGaN sample. The gallium-rich structure
with identical aluminum composition to the ISAE sample was grown with a reduced aluminum flux
of ~1.38x10"* atoms/cm?s to compensate for the reduced growth rate. Meanwhile, the gallium-
rich sample which was provided an identical aluminum flux to the ISAE sample resulted in an

average ~0.65 aluminum fraction. Note that due to this film’s large variation in aluminum fraction
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Figure 2. HR-STEM images of (a) a gallium-rich Alo2sGao 71N layer grown with ¢,;, = 1.38x10"
atoms/cm?s, (b) an (In)AlpsGaosN layer grown with @,, = 1.72x10'* atoms/cm?s, and (c) a
gallium-rich AloesGaossN layer grown with @4, = 1.72x10'* atoms/cm?s. Dark regions represent

higher aluminum fraction due to the lower atomic mass of aluminum. A gallium cap layer is

visible in (a), which was not grown for (b) or (c). The growth direction is along (10T0).



and thickness (11 nm - 29 nm as measured by large scale HR-STEM), this aluminum fraction is
only a rough estimation based on the supplied aluminum flux and average film thickness.

HR-STEM of the ISAE structure (Figure 2(b)) shows a clear structural improvement when
compared to the similar composition gallium-rich layer (Figure 2(a)). The (In)Alo3Gao7N layer
shows a significant reduction in the density of Al-rich areas, seen in HR-STEM as regions of
darker contrast within the AlGaN layer, resulting in a more homogeneous material. This is similar
to the improvement reported in our previous work for lower aluminum content MQW structures.?
We note, however, that the indium surfactant is not sufficient to completely eliminate the high-
aluminum defects from the (In)AlGaN sample at this Al flux and some defects are visible at the
top of the layer.

The improvement in material quality from ISAE growth is further emphasized when comparing
(In)AlIGaN and AlGaN films which were provided identical aluminum fluxes (Figure 2(b) and Figure
2(c)). These samples have markedly different growth rates and degrees of homogeneity, despite
identical aluminum fluxes. Atom force microscopy (AFM) measurements (see Supplementary
Materials) further highlight these differences. The (In)Alo.30Gao.7oN sample has a smooth surface,
with a RMS roughness of ~0.5 nm over a 10x10 ym? area. The AlGaN sample with similar
aluminum flux, however, had an RMS of ~7 nm over the same area. Note that this is most likely
due to the considerably higher aluminum metal fraction of the AlIGaN sample, which caused
significant relaxation and thus a 3D growth mode. This film appears to have a reduced density of
defects near the top of the layer, which may indicate that strain-related effects also contribute to
the formation of Al-rich defects.

To further study the structure of m-plane (In)Alo30Gao.7oN, a 30-repeat MQW was grown
consisting of 5.5 nm (In)Alp.30Gao 70N barriers and 2.9 nm Ing.16GaossN wells. Figure 3 shows HR-
STEM images of this MQW, revealing the presence of mostly planar high-Al regions similar to
those seen in the bulk layer (Figure 2(b)). We consider these defects to be representative of the
growth conditions, and the small differences between Figure 2(b) and Figure 3 to be qualitatively
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insignificant. In this MQW, the high-Al defects consist of few monolayer thick islands, typically
less than 50 nm wide, and are relatively isolated from each other. Each of these defects appears
directly below a region where the (In)AlGaN layer is thinner, resulting in a depressed
heterointerface compared to the rest of the layer (Figure 3(a)). These features are emphasized in
Figure 3(b). The thinning of the (In)AIGaN layer above these high-Al containing defects suggests
a causal relationship between the formation of Al-rich regions and the reduced growth rate seen

in m-plane AlGaN layers.

Figure 3. HR-STEM images of a 30 repeat (In)Alo.30Gao.70N/Ino.16Gao.saN MQW structure. Lighter
and darker regions represent the InGaN and AlGaN layers, respectively. High aluminum
containing defects are visible in (a) and are outlined in white circles for clarity. Each of these
defects appear below areas where the InGaN QW is thicker and protrudes down into the previous

AlGaN layer. This is highlighted in (b), where grey arrows indicate the high-aluminum defect, and

white arrows show the thicker area of the InGaN QW. The growth direction is along (1010).

