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The impact of InGaN quantum disk (Qdisk) thickness on the optical emission properties of axial InGaN/GaN
nanowires is experimentally studied. The luminescence of InGaN/GaN nanowire heterostructures grown by
plasma assisted molecular beam epitaxy were measured using a combination of photoluminescence and cath-
odoluminescence spectroscopy. The variation of peak emission wavelength, spectral lineshape, width, and
maximum intensity with the change of Qdisk thickness over the range of 4-12 nm was systematically analyzed.
Both the spectroscopic measurements from the average InGaN Qdisk-related emissions reveal the presence of
built-in piezoelectric strain as evidenced by the luminescence blueshift with increasing pump signal. To deter-
mine the material compositions and their spatial uniformity across the stacked InGaN Qdisks separated by GaN
barriers, transmission electron microscopy with energy-dispersive x-ray spectroscopy were also performed. This
provides further insights into the structural properties of the InGaN Qdisks within GaN nanowires. Thus, our
experimental study serves to advance the understanding of, in general, Ill-nitride nanostructures for the

implementation of classical and non-classical optoelectronic devices.

1. Introduction

One-dimensional (1D) compound semiconductor nanostructures
have recently attracted remarkable research attention due to their great
promise to implement high-performance “quantum” devices such as
single photon emitters (SPEs) [1] and single photon detectors [2] in
addition to their decades-long use in realizing “classical” elements
including light emitting diodes [3], lasers [4], photodetectors [5] and
solar cells [6]. Owing to their unique electronic and optical properties
arising from the anisotropic geometry, large surface-to-volume ratios,
and excellent carrier and photon confinement in two dimensions, such
nanostructures have been exploited to demonstrate novel functional
optoelectronic devices for the last decade. Moreover, 1D structures
allow to produce crystalline materials with a low defect density on a
variety of foreign substrates, including metals and silicon [3,7,8].

Among the material platforms, III-nitride heterostructures have
gained significant prominence and shown great potential in realizing
tunable light emitting devices in a broad spectral region because of the
tremendous progress in p-doped GaN and InGaN/GaN active region
[1,9,10]. In particular, InGaN/GaN NW heterostructures have shown
tremendous promise for applications in solid-state lighting. To achieve
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more scientific and technological breakthroughs in optoelectronic de-
vice applications beyond solid-state lighting, further intellectual un-
derstanding, and improved knowledge in optical emission properties of
InGaN/GaN NW heterostructures are of utmost importance. InGaN
quantum dots (QDs) [1,11] or quantum disks (Qdisks) [12]-in-a-wire are
the two popular nanostructures which have been extensively studied
and successfully used for fabricating high-performance light emitters at
the blue and green spectral regimes and phosphor-free white LEDs. The
optical narrow/broadband emission in these studies [11,13] was engi-
neered by varying the In compositions and/or the size of the dots or
disks. InGaN dot/disk-in-a wire nanostructures have also been employed
to demonstrate the novel tunable SPEs [14-17].

Although high In incorporation in dots/disks of these NWs is proven
to be technically challenging, changing the QD or Qdisk geometry, e.g.,
thickness, is relatively easier to tailor the optical emission. However, the
InGaN QDor Qdisk thickness in these NWs is usually limited to only 3-4
nm [18,19] for the reduction of quantum confined Stark effect (QCSE).
Considering the fact that thicker QWs are expected to offer a higher
radiative recombination rate, leading to a large material gain to result in
high emission intensity and leveraging the NW environment to attain
less strain, this experimental study investigates the impact of Qdisk
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Fig. 1. (a)-(c) 45°-titled SEM images of the three InGaN/GaN NW control samples with different Qdisk thickness, schematic view of a representative NW of the
samples is also shown at the left, (d) simulated band diagram with and without polarization, (e) strain distribution and (f) polarization field and sheet charge density

within the Qdisks.

thickness on emission intensity, and peak emission wavelength of
InGaN/GaN NWs. Our results correlate with the previous counterintui-
tive findings on the influence of strain on the InGaN/GaN NWs [20,21].

