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Abstract
InGaN quantum dots were grown by metalorganic chemical vapor deposition and shown to
exhibit a bimodal size distribution. Atom probe tomography was used to characterize the dots in
conjunction with atomic force microscopy, photoluminescence, and x-ray diffraction. Small dots
with low indium contents were found to coexist with larger, very high indium composition dots.
Significant compositional fluctuations were observed in the small dot population. The dots
showed abrupt interfaces with the surrounding GaN, verifying the ability to cap the dots without
causing intermixing for even extremely high indium content dots.

Keywords: nitrides, atom probe tomography, metalorganic chemical vapor deposition,
quantum dots

(Some figures may appear in colour only in the online journal)

1. Introduction

Applications such as highly efficient solid-state lighting and
displays call for light-emitting diodes (LEDs) and laser diodes
(LDs) that span the entire visible spectrum [1]. The nitrides
semiconductor system has promised that the full visible
spectrum can be provided by GaN-based devices. However,
long wavelength emission into the green, amber, and red
regions has proved difficult to achieve efficiently in GaN
based devices. One of the reasons for this is the quantum
confined Stark effect within c-plane oriented InGaN quantum
wells (QWs), which is a polarization effect that decreases the
overlap between the electron and hole wavefunctions. With
higher indium concentration InGaN alloys, the higher strain
to GaN causes stronger piezoelectric polarization effects,
leading to larger electron and hole wavefunction separation
and reduced efficiency in the active region. Proposed solu-
tions include using non- and semi-polar planes [2–4], V-pit
engineering [5, 6], and the replacement of QW active regions
with quantum dot (QD) active regions [7–9]. All of these

solutions can be attributed, in part, to polarization reduction in
the active region of the device.

In the case of LDs, there are additional benefits in using
QDs due to the three-dimensional confinement. When com-
paring the QD system to QWs, the QD system provides higher
gain, lower threshold current, and less temperature dependence
on the threshold current [10, 11]. QDs and dashes have proved
useful for laser applications in other III–V systems, such as
arsenides and phosphides [12–15]. QD active regions interact
less with threading dislocations due to lateral carrier confine-
ment [16], making them optimal for cases where the material
quality is lower, such as epitaxial growth on mismatched sub-
strates for photonic integrated circuits [17]. There is also evi-
dence in the arsenide system for high reliability of QD based
lasers [18, 19]. In the nitrides, InGaN QD lasers have been
demonstrated by both molecular beam epitaxy and metalorganic
chemical vapor deposition (MOCVD) growth [20–22].

Most InGaN QD work by MOCVD has focused on rela-
tively low indium composition InGaN, with indium contents
well under 50%. To make use of smaller sized, high density
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QDs, higher indium compositions need to be achieved due to the
larger blue shift with increasing quantum confinement.
Achieving higher indium content InGaN by MOCVD is chal-
lenging due to the differences in lattice constants and growth
temperatures between InN and GaN. The 10% lattice mismatch
between InN and GaN leads to relaxation of InN on GaN
through the formation of misfit dislocations at the InN/GaN
interface [23, 24]. While high quality MOCVD GaN is typically
grown near 1100 °C, InN is typically grown at temperatures
around 600 °C to prevent sublimation. For nitride LEDs and
LDs, the composition of the InGaN QW active region is often
controlled by varying the temperature, with lower temperatures
corresponding to more indium. However, to achieve sufficiently
high indium content with this method, temperatures would have
to be in the range of those for InN growth. Lower growth
temperatures can be problematic due to lower ammonia cracking
efficiency, lower adatom surface mobility, and increased incor-
poration of carbon and oxygen impurities [25].

Despite the apparent incompatibility of InN and GaN,
MOCVD studies have shown the growth of InN QDs on GaN
with photoluminescence in the infrared [26–28]. Approaching
high In composition InGaN growth from the low temperature
growth conditions of InN has the advantage that In desorption,
which is observed during InGaN growth at higher temperatures,
is suppressed. However, when introducing gallium into InN to
form InGaN QDs, another issue that has been reported is the
realization of a bimodal distribution of InGaN into regions of
lower and higher indium compositions, as discussed in the
references [29–32]. In those systems, the lower indium compo-
sition dots are small in comparison to the higher indium com-
position dots. Directly characterizing the compositions of these
separated regions has previously proved challenging, particularly
due to redistribution of QDs upon capping [33]. Recent results
have shown the ability to cap InN QDs grown on GaN, which
allows for further characterization of buried structures through
techniques such as atom probe tomography (APT) [27, 34].

