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Abstract: InGaN quantum dots (QDs) are promising candidates for GaN-based all-visible optoelec-
tronic devices such as micro light-emitting diode and laser. In this study, self-assembled InGaN/GaN
multi-quantum dots (MQDs) have been grown by plasma-assisted molecular beam epitaxy on c-plane
GaN-on-sapphire template. A high density of over 3.8 x 100 em~2 is achieved and InGaN QDs ex-
hibit a relatively uniform size distribution and good dispersity. Strong localization effect in as-grown
InGaN QDs has been evidenced by temperature-dependent photoluminescence (PL). The variation
of peak energy is as small as 35 meV with increasing temperature from 10 K to 300 K, implying
excellent temperature stability of emission wavelength for InGaN MQDs. Moreover, the radiative
and nonradiative recombination times were calculated by time-resolved PL (TRPL) measurements,
and the temperature dependence of PL decay times reveal that radiative recombination dominates
the recombination process due to the low dislocation density of QDs structure.

Keywords: InGaN quantum dots; carrier recombination dynamics; molecular beam epitaxy

1. Introduction

In recent years, InGaN alloy and related heterostructures have been widely applied
to visible light emitters diodes (LEDs) and laser diodes (LDs) for applications such as
solid-state lighting, high-density optical storage, and full-color display, due to excellent
optical performance and the emission spectrum covering the full visible light region [1-4].
However, there remains some challenges for InGaN quantum-wells (QWs) based de-
vices, especially long wavelength emission diodes. For example, InGaN-based LEDs and
LDs have been suffering from the “green gap” problem, as well as the lack of efficient
InGaN-based red micro-LED chips for red-green-blue (RGB) micro-LED display. One is
the deteriorated crystal quality for high In-content InGaN due to a large lattice mismatch
between the InGaN and GaN layer, and the other one is the quantum confined stark effect
(QCSE) caused by strong piezoelectric polarization effects within c-plane-oriented InGaN
QWs [5-9]. Recently, quantum dots (QDs) structure has been considered an alternative
for InGaN-based long wavelength optical devices. Compared to QWs structure, QDs
can improve the material quality by effective strain relaxation attributed to the formation
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of a dot-like structure rather than dislocations [10], and can promote indium incorpora-
tion to obtain longer wavelength light emitting. Moreover, because of the much weaker
piezoelectric polarization field than that in QWs, QDs can significantly suppress QCSE
and thus enhance luminescence efficiency of InGaN-based optical devices [11-15]. InGaN
QDs-based LEDs and LDs operating from blue to red emission ranges have recently been
prepared [12,13,16], even though the crystal quality and device performances are still far
away from practical applications.

Self-assembled technology based on the Stranski-Krastanov (SK) mode is used most
commonly for InGaN QDs. At present, most InGaN QDs work have focused on the growth
methods improvement and related devices fabrication by MOCVD. The studies about the
growth of InGaN QDs grown by MBE are not systematical, even though unique advantages
in the growth of low low-dimensional materials. Moreover, in spite of a few reports [17-19]
on the luminescence mechanism of InGaN QDs, further studies are required for the intrinsic
relation between microstructure with optical properties, as well as carrier dynamics [20,21].

In this study, InGaN/GaN MQDs material has been grown by a plasma-assisted molec-
ular beam epitaxy system on a c-plane commercial GaN-on-sapphire template. Atomic
force microscopy (AFM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD) are used to characterize the surface morphology and microstructure of InGaN
QDs. Temperature-dependent photoluminescence (PL) results indicates a strong local-
ization effect of as-grown InGaN QDs, resulting in a relatively high internal quantum
efficiency (IQE). In addition, the carrier recombination dynamics in InGaN QDs is investi-
gated by combining time-resolved PL (TRPL) measurements with the calculation of carrier
decay times.

