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This review will cover recent work on InN quantum dots (QDs), specifically focusing on
advances in metalorganic chemical vapor deposition (MOCVD) of metal-polar InN QDs for
applications in optoelectronic devices. The ability to use InN in optoelectronic devices
would expand the nitrides system from current visible and ultraviolet devices into the near
infrared. Although there was a significant surge in INN research after the discovery that its
bandgap provided potential infrared communication band emission, those studies failed to
produce an electroluminescent InN device in part due to difficulties in achieving p-type InN
films. Devices utilizing INN QDs, on the other hand, were hampered by the inability to cap
the InN without causing intermixing with the capping material. The recent work on InN QDs
has proven that it is possible to use capping methods to bury the QDs without significantly
affecting their composition or photoluminescence. Herein, we will discuss the current state
of metal-polar INN QD growth by MOCVD, focusing on density and size control,
composition, relaxation, capping, and photoluminescence. The outstanding challenges
which remain to be solved in order to achieve InN infrared devices will be discussed.
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INTRODUCTION

Since InN was found to have a bandgap of 0.7 eV in 2002, the nitrides community has claimed that the
I-nitrides system can span from the near infrared all the way to the ultraviolet (Davydov et al., 2002;
Wu, 2009). While the high energy side has seen considerable research, the low energy side has been
largely left to other III-V materials. While there is a new push for high indium content materials for red-
emitting devices, devices in the infrared have been the subject of less research in the nitrides. However,
there are some significant potential benefits of nitride-based infrared optoelectronics and related
devices (Mi and Zhao, 2015; Notzel, 2017). The nitrides system promises better thermal behavior
compared to arsenide and phosphide based systems by virtue of the wide bandgap of GaN and the large
band offset in the GaN/InN system (Van De Walle and Neugebauer, 2003). Carriers can then stay
confined within the active region and issues such as secondary lasing or carrier overshoot are mitigated.
Furthermore, dislocation movement-which is a concern in other III-V semiconductors-does not
significantly affect the nitrides system (Ishida et al., 1977; Schwartz, 1985; Callahan et al., 2018).
Although InN-based IR devices are attractive in theory, they have presented a considerable
materials challenge. Where there is a lattice mismatch between GaAs and InAs of about 7%, the
lattice mismatch in the GaN/InN system is over 10%. This leads to extremely thin critical thicknesses
before the onset of relaxation and the formation of dislocations. There are also large discrepancies
between the growth temperatures of GaN and InN, particularly for metalorganic chemical vapor
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deposition (MOCVD). Typical growth temperatures for high
quality GaN are above 1,000°C whereas InN is grown below
700°C in order to limit decomposition or sublimation of the InN.
In the case where GaN would be grown on top of In-content
material, a high growth temperature can cause intermixing
between the (In,Ga)N and GaN (Ku et al.,, 2007; Wang et al.,
2008; Li et al., 2013). These challenges lead to difficulties in
growing sufficiently thick InN layer as well as difficulties in
capping any InN with GaN.

MOCVD studies of InN have largely focused on the growth of
nanostructures such as quantum dots or dashes (QDs) due in part
to the natural formation of these structures under large lattice
mismatch conditions. Studies via molecular beam epitaxy (MBE)
have shown evidence for stress driven surface reconstructions
resulting in the formation of Inj33Gage;N instead of pure InN
quantum wells in (0001) InN/GaN multi-layer structures (Suski
et al, 2014; Cheze et al, 2017). Some MBE studies report
monolayer-thick strained InN layers and, while these layers
are useful for digital alloy applications (Yoshikawa et al., 2007;
Yoshikawa et al., 2008; Gorczyca et al., 2018), they have limited
usage in infrared optoelectronics, as their very thin nature
typically leads to a blue shift resulting in emission in the
visible range of the electromagnetic spectrum (Wu et al., 2009).

By MOCVD, thick planar InN layers have been demonstrated
(Bhuiyan et al., 2003; Ruffenach et al., 2010), however there are
additional benefits to the use of QDs in optoelectronic devices. In
comparison to quantum wells (QWs), QDs have additional in-
plane confinement which can localize carriers. This can reduce
the movement of carriers to defects or dislocations which are
present outside of any given QD, mitigating nonradiative
recombination of carriers (Gérard et al., 1996; Mi et al., 2009).
In lasers, QDs have been additionally shown to reduce
transparency current and improve temperature stability
(Arakawa and Sakaki, 1982; Asada et al., 1986).