Laser assisted APT has now extensively been applied for 3
dimensional nanometer scale characterizations of III-nitride
semiconductors and devices [35, 36]. This technique can
simultaneously provide geometrical and compositional infor-
mation of nano-size features such as quantum wells [37, 38],
QDs [39, 40], or even defects [41, 42]. Here, APT is particularly
interesting to study compositional fluctuations of indium and
gallium in the dots, as well as their shape and interface sharp-
ness. These can be highly dependent on the MOCVD growth
conditions of the samples. In this work, we have explored the
growth of InGaN dots by MOCVD at a growth temperature of
565 °C and compositions of 50% indium and higher. Char-
acterization has been performed via APT as well as atomic force
microscopy (AFM), room temperature photoluminescence (PL),
and x-ray diffraction (XRD).

2. Experiment

All growth experiments were conducted using an atmospheric
MOCVD reactor with ammonia, triethylgallium (TEGa), tri-
methylgallium (TMGa), and triethylindium (TEIn) as precursors.

The dots were deposited on GaN-on-sapphire layers grown at
high temperature with ammonia and TMGa in situ prior to
InGaN dot deposition. The GaN layer underneath the dots was
n-type doped with Si to grow the dots as if in an active region
for a device structure. The binary InN and GaN growth rates
were separately calibrated by growing thick layers on silicon and
measuring the thickness with ellipsometry [23].

InGaN dots were grown at 565 °C, varying growth time
and composition. The samples belonging to the growth time
series were deposited with TEIn and TEGa flows corresp-
onding to binary growth rates of 0.15 Å s−1 for InN and
0.10 Å s−1 for GaN, resulting in an InN to GaN growth rate
ratio, r(InN):r(GaN), of 3:2. Deposition times were 25, 50,
150, and 500 s. The corresponding nominal planar InGaN
layer thicknesses were 0.5 nm, 1 nm, 3 nm, and 10 nm,
respectively. A compositional series was grown with a con-
stant growth time of 150 s and r(InN):r(GaN) ratios of 3:1,
3:2, and 1:1. In this series, the TEIn flow was kept constant
and corresponded to a nominal InN growth rate of 0.15 Å s−1.
The TEGa flow was varied, with the total nominal InGaN
growth rate of the dots being 0.20 Å s−1 (3:1), 0.25 Å s−1

(3:2), and 0.30 Å s−1 (1:1). In addition one sample was grown
with an InGaN growth time of 50 s and a r(InN):r(GaN) ratio
of 3:2, which was capped with 5.8 nm of n-type Si-doped
GaN grown with TEGa directly after the InGaN at the same
temperature as the dots. To facilitate the preparation of APT
tips, a 140 nm thick polycrystalline GaN cap was deposited
via MOCVD on the capped sample with TEGa and TMGa at
565 °C as a regrowth after initial analysis.

AFM was conducted on all samples using an Asylum
MFP-3D with scan sizes of (1.5 μm)2. Room temperature
infrared PL measurements were taken using a liquid nitrogen
cooled InGaAs detector and excitation with a 780 nm laser
incident on the sample through a microscope objective (the
objective lens was also used to collect to the luminescence).
The detector allowed data collection from 800 to 1550 nm.
Room temperature visible PL was collected using a HeCd
laser emitting at 325 nm. XRD ω-2θ scans were taken for the
compositional series around the (0002) GaN peak with a
Panalytical MRD PRO. The indium composition of the grown
material was extracted from the XRD scans using the Pana-
lytical Epitaxy software.

A FEI Helios 600 dual beam FIB instrument was used for
the preparation of the needle shaped samples for the APT ana-
lysis [43]. The APT analyzes were performed with a Cameca
3000X HR Local Electrode Atom Probe operated in laser-pulse
mode (13 ps pulse, 532 nm green laser, 10μm laser spot size)
with a sample based temperature of 30K. The laser pulse energy
and the detection rate for the experiments were respectively set to
0.5 nJ and 0.01 atoms per pulse. The 3D reconstruction were
carried out using a geometrical based algorithm implemented in
the commercial software IVASTM [44].