In this work, the optical emission characteristics of the InGaN Qdisks
embedded in GaN NWs were determined using photoluminescence (PL),
and cathodoluminescence (CL) spectroscopy at room-temperature.
Morphological and structural characteristics of the NWs were studied
by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), respectively. In compositional fluctuations, and QCSE
present in the stacked InGaN/GaN Qdisks were also explored. A sys-
tematic analysis of the emission energy and intensity coming from the
NW samples makes it possible to observe correlations between Qdisk
geometry, emission energy shift, and emission rates. The results suggest
that the emission wavelength and intensity from the NWs are dependent
on the Qdisk thickness. Thicker InGaN Qdisks are also expected to
reduce the defects present at the InGaN/GaN interfaces and result in an
improved radiative recombination rate.

2. Experimental description

The p-i-n NW structures were grown catalyst-free on n-type silicon
(111) substrates using plasma-assisted molecular beam epitaxy
(PAMBE) under Na-rich conditions. The growth of n-GaN nanowires was
initiated by depositing a few monolayers of gallium (Ga) for 6 sec before
the nitrogen plasma struck. Following the growth of ~200 nm of Si-
doped GaN layer at 775 °C, the growth temperature was reduced to
650 °C to grow InGaN/GaN active regions. Throughout the growth, Ny
flow was fixed at 2.5 sccm with a radio-frequency power of 300 W.
During the active region growth, the Ga and In sources beam equivalent
pressures (BEPs) were set to 3.5 x 108 and 4.7 x 1078 Torr, respec-
tively, while for both n- and p-GaN, the Ga BEP was set to 5.4 x 10~°
Torr. After the deposition of Qdisk-based active region, we adjusted the
growth temperature to only 755 °C to minimize the thermal desorption
of the InGaN Qdisks and proceeded with the growth of 150-nm-thick
Mg-doped GaN layer. Three different control samples, each with 10
pairs of InGaN Qdisks/GaN barriers with varying Qdisk thicknesses,
were grown in our study. While keeping GaN barrier thickness constant
at ~5 nm for the three samples, InGaN Qdisk thickness was increased
from 4 nm in sample-A, to 9 nm of sample-B, and 12 nm of sample-C.

The optical properties of each sample were studied using room-
temperature PL spectroscopy. For the PL measurement, a continuous-

wave 405 nm laser with a variable excitation power and a spot diam-
eter of ~3 mm was used. A Zeiss Ultra Plus standard detector SEM
system at an accelerating voltage of 20 kV was used to determine the
morphology of the three NW samples. The CL imaging and spectra were
measured by a Horiba H-Clue CL system with an iHR320 spectrometer
and Synapse CCD with sensitivity from 200 nm to 900 nm integrated
with a Thermo Scientific Quattro environmental scanning electron mi-
croscope (ESEM). The accelerating voltage for CL observation was 10 kV
for optimal CL intensity and spatial resolution. The chemical composi-
tions of the NWs were investigated by high-angle annular dark-field
scanning transmission electron-microscopy (HAADF-STEM) on a JEOL
3100R05 double-corrected STEM operated at 300 kV with energy-
dispersive x-ray spectroscopy (EDS).

3. Results and discussions

Fig. 1(a), (b) and (c) show the 45° tilted view of the three Qdisks-in-
NWs samples under study. The spontaneously grown NWs develops an
inverse-tapered shape both on the top and bottom, as schematically
shown in top-left of Fig. 1. It is also seen that the average diameter from
sample-A to -C increases as the NW height increases. The growth of p-
GaN grown on top of the active region creates a shell-like structure
around the NW since Mg promotes lateral growth [22]. Formation of
boundary dislocations and increase of average tilting results by coales-
cence of misoriented NWs, resulting in poor structural and optical
properties [23,24]. As can be seen, nanowire coalescences were
completely avoided for all the three samples.