This review will focus on recent work in MOCVD of metal-
polar InN QDs on GaN for the purposes of light-emitting devices.
Significant work on InN QDs has been conducted by MBE, where
lower temperatures are more common for nitride growth (Ng
et al,, 2002; Norenberg et al, 2002; Zhou et al, 2006; Soto
Rodriguez et al., 2013; Soto Rodriguez et al., 2015). However,
scaling up the growth by MBE is less practical and MOCVD is the
industry standard for optoelectronic devices in the nitrides. Work
on crystal orientations other than the (0001) plane of GaN has
also been conducted but to a lesser extent and will be outside the
scope of the current review (Yoshikawa et al., 2005; Yang et al.,
2016; Bi et al,, 2018; Lund et al., 2018; Reilly et al., 2019b).

Density and Size Control

The ability to control QD size is a critical step toward
optoelectronic devices with precise wavelengths and emission
linewidths. As the dimensions of the InN are reduced to those of
QDs, the wavelength of emission blue shifts dramatically
(Yoshikawa et al., 2008). This can be beneficial by providing a
handle on the wavelength, but this effect can also cause an
undesirable emission broadening when the QDs are not all the
same size. While each individual QD has very sharp emission, the
emission FWHM of the device will be related to the size
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distribution of the QDs. Typically, the size and density are
linked when adjusting the growth parameters. Shape and
aspect ratio are also factors that can vary, with most InN QDs
being truncated hexagonal pyramids of varied aspect ratios, as
seen in Figure 1 (Briot et al., 2003; Ku et al., 2007; Bonef et al,,
2020). Depending on the specific application, different sizes,
shapes, and densities may be required.

The majority of studies reporting InN QD growth are on
c-plane (0001) GaN wusing trimethylindium (TMIn) or
triethylindium (TEIn) as the group III precursor and NHj as
the group V precursor. Results using alternative group V
precursors (dimethylhydrazine and tertiarybutylhydrazine)
showed no growth of InN and were not further considered
herein (Ruffenach et al., 2009). Although there are some
differences in the literature as far as the precise size and
densities of InN QDs at various temperatures are concerned,
general trends hold. Growth parameters such as growth time,
V/III ratio, and temperature all affect the dot size, shape, and
density. Some of these parameters control secondary factors such
as the growth rate and adatom mobilities, where higher growth
rates or lower adatom mobilities typically lead to smaller and
denser QDs when the nominal thickness-the thickness of a
complete layer with the same amount of material as in the
QDs-is kept constant.

The nominal thickness of the QDs is typically directly related
to the growth time and can either be reported as the expected
value, based on a calibrated growth rate and growth time, or it can
be a calculated value, for instance by assuming some size and
shape for the QDs and using the density to find a nominal
thickness. At very short growth times, the calculated nominal
thickness from the QDs may not correspond to the expected
nominal thickness due to the establishment of a wetting layer
(Bonef et al., 2020). At longer growth times, a linear relationship
has been seen between the calculated nominal thickness and
growth time (Meissner et al., 2009). As growth time increases,
initially both dot height and diameter increase until the diameter
stops increasing while the height continues to increase (Meissner
etal,, 2009; Reilly et al., 2020b). The dot density typically increases
sharply in the early stages of dot growth during the nucleation
process, up to densities on the order of 10'® cm™ (T = 550 °C; GR
= of 0.25 A/s) (Bonef et al., 2020). At longer growth times, little
change occurs in the density as the dots continue to increase in
size (Meissner et al., 2009; Reilly et al., 2020b).

Despite the low temperatures necessary for InN growth, the
surface catalytic decomposition of NHj is sufficient at high
enough V/III ratios. At low V/III ratios, In droplets form and
no InN growth may occur (Briot et al, 2003). As the NHj,
cracking efficiency decreases with decreasing deposition
temperatures, higher NH; supplies become necessary to
maintain a sufficient V/III ratio. At a growth temperature of
550 °C, a V/III ratio of 7,150 resulted in In droplets while a V/III
ratio of 15,000 produced InN (Briot et al., 2003). A modulated
flow scheme, in which TMIn and NH; were supplied
intermittently and the NH; background flow during TMIn
flow was varied, showed InN dots decreasing in diameter and
increasing in density as the background NH; flow was increased
(Ke et al, 2006). The height-to-diameter ratio was seen to

Frontiers in Materials | www.frontiersin.org

March 2021 | Volume 8 | Article 647936


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Reilly et al.