This study is the first, to our knowledge, to report growth rate suppression across a wide range

of aluminum fluxes for m-plane AlGaN, and to demonstrate the ability of ISAE to mitigate this
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effect. We also found a compelling link between the formation of Al-rich regions and the reduction
in growth rate. However, growth rate reduction with increasing metal flux has been observed in
high-composition PAMBE m-plane AlGaN, as well as with different growth techniques and surface
orientations.'®?'-2* Shirazi et al. observed a reduction in growth rate in high composition m-plane
Al,Ga:yN (y > 0.50) grown by PAMBE at high-temperature.' They attributed the reduction in
AlGaN growth rate to either the formation of an aluminum layer at the growth front which blocks
gallium incorporation, or to the replacement of Ga-N dimers with Al-N dimers at c-edges. A similar
effect was observed on [0001]-oriented sapphire substrates with metal-organic chemical vapor
deposition (MOCVD).2"?22* These papers reported either a decrease in AlGaN growth rate with
increasing trimethylaluminum (TMAI) flow rate or excessive aluminum incorporation. The
phenomena were attributed to a suggested site-blocking effect by aluminum similar to that
observed for NH; in MOCVD grown GaN?® or nitrogen in NH; molecular-beam epitaxy (MBE).?
Also noteworthy, a decrease in growth rate with increasing metal flux was also reported for low-
temperature InGaN layers grown by MBE on Si [111] substrates by Azadmand et al.?® They
attributed this phenomenon to the formation of metal droplets on the surface, which act as sinks
for metal adatoms.

Further experimental and theoretical work needs to be done to determine the driving
mechanism which leads to the observed reduction in the metal-rich growth rate. However, the
observations in this work give us an increased understanding of the nature of this phenomenon.
For our largest aluminum flux sample, the amount of nitrogen flux that must be lost to result in the
observed decreased growth rate, approximately 3.08x10' atoms/cm?®s, exceeds that of the
provided aluminum flux (~1.72x10'* atoms/cm?s) (Figure 1(a)). This suggests that Al-N dimers
replacing incorporated Ga-N dimers from the surface cannot fully explain the phenomenon. If
every Al-N dimer provided replaced a Ga-N dimer in the lattice, the resulting loss would not be
sufficient to explain the reduction in growth rate. Effects from strain in the solid phase cannot fully
explain the process either, as the strain states of the (In)Alo30Gaog7oN and Alo20Gao 71N layers
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should be similar, but we observe a significant difference in the nitrogen-limited growth rates and

degree of homogeneity between these two layers (Figure 2(a) and Figure 2(b)).
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Figure 4. Aluminum metal clusters on the surface, exhibiting a site-blocking effect which prevents
the incorporation of gallium (1). This results in a reduced AlGaN growth rate, leading to a thinner
AlGaN layer and excess gallium on the surface (2). During the growth of the InGaN layer, this

gallium is incorporated, leading to a locally thicker InGaN layer (3-4).

HR-STEM (Figure 2) combined with the measured average growth rates and aluminum
compositions (Figure 1) suggest that the generation of high-aluminum containing defects is
correlated to the reduction in growth rate observed in m-plane AlGaN layers. In fact, the direct
spatial relationship between these phenomena, illustrated in Figure 3, suggests that the formation
of these planar high-aluminum containing defects is directly responsible for the reduced growth
rate of AlGaN layers. Therefore, we propose a model in which aluminum adatoms segregate at
the growth front, and upon incorporation into the lattice, result in the Al-rich regions seen in Figure
2 and Figure 3. The segregation of these adatoms at the growth front may be due to the relatively
strong Al-Al bond?’ coupled with high diffusion barriers on the m-plane surface compared to those
on c-plane.?2° These Al-rich regions may exhibit a site-blocking effect, similar to that theoretically
described by Goldstein and Ehrlich,* that suppresses the incorporation of gallium into the crystal,

effectively reducing the net alloy growth rate. In bulk structures, this displaced gallium leads to
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droplet formation on the surface. In AIGaN/InGaN MQWs, the displaced gallium is incorporated
into the InGaN layer. Figure 4 illustrates how this model may result in the features seen in Figure
3. We speculate that an indium surfactant increases the diffusion length of aluminum adatoms,
preventing clustering on the surface. This reduces the density of Al-rich regions on the growth
front, and therefore in the material. Since Goldstein and Ehrlich suggest that groups of adatoms
will have a site-blocking effect larger than random atomic distributions,*® with less aluminum
clustering, the site-blocking effect will be reduced, allowing gallium to incorporate into the lattice

and recovering the expected nitrogen-limited growth rate.