To get a better insight about the degree of strain on Qdisks and its
effects on conduction and valance bands, strain minimization calcula-
tions were done based on the continuum elasticity model and self-
consistent Schrodinger-Poisson equation. 3D numerical simulations
were performed to calculate the band diagram that considered 10 pairs
of InGaN Qdisks and GaN barriers each having 4 nm thickness and 50
nm diameter (Fig. 1(d)). The dotted line represents the band diagram
without considering the polarization effect, i.e. no QCSE (Fig. 1(d)). The
in-plane (€4) and c-plane (€,,) strain tensors along the Qdisk center
were calculated and shown in Fig. 1(e). It was found that along the in-
plane axis Qdisks represented by the shaded regions are compressively
(—1.5 ~ —2%) strained, and along c-axis the Qdsiks experience lattice
expansion (0.3 ~ 0.9%). Due to this strain along the c-axis, piezoelectric
polarization induced sheet charges in the InGaN/GaN interfaces
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Fig. 2. (a) Unnormalized PL spectra at a fixed excitation power, excitation power dependent measurement for (b) emission wavelength, and (c) full width at half
maximum (top) and peak PL intensity (bottom) of the three InGaN/GaN NW control samples.

correspond to an internal electric field of as high as 2.1 MVem™, which is
shown in Fig. 1(f). This internal electric field is responsible for a shift of
the ground-level transition energy AE, leading to a change in the PL and
CL emission wavelengths. This is evident in the following analytic
expression based on the perturbation theory [25],

electron-hole pairs which increase with increasing excitation power
density in our PL and CL measurements. This, in turn, reduces the shift of
the ground-level transition energy, resulting in a blue shift of the
emission wavelength.

Fig. 2(a) presents the unnormalized room temperature-PL spectra of

the three control samples, showing the emission wavelengths shift to
longer wavelengths with increasing Qdisk thickness. The measured peak
emission wavelengths of sample-A, -B and -C are 539 nm, 549, nm and
561 nm, respectively. This could be explained by the InGaN/GaN
mismatch-induced piezoelectric polarization field and the resulting
increased QCSE with the increase of InGaN Qdisk thickness [26-28].
Another well-known phenomenon observed in InGaN is random alloy
fluctuations. With the increase of the total active area volume, randomly
distributed In-rich clusters also increase, leading to a high localization
potential even at room temperature. The thicker Qdisks create a deeper
localization potential which contributes to the redshift in the emission
spectra as well [29].

To interpret the effects of Qdisk thickness, PL spectra were acquired
as a function of excitation power at room temperature, as shown in Fig. 2

AE— 512(m, + my,)e*F*d*

2437512
where e is the elementary charge, F the internal field strength, d the disk
width and m, and my, electron and hole carrier masses, respectively. Here
¥ represents the screening of the internal electric field by the carriers in
the Qdisk as given by y = 1 +;- where,

273 e e0h?
80e2d (m, + my,)

Nger =

is a screening coefficient, g and ¢, the vacuum permittivity and the
relative permittivity of the disk material, respectively. Hence, the
screening of the QCSE is strongly dependent on the concentration of the
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Fig. 3. (a) Room-temperature unnormalized CL spectra of the three control samples, (b) peak wavelengths shift as a function of excitation current density of the three
control samples, (c) excitation current dependent CL spectra for sample-A, and (d) bimodal In compositional distribution of CL spectra for sample-B and sample-C
along with bi-Gaussian fitted peaks, the shorter peak wavelength as peak-1 and the longer peak wavelength as peak-2.
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(b). As excitation power increases, the PL peaks of both sample-B and -C
exhibit a blueshift by approximately 13 nm, while the sample-A shows
almost no change with the excitation power. This blueshift could be
attributed to three possible mechanisms including piezoelectric field-
induced QCSE compensated by a free-carrier screening effect, band-
filling effect and localized carrier potential. The band titling due to
QCSE results in a redshift and is a function of the InGaN thickness.
Increasing the laser excitation powers weakens the QCSE and increases
transition energy resulting in a blueshift [30]. Thus, no blueshift was
observed for sample-A due to a very small built-in piezoelectric field at
the Qdisk-based active region unlike the other two thicker InGaN Qdisk
samples. While the band-filling effect with increasing excitation power
may also cause the blueshift in the emission wavelengths [31,32], this
leads to broadening of the PL linewidth, i.e. larger FWHM [33,34]. The
third mechanism, localization of carrier potential is directly related to
both In-fluctuation in the Qdisks, and internal electric field and thus
promoted by larger Qdisk thickness, which also results in higher PL
linewidth [35,36]. Interestingly, linewidth narrowing is observed with
increasing excitation power as shown in Fig. 2(c), indicating that QCSE
compensation is the most probable mechanism of the PL blueshift. Fig. 2
(c) also presents the PL peak intensity for each sample under different
excitation powers. The larger active region volume of the thicker Qdisk
samples results in carrier distribution along the Qdisk stack, which en-
sures a low carrier density compared to the thin Qdisks [37]. The lower
carrier density ensures suppression of non-radiative Auger recombina-
tion and efficient radiative transition. Due to the increase in the radia-
tive recombination rates, sample-B and -C are found to be nearly 20x
and 30x brighter compared to sample-A. The PL intensity increases
linearly with excitation power with no apparent intensity saturation.
The ~1 value of the slope for all the three control samples indicate that
the band-to-band radiative recombination process is dominant which
could be due to carrier localization effect, as it is widely accepted that at
room temperature carrier localization plays a significant role in over-
coming non-radiative recombination paths.