InNN Quantum Dots by MOCVD

In [l site fraction

Applied Physics (Bonef et al., 2020; Bonef et al., 2017).
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FIGURE 1 | Atom probe tomography data of INnN QDs on GaN grown by MOCVD. (A) 3D reconstruction, (B) top view with a 50% In iso-concentration surface, (C)
2D side view extracted from dashed region in (B), and (D) 1D concentration profile of In extracted from dashed region in (C). Detection rate was 0.005 atoms pulse™" and
detection efficiency was 37 %, with more information in the references. From Bonef et al., Appl. Phys. Express 13, 065005 (2020). Copyright (2020) The Japan Society of
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FIGURE 2 | (A)-(D) InN QDs in 3D atomic force micrographs; (1.5 pm)2 scans for QDs with growth temperatures of (A) 515, (B) 550, (C) 565, and (D) 600°C. (E)
Room temperature photoluminescence (PL) from INN QDs, excited with a 780 nm laser, with indicated GaN cap thicknesses. From Reilly et al., Phys. Status Solidi B 257,
1900508 (2020). © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (Reilly et al., 2020).

increase with increasing NH; flow, related to the decreased lateral
and increased vertical diffusion of surface adatoms with higher
V/III ratios (Ke et al., 2006).

The deposition temperature has a significant impact on both
growth rate and surface adatom mobility. At very low
temperatures the growth rate is determined by the kinetics of

the precursor decomposition, followed at intermediate
temperatures by a regime where the growth rate is transport
limited and tends to stay relatively constant. However, at higher
temperatures InN will decompose or desorb, causing the growth
rate to decrease with increasing temperature (Meissner et al.,
2008). The surface adatom mobility also increases at higher
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temperatures, leading to longer diffusion lengths on the surface
and less dense QDs. Across many studies, it has been seen that
increasing temperatures led to less dense, taller, and wider QDs
(Figures 2A-D) (Briot et al., 2003; Ruffenach et al, 2005;
Meissner et al., 2008; Reilly et al, 2020b). Changing the
growth temperature over a 100°C range can lead to density
changes of two orders of magnitude, giving a large degree of
control over the density. However, decreased growth
temperatures can lead to problems with capping the quantum
dots, as will be discussed in Photoluminescence and Capping.

Composition and Relaxation

With phase separation of InGaN being a known problem (Ho and
Stringfellow, 1996), bimodal compositional distributions have
been observed in high In containing InGaN QDs (El-Masry
et al, 1998; Tessarek et al, 2011; Reilly et al, 2019a).
Intermixing of InN with the GaN surrounding the InN QDs is
a concern as well. At the very low growth temperatures of InN,
intermixing would be expected to play less of a problem than at
higher temperatures. For uncapped InN QDs, X-ray diffraction
(XRD) has shown the InN composition of the QDs to be very
close to 100% In, with little to no Ga incorporation (Briot et al.,
2003; Meissner et al., 2009; Reilly et al., 2020b). In addition, recent
advances in capping InN with LT GaN have also revealed little Ga
incorporation into capped InN QDs by XRD, photoluminescence
(PL), and atom probe tomography (APT) (Bonef et al., 2020;
Reilly et al., 2020b). Figure 1 presents APT data of capped InN
QDs, in which the center of the dots are observed to be 100% InN
(Figure 1C) and relatively sharp interfaces with the surrounding
GaN exist (Figure 1D), as discussed further in Photoluminescence
and Capping (Bonef et al., 2020).

The XRD data additionally highlight the strain state of the InN
QDs. As may be expected due to the high lattice mismatch
between GaN and InN, the InN QDs are seen to be nearly
fully relaxed. Transmission electron microscopy (TEM) studies
have confirmed the relaxed nature of the InN QDs as well as
confirming the presence of a misfit dislocation network at the
interface between the underlying GaN and the InN QDs (Lozano
et al.,, 2005; Lozano et al., 2007; Ivaldi et al., 2011; Bonef et al,,
2020). The dislocations are largely contained at the interface and
do not propagate into the QDs (Lozano et al., 2005). The growth
of QDs and the relaxed nature of the InN has been seen for very
low nominal thicknesses of under one monolayer (Meissner et al.,
2008; Bonef et al., 2020).

This early onset of QD growth in addition to the relaxed
nature of the dots indicated a Volmer-Weber growth mode of
InN QDs on GaN by MOCVD (Meissner et al, 2009).
Investigations of InN films with a nominal thickness well
below one monolayer showed a thin, incomplete InGaN layer
which developed prior to the onset of InN QD growth (Bonef
et al., 2020). This incomplete layer was visible by both TEM and
APT, with quantification by APT showing that, during the initial
nucleation of QDs, the InGaN layer became thicker and the
proportion of material incorporating into the wetting layer
decreased over time. No conventional wetting layer was
observed, providing further evidence for Volmer-Weber
growth (Bonef et al., 2020).