Figure 5. HR-STEM images of a 15 repeat (In)Alo.22Gao.76N/Ino.16Gao.ssN MQW structure with 3.4
nm wells and 5.8 nm barriers. Lighter and darker regions represent the InGaN and AlGaN layers,

respectively. No high-Al containing defects are visible in the barriers. The growth direction is

along (1010).

Control of alloy composition is essential for the use of m-plane (In)AlGaN layers in electronic
and optoelectronic devices. Previously, we reported that indium incorporation may be unavoidable

in low-temperature, m-plane (In)AlIGaN.'? This was due to the observation that a gallium-rich
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structure with an indium surfactant exhibited a non-negligible level of indium incorporation.
However, we have shown here that the incorporated nitrogen increases when an indium
surfactant is utilized in AlIGaN samples with identical aluminum fluxes. Thus, it is necessary to
use a higher gallium flux in an ISAE layer compared to that of a gallium-rich layer to maintain
nitrogen-limited conditions and prevent indium incorporation. This methodology facilitates the
growth of low-temperature, m-plane (In)AlGaN layers with little to no indium incorporation that is
necessary for the development of (In)AIGaN/InGaN MQW structures with CBOs large enough to
allow NIR ISB optical transitions. Figure 5 shows HR-STEM of a 15-repeat strain-balanced m-
plane (In)Alo24Gap76N/INo.16GagssN MQW structure grown by ISAE with little to no indium
incorporation in the barrier. We note that the Ga flux was increased while the Al flux was
decreased relative to the structure shown in Figure 3. No high-aluminum containing defects were
visible in HR-STEM images of this structure. This is most likely due to the reduced aluminum
molar fraction compared to the (In)Alo.30Gao.70N/Ino.16Gao.ssN structure presented in Figure 3. Band
structures calculated using the nextnano3 software®' predict a 597 meV CBO, which is sufficient
to enable NIR ISB transitions. To our knowledge, this is the first demonstration of an m-plane

AlGaN/InGaN structure with a large enough CBO to enable near-IR ISB transitions.

4. Conclusion

Bulk m-plane AlGaN films were grown on (10T0)-oriented free-standing GaN substrates by
PAMBE across a range of aluminum fluxes using either gallium-rich conditions or an indium
surfactant. The growth rate of gallium-rich samples was found to exhibit an anomalous decrease
with increasing aluminum flux. As a result, the average aluminum composition of these films
increases super-linearly with increasing aluminum flux. ISAE layers, in contrast, did not show a

significant variation in growth rate with aluminum flux. The aluminum composition of ISAE films
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increased linearly with the aluminum flux, as expected. Moreover, the ISAE layers exhibited a
reduced density of high-Al containing defects and negligible indium incorporation.

Spatial correlation of high-Al containing defects with areas of locally thinner AlGaN layers
observed in a MQW structure suggests that the reduced growth rate is a consequence of the
aluminum-rich defects. This phenomenon is tentatively explained by aluminum adatoms
clustering on the surface and exhibiting a site-blocking effect that prevents the incorporation of
gallium. As a result, the local AlGaN growth rate is reduced and the local aluminum composition
is increased. We propose that ISAE mitigates this phenomenon by increasing surface diffusion,
which reduces clustering and therefore the site-blocking effect. We used these results to grow a
high-quality strain-balanced (In)Aly24Gao76N/Ing.16GagssN MQW structure that has potential
applications for NIR optoelectronic applications.

Supplementary Material

See supplementary material for AFM and optical microscopy images of the samples discussed

in this paper.
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