2. Experiments
2.1. Growth of InGaN MQDs Structure

InGaN/GaN MDQs sample was epitaxially grown using Veeco Gen20A plasma-
assisted molecular beam epitaxy (PA-MBE) on a c-plane (0001) 3.5-um thick GaN-on-
sapphire template. Gallium (Ga) and indium (In) are ultra-high purity solid-state single
substances. Reflection high energy electron diffraction (RHEED) was used to in-situ
monitor growth modes of InGaN QDs. The schematic of the sample structure is shown
in Figure la, mainly including 8 pairs of InGaN/GaN quantum dots (QDs), and low-
temperature (LT) GaN layers as quantum barriers. The top layer is a InGaN QDs material
that is able to characterize their surface topography. Before growth, the GaN-on-sapphire
template was cleaned using standard solvents and degassed in two steps at 200 °C for
2 h in the Load-lock chamber and at 760 °C for 0.5 h in the growth chamber to remove
surface contamination and oxide film. A 100-nm thick GaN buffer layer was firstly grown
at 740 °C with Ga flux in beam equivalent pressure (BEP) of 6.0 x 108 torr during which
the RHEED pattern remined bright and streaky. InGaN QDs were grown at 630 °C with
In flux of 8.0 x 10~ torr and Ga flux of 2.0 x 10~ torr, followed by a GaN barrier layer
grown at 650 °C with Ga flux of 4.0 x 1078 torr. The formation of QDs was proved by
monitoring 2D-3D morphological transformation through RHEED from streak to spot, as
shown in Figure 1b. During the growth progress, the nitrogen flow rate and plasma power
were fixed at 0.6 sccm and 310 W, respectively.

2.2. Measurements of Micromorphology and Optical Properties

The surface morphology of the sample was measured by Bruker Dimension ICON
AFM. The cross-sectional structure of the sample was observed using a FEI Talos F200X
TEM and multilayer interface structure was measured by D8 XRD. Temperature-dependence
PL spectra were measured in a range from 10 K to 300 K by tunable Ti-sapphire lasers
with an excitation wavelength of 405 nm. TRPL measurements were performed using a
405 nm Ti-sapphire laser with a pulse width of 100 fs and a repetition frequency of 80 MHz,
detected with a Hamamatsu C4334-04 synchro scan streak camera with a time resolution
of 15 ps.
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Figure 1. (a)The schematic of the sample structure and (b) the evolution of RHEED pattern during
the formation process of InGaN QDs.

3. Results and Discussion

Figure 2 shows a high resolution XRD scan curve in (002) crystal plane of InGaN/GaN
MQDs. The first and second order satellite peaks around the main reflection can be
observed, which suggests that abrupt InGaN/GaN interfaces are formed. This is consistent
with the phenomenon that RHEED maintains sharp and streaky patterns during the growth
process of GaN barriers shown in Figure 1b, which is indicative of a two-dimensional
growth model. Smooth surface morphology of GaN barriers is important for the multilayer
growth of InGaN QDs and optical properties of related devices.

GaN peak

Intensity(counts)

33.8 34.0 34.2 34.4 34.6 34.8
2 theta(degree)

Figure 2. HRXRD scan curve in (002) crystal plane of a InGaN/GaN MQDs structure on a
GaN template.

The surface morphology of the InGaN QDs sample was investigated by AFM under
alpm x 1 pum scan region as presented in Figure 3a and its three-dimensional (3-D)
image is shown in Figure 3b. The truncated pyramidal feature of self-assembled QDs
structure with excellent independence are exhibited and its surface density is calculated
to be 3.8 x 10'® cm~2, which is similar or larger than that in other reports about InGaN
QDs [19,22,23]. Figure 3c,d are the histograms of the quantum dot height and diameter
size distribution, and the average of the height and diameter sizes are mainly concentrated
in 2.3 £ 0.3 nm and 28 £ 4 nm, indicating distribution uniformity of dot size.
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Figure 3. (a) AFM image and (b) corresponding 3-D images of the surface layer for InGaN QDs at a
scan region of 1 um x 1 um; (c) height distribution histogram of the surface layer of InGaN QDs; and
(d) diameter distribution histogram of the surface layer of InGaN QDs.

Cross-sectional TEM image and EDS mapping for In atoms of the InGaN MQDs
sample are shown in Figure 4a,b respectively. The InGaN/GaN MQDs structure can be
clearly observed and distinct InGaN QDs are scattered in GaN barrier layers. Figure 4c
measured by HRTEM shows the enlarged partial view for InGaN QD on the surface layer.
The height and diameter of the QD is estimated to be about 2.8 nm and 31 nm, respectively,
which is close to the AFM results. Moreover, a coherent and abrupt InGaN/GaN QD
interface without misfit dislocations can be observed, implying fully stress relaxation
though 3D QD formation. The uniform size should be attributed to the GaN barrier grown
under a relatively low temperature at 650 °C by MBE, which prevents the dissolution of
InGaN QDs.