3. Results and discussion

Figure 1 shows the evolution of the InGaN dots with
increasing growth time at a constant r(InN):r(GaN) ratio of

2

Semicond. Sci. Technol. 34 (2019) 125002 C E Reilly et al



3:2. In this series, initially only one dot population can be
seen (figure 1(a)) before a few smaller dots appear by a
growth time of 50 s (figure 1(b)), with a bimodal distribution
visible at longer growth times (figures 1(c), (d)). The larger
dots about doubled in density between 25 and 50 s, reaching a
density of around 1.3×1010 cm−2 at a growth time of 50 s.
No significant change in density was observed when the
deposition time was further increased to 500 s. The large dots
showed little change in height between 25 s (8 nm) and 50 s
(10 nm) but grew upwards between 50 and 150 s to a height
of about 21 nm, after which the height remained unchanged.
The width of the dots increased from about 40 to 62 nm when
the growth time was increased from 25 to 50 s but exhibited
an only modest increase to about 71 and 77 nm when the
growth time was further increased to 150 s and 500 s,
respectively. The smaller dots did not appear on the scale of
the AFM image for the sample with a growth time of 25 s but
were clearly visible at a growth time of 150 s. Their diameters
increased slightly from about 36 to 43 nm between growth
times of 150 and 500 s. Simultaneously, their height increased
from 4 to 8 nm. Note that the circular shape of the dots in the
AFM images may be an AFM tip effect, and that the apparent
dot sizes may be considered as upper limits.

Figure 2 shows the room temperature IR PL spectra taken
from the samples belonging to the time series, with a detector
limited upper wavelength of 1550 nm. The fringes in the PL
spectrum were Fabry–Pérot fringes caused by the interference
from the GaN/sapphire interface. All samples showed infra-
red emission from the dots. Peak wavelengths for the two
thicker samples were the same at around 1280 nm, suggesting
that there was no additional quantum confinement or com-
positional change for the 150 s compared to the 500 s sample.
As the expected luminescence wavelength for pure bulk InN
was 1770 nm, outside of the range of the detector, the
emission at 1280 nm was likely associated with some gallium
incorporation in the dots. The blue shift of about 100 nm for
the 50 s sample was attributed to quantum confinement effects
due to the lower height of the large dots as observed by AFM.
The 25 s sample had low PL intensity, but the peak appeared
to be blue shifted by another 100 nm from the 50 s sample
consistent with an increased quantum confinement. In addi-
tion to the blue shift, the intensity decreased as the growth
time decreased for all samples, as would be expected due to
the smaller amount of light emitting material.

Figure 3 displays the AFM images of the samples from
the compositional series in which the amount of Ga precursor

Figure 1. InGaN dots in 2D atomic force micrographs; (1.5 μm)2 scans for InGaN dots grown with a r(InN):r(GaN) ratio of 3:2 and growth
times of (a) 25 s, (b) 50 s, (c) 150 s, and (d) 500 s. Scale bar from 0 to 17 nm for (a),(b) and 0 to 50 nm for (c), (d).
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injected during dot growth was varied. All samples showed a
bimodal distribution of larger and smaller dots via AFM.
Particularly for the two samples grown with higher TEGa
flows, the dots appeared to align along steps of the underlying
GaN. With increasing TEGa flow for the dots, the large dots
became smaller and their density decreased whereas the
density of the small dots increased. This suggested that
the larger dots may have had a higher indium content and the
smaller dots a lower indium content.

Figure 4 shows the room temperature IR PL spectra for
the compositional series samples. As more TEGa was added
to the gas phase, the PL blue shifted and decreased in
intensity, corresponding to the larger dots having decreased in
size and density. The peak wavelength for the sample grown
with the lowest TEGa flow was above 1550 nm and thus
outside of the range of the detector, indicating the presence of
dots with a very low amount of gallium. The PL peak for the
mid-range composition sample centered around 1230 nm and
the peak for the sample with the highest TEGa flow was about
1150 nm. As the growth time series showed a similar degree
of blue shift and intensity with decreasing dot sizes, a sig-
nificant degree of this shift and intensity drop in this series
could have been associated with increased confinement
effects in the high indium composition dots, which decreased
in size and density with increasing TEGa flow as well.

For both the time and composition series, visible PL was
also collected using a HeCd laser. Yellow luminescence from
the underlying n-GaN:Si dominated the spectra. As the
samples in both series were uncapped, the lack of lumines-
cence was not unexpected due to InGaN surface band bending
resulting in a lack of carriers. In comparison, the very high
indium composition dots with a significantly smaller bandgap
may exhibit an electron accumulation near the surface similar
to that known for InN, enabling the observation of lumines-
cence [28]. Additionally, if carriers were not well confined
within the InGaN dots and were able to move, they would

have fallen into the potential wells of the dots with higher
indium compositions.