InNN Quantum Dots by MOCVD

Photoluminescence and Capping
For InN QDs to be incorporated as the active region in standard

LED and laser diode structures, the dots must be buried
underneath additional material, either p-type or n-type. In
keeping with the standard structure of nitride LEDs, the
doped regions would be GaN. Until recently, studies have seen
that the QDs degrade through decomposition and intermixing
effects upon capping with GaN (Ku et al., 2007; Ivaldi et al., 2011).
At higher GaN capping temperatures, which provide higher GaN
quality, this effect was enhanced further. Infrared PL was seen to
drastically decrease as the GaN capping temperature was
increased, with both PL and XRD indicating the degradation
of the InN and the formation of InGaN. In these previous studies,
the InN QDs were deposited at around 700 °C, and the GaN cap
layers were grown between 600 and 730 °C (Ku et al, 2007).
Under all conditions, intermixing was observed. Various other
capping schemes employing lower growth temperatures, InGaN
capping, or two-step capping were also unsuccessful in capping
the InN QDs without degradation (Ivaldi et al., 2011). In one
study, in which the InN composition was thought to be
maintained using lower temperature capping, the shape and
strain state of the QDs were negatively impacted (Lozano
et al., 2006).

In a more recent study, however, the IR luminescence of InN
QDs (room temperature, 780 nm laser excitation) was preserved
after the deposition of GaN cap layers with varying thickness,
with little to no blue shift or loss of intensity (Figure 2E) (Reilly
etal,, 2020b). In the PL, the multiple peaks were due to the Fabry-
Pérot effect. This suggested that the InN QDs were relatively
unaffected by the GaN cap, which was grown at the same
temperature as the QDs. AFM indicated conformal GaN cap
growth, with QDs remaining visible even after deposition of GaN
caps which were thicker than the dot height. XRD showed a slight
peak shift indicative of some Ga incorporation into the capped
InN QDs, however this effect was significantly less than seen in
previous studies (Reilly et al., 2020b; Ivaldi et al., 2011). This may
have been due, in part, to the use of atmospheric pressure
MOCVD suppressing the movement of In. APT studies on
similar samples, with even thicker GaN cap layers, showed no
Ga incorporation in the center of the QDs (Figure 1) (Bonefet al.,
2020). The GaN cap was free of indium after an initial drop-off at
the interface between the QDs and the cap. Interfaces remained
sharp despite the thick cap growth and the size and shape of the
QDs remained similar to that measured via AFM prior to GaN
cap growth.

DISCUSSION

The existing work on InN QDs by MOCVD has mapped out the
growth space such that the size, shape, and density of QDs can be
tailored for specific applications by varying parameters such as
growth time, V/III ratio, temperature, and precursor flows.
Reported densities on the order of 10'° cm™ can be useful for
applications such as LEDs and laser diodes, whereas lower
densities might be wuseful for single-photon emission
applications. These dots were also grown at high enough
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temperatures to allow for GaN capping at the same temperature
without significant PL loss. For applications in LEDs and laser
diodes, further optimizations toward reducing the dot heights, to
the order of 5 nm, while growing at high enough temperatures to
allow for good quality GaN are necessary. Reducing the diameters
of the QDs would also provide benefits if a truly zero-dimensional
regime could be reached. However, as the benefit of QDs being
less susceptible to threading dislocations can be achieved even
with dot diameters too large to provide quantum confinement in-
plane, the diameter of the QDs is less of a concern than the height.
Additionally, maintaining or increasing the dot density to provide
a large emitting area can enhance the benefits associated with the
use of QDs.

Although decreasing the size of the QDs should improve the
device properties, the decrease in dot size causes an increase in
quantum confinement and therefore a blue shift in the emission
properties. This causes the emission of the QDs to be outside of
the 1,550 nm communication band of interest, although there are
still uses for infrared emission at shorter wavelengths.
Engineering around this effect is nontrivial, as the desire for
smaller QDs directly conflicts with the blue shift which occurs.
Other issues also arise for these smaller sizes, including the
increasingly strong dependence of emission wavelength on the
QD size. Extremely precise control over the size is then necessary
to achieve a target wavelength, such that deviations from the
average QD size can significantly broaden the FWHM of the
emission.

Other considerations toward achieving full LED and laser
structures relate to the nature of the GaN cap itself. The
conformal nature of the GaN cap and concerns related to the
quality of the capping layers—in particular the elevated impurity
incorporation in lower temperature GaN films-pose problems
toward successful devices (Ivaldi et al., 2011; Reilly et al., 2020b).
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