To further investigate the optical emission properties, the control
samples were further analyzed using the CL system with a much higher
spatial resolution and sensitivity. A redshift in peak emission wave-
length similar to the PL spectra is observed in the RT-CL spectra with
increasing the Qdisk thickness, as shown in Fig. 3(a). The CL peak
wavelengths as a function of excitation current densities of all the
samples is presented in Fig. 3(b). Interestingly, the beam current
dependent CL spectra for each sample show slightly different emission
characteristics from the excitation power dependent PL. Like the PL
data, the blueshift in the peak CL emission wavelengths with increasing
beam current is observed for the control samples except sample-A.

Since QCSE increases with increasing the Qdisk thickness, a larger
blueshift of emission wavelengths was intuitively expected in sample-B
and -C with thicker Qdisks. Interestingly, the total blueshift with the

change of beam current is measured to be nearly same among the three
control samples. Moreover, the total CL blueshift in the entire beam
current range is lower than the PL blueshifts for each respective sample,
presumably due to larger carrier screening effect in CL measurements.
Beside the blueshift, another notable difference between the CL and PL
emission was observed in sample-A. The small beam spot size and high
spatial resolution of the CL system was leveraged for sample-A with low
optical emission. The low optical emission as well as large-area excita-
tion in PL did not give a true representation of our Qdisk-in-NW struc-
tures with no piezoelectric strain. With a small beam spot size of 2 pm x
2 um, the impact of random size distribution among spontaneously-
formed NWs and In compositional fluctuations on CL spectra can be
somewhat minimized. The near identical blueshift for samples with
different InGaN thickness indicates that the QCSE induced redshift of the
emission wavelength is not changing with the increase of InGaN thick-
ness and could be determined by the InGaN/GaN interfaces [38] which
were fixed for all the three samples.

Fig. 3(c) shows the excitation beam current dependent CL spectra
obtained for various beam current density for Sample--A. While the
energy band tilting remained the same, the emission spectra changed as
the Qdisk thickness increases. For Sample-A, the spectra were fitted with
Gaussian functions, while the other two samples show asymmetric
spectra which were deconvoluted to two individual component spectra
with the overlapping emissions. Fig. 3(d) shows the CL emission spectra
for samples -B and -C where a bimodal distribution of In compositions is
seen. The presence of the bimodal distribution can be related to the In
compositional fluctuations present in the InGaN Qdisks [39]. Due to
quantum size effects, a redshift of the deconvoluted peaks is recorded as
the Qdisk thickness increases from sample-B to sample-C.