XRD ω-2θ scans measured on the composition series are
shown in figure 5 to further analyze the dot composition. The
tall sharp peak corresponded to the GaN (0002) peak in each
sample. The existence of a peak around 15.7° near that
expected for relaxed InN as well as the shoulder on the left
side of the GaN peak, which increased in intensity with
increasing TEGa precursor flow, further support the existence
of a bimodal dot population. Due to the peaks being broad, it
was difficult to assign accurate compositions. The sample
with the lowest gallium content showed a defined XRD peak
close to that of the relaxed InN (0002) peak, indicating very

Figure 2. Infrared photoluminescence at 300 K with 780 nm laser
excitation for InGaN dot samples with growth times from 25 to
500 s.

Figure 3. InGaN dots in 2D atomic force micrographs; (1.5 μm)2

scans for InGaN dot samples grown with r(InN):r(GaN) ratios of
(a) 3:1, (b) 3:2, and (c) 1:1. The deposition time was 150 s. Scale bar
from 0 to 50 nm for (a/b) and 0 to 27 nm for (c).
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little gallium content, consistent with the PL being over
1550 nm in peak wavelength for the same sample. The XRD
peak of the In rich dots decreased in intensity and shifted
somewhat towards the GaN peak as gallium precursor injec-
tion was increased, consistent with the decreasing size and
density of the larger, In rich dots observed in the AFM
images. Simultaneously, the InGaN shoulder adjacent to the
GaN peak increased in intensity, indicating the increased
presence of material with lower indium compositions. As the
AFM images taken from the composition series samples
showed an increase in the small dot population with an
increase in TEGa flow, the shoulder peak was attributed to the
small dot population.

For the highest gallium precursor flow, the two peaks
cannot be resolved, and the AFM images for the same sample

showed the larger dots becoming smaller and sparser. The
infrared PL remained for this sample, suggesting that the lack
of resolution of the XRD peaks was due to the lower intensity
of the peak near InN and not necessarily the dot populations
merging. The broadness of the InGaN shoulder peak would
be consistent with significant compositional fluctuations in
the small InGaN dots, such that the small dot population did
not have a well-defined composition.

Figure 6 shows the APT data of the capped InGaN sample
with an InGaN growth time of 50 s, where the analysis of the
uncapped sample showed primarily InN rich dots. The APT data
allowed for the site-specific observation of the In distributions
within and outside the dots, which cannot be obtained using
XRD. Additionally, the shape and size of the dots could be
obtained. Figure 6(a) shows a 3D side view of a large dot. The
population of large dots in this sample was significant enough to
capture a dot in an APT sample without prior site-specific
preparation procedure. Only four tips were evaporated here to
have one containing a dot. A top view of the dot, evidenced by
an In iso-concentration surface [45], is shown in figure 6(b). The
dot appeared to have a truncated hexagonal pyramid shape with
a flat top interface and well-defined sharp side facets. At the
bottom interface, the dot appeared to be around 20 nm wide and
its height was about 15 nm. Figure 6(c) shows a 2D con-
centration map of In in the dot, extracted from the volume
indicated in figure 6(b). The In projection was projected along
the Y direction in a 26×5×20 nm3 sampling volume. Voxel
size and delocalization parameters to calculate local In compo-
sitions were respectively 0.5 nm and 2 nm in all directions [46].
The truncated hexagonal pyramid shape of the dot was clearly
obtained from figure 6(c). Bottom, top and side interfaces
appeared to be similar according to the In distribution and no
significant In incorporation was observed in the GaN cap layer.
A high In fraction above 0.8 was observed in all the dot. The
highest In fraction of 1 was measured in the bottom part of the
dot with a progressive incorporation of Ga observed moving
closer to the top interface. A 1D concentration profile showing
the In concentration in the dot along the [0001] growth direction
is shown in figure 6(d). As already observed in figure 6(c), the
dot was pure InN close to the bottom interface with a pro-
gressive incorporation of Ga which did not exceed a III site
fraction of 0.2.

4. Conclusions

In conclusion, InGaN dots were grown by MOCVD. The
bimodal population of dots showed room temperature infrared
photoluminescence consistent with the presence of very high
In composition dots, which was confirmed by APT analysis.
The larger hexagonal dots that were nearly pure InN existed
alongside smaller, flatter dots with lower indium composition.
The high In composition dots showed abrupt interfaces with
the surrounding GaN, providing evidence that there was
minimal intermixing when the GaN cap was grown. The lack
of intermixing when capping opens the potential to work with
high indium content designs in future InGaN QD systems.

Figure 4. Infrared photoluminescence at 300 K with 780 nm laser
excitation for InGaN dot samples grown with different r(InN):r(GaN)
ratios.

Figure 5. X-ray diffraction (XRD) ω-2θ scans showing the (0002)
peaks for GaN and InN for the InGaN dot samples grown with
different r(InN):r(GaN) ratios. Arrow indicates relaxed InN (0002)
peak position.
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