The superior optical characteristics in terms of the minimal blueshift
with higher excitation current and higher emission intensity for sample-
B and -C is further related to the reduction of point defects, dislocations
while growing a thicker layer without interfaces too close to each other.
The similar behavior was also observed in thin film structures where a
single, thicker quantum well structure resulted in a higher internal
quantum efficiency and significantly longer carrier lifetime compared to
a multi-quantum well (QW) structure with equal volume and same
material [40]. Reduction of interface defects such as Ga vacancies and
alloy fluctuation by growing thicker QWs were responsible for the
improved carrier lifetime [41,42]. The difference between the thinnest
Qdisk sample (sample-A) and the other two thus can be seen as a result
of reduced interaction between the interfaces due to thicker Qdisks and
improved radiative recombination rate with a limited wave function
separation. However, emission intensity as a function of excitation
current shown in Fig. 4(b) revealed near identical intensity for sample-B
and -C. This indicates that optical performance improvement with
thicker Qdisk reaches to a saturation point. The CL intensities were then
further fitted using the power law, I ~ P% to evaluate the recombination
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mechanisms involved in CL spectra of the InGaN Qdisk. Here, I is the
emission intensity, P the excitation power, and « a fitting parameter to
represent various recombination processes [43,44]. The value of a for
each sample is mentioned next to the fitted lines. The non-linear
dependence observed with a < 1 values indicate the existence of
“free-to-bound” and “donor-acceptor pair” recombination processes
while @ = 1 indicates the radiative recombination process dominates.
The origin of a < 1 values often can be related to the In or Ga vacancies
acting as acceptors and N-related donor point defects [45,46]. For
sample-A, a = 0.78 indicates the existence of these sites due to the
interface fluctuation in the thinner wells whereas for B and C, the similar
values are obtained to be 0.94 and 0.9, respectively, yielding superior
material quality. A near saturation point at a current density > 20 mA/
cm? results from the filled density of states associated with the defects.
Although photon quenching was previously reported in InGaN QWs
[47], the a < 1 values of the curves for our three samples is not likely to
be caused by this phenomenon. This is not only because of the use of NW
materials with reduced defects and deep level traps but also our CL
measurements were conducted at a low-injection level (<50 mA/cm?)
where Auger process and photon quenching are less likely to be
triggered.

Fig. 5 (a)-(b) shows the HAADF-STEM and EDS images for sample-C,
showing the 10 stacks of InGaN Qdisks are interfaced with GaN barriers.
As could be expected, the only geometric change in the TEM data of
sample-A and -B with respect to sample-C is the Qdisk thickness. A
progressive increase of the Qdisk width can be seen along the growth
direction. The 90° angle between the c-plane and side-facets indicates a
strain free InGaN/GaN interface which is maintained throughout the
InGaN/GaN pairs. The atomic elemental mapping data for
10 InGaN Qdisks is shown in Fig. 5(c). A low In-content at the first
couple of Qdisks indicates that In-incorporation is hindered at the initial
stages of the growth and gradually reaches to a desired value. This
progressive increase of In-content can be attributed to the compositional
pulling effect [21,48]. A slight reduction in the growth temperature after
the deposition of a few QDs also improves the In sticking coefficient.
This yields a relatively high In-content with less compositional fluctu-
ations along the growth direction. The tapered sidewall morphology at
the NW center of sample-C is due to the low growth temperature at the
NW top that promotes lateral growth with a reduced adatom diffusion
length.

4. Summary

In conclusion, a detailed investigation on the optical and structural
properties of InGaN/GaN Qdisk-in-NW heterostructures was experi-
mentally conducted. It is found that the emission intensity and peak
wavelength of the NWs strongly depend on the Qdisk thickness, sug-
gesting that optical emission can be tailored even without changing In
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compositions. The change in optical properties was explained using the
PL and CL spectral data. The excitation power dependent luminescence
measurements also relate with both compositional fluctuation and QCSE
which are claimed to be the principal reasons of the blueshift of the peak
wavelength. While most of the strain is expected to be screened out of
the material near the Si-GaN interface, the presence of a certain degree
of elastic strain was evident for the NWs, which eventually creates a
bimodal In compositional distribution in the thicker InGaN Qdisks.
Despite the bimodality, our study encourages using thicker InGaN/GaN
active regions to simultaneously enable high quantum efficiency and
tune emission wavelengths.
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