(a)

HAADF

Map data 2899
HAADF MAG: 320kx

Figure 4. (a) Cross-sectional transmission electron microscopy image of InGaN MQDs and (b) two-dimensional EDS
mapping for In atoms; (c) enlarged partial view of QD on the surface.
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Carrier Recombination Dynamics of InGaN/GaN MQDs

The PL spectra of InGaN QDs at different temperatures from 10 K to 300 K under
an excitation power of 1 mW are shown in Figure 5a. A 405-nm laser was used as an
excitation source to avoid stimulating the carriers in the GaN barriers. The evolution trends
of peak energy and FWHM with temperature are shown in Figure 5b. The PL peak energy
remains almost unchanged in the range of 10~100 K and then exhibits a slight red-shift of
35 meV up to 300 K, which does not conform to the S-shaped behavior with the increase of
temperature in both InGaN QWs and QDs [19,24,25]. At a low temperature of 10 K, carriers
are randomly distributed in both shallow and deep localized states, which are caused by
size and indium composition nonuniformity of QDs. The redshift of emission is commonly
observed as the temperature rises slightly because the shallow localized carriers would
be activated and relax into the deep localization states. However, a negligible blue-shift
rather than red-shift is observed in the range of temperature lower than 100 K. It indicates
that the as-grown InGaN QDs sample has a strong confinement effect even in shallow
localization states, which prevents carriers from relaxing to the deep localization states.
The slight blue-shift is attributed to more dispersed distribution in deep localization at a
higher temperature, where the carriers are thermally activated and recombined at higher
energy states. As the temperature further increases to 300 K, the carriers will escape from
the localization states, and temperature-induced bandgap shrinkage effect results in a red
shift of peak energy [26]. In addition, with the evolution of PL peak energy caused by the
transfer and redistribution of activated carriers at different localization states, FWHM has
a small increase of 12 meV from 10 K to 300 K.
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Figure 5. (a) PL spectra of InGaN QDs sample at different temperatures from 10 K to 300 K; (b) PL peak energy and FWHM
as a function of temperature.

The PL intensity decrease monotonically with an increasing temperature, which is
due to an enhanced non-radiative recombination. Figure 6 presents the variation of nor-
malized integrated PL intensity with temperature. The IQE is calculated to be 20.8% by an
I(300 K)/1(10 K) ratio assuming that the non-radiative recombination centers are completely
frozen at 10 K. The variation of normalized integrated PL intensity with temperature could
be well fitted to the following Arrhenius equation [27,28],

_ Io
o —Ea —Ep
I+ eXP( Kol ) + O‘ZQXF’( Kol )

I(T) ¢y

where I(T) represents the normalized integrated PL intensity at temperature T. o¢; and «; are
two coefficients corresponding to the density of two kinds of non-radiative recombination
centers in the samples; E,1 and E,; are the activation energy related to the non-radiative
recombination process. According to the fitting result, E;; and E,, are 8.62 meV and
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54.31 meV, respectively. E,; can be regarded as the activation energy of local state centers
and it may correspond to the energy of carriers being thermally activated from the band
edge. E,» represents the necessary energy for the carrier to thermal escape from defect-
related nonradiative recombination centers [14]. The values of E;; and E,; are equal or
superior to the reported results. It is noted that «; and «; are only 4.43 and 0.34, which are
much smaller than that of InGaN QWs or QDs materials grown by MOCVD [29,30]. It is
proved that the as-grown InGaN QDs grown by MBE has a lower dislocation density and
hence fewer non-radiative recombination centers, resulting in high IQE.
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Figure 6. Variation of the normalized integrated PL intensity with the reciprocal temperature for the
InGaN QDs sample. The red solid lines represent the Arrhenius fitting results.

The carrier’s lifetime and transport process are critical to the device performance
of LED, which are determined by the carrier’s recombination dynamics. In order to
further explore the relaxation and recombination mechanism of carriers in QDs, TRPL
measurements were performed at different temperatures with an excitation power of 1 mW.
Figure 7a shows the TRPL decay curves at different temperatures from 10 K to 300 K. All
decay curves are well fitted with a two-componential exponential function as followed [18]:

I(t) = Ajexp(—t/T1) + Arexp(—t/T2) )

where I(t) is the PL intensity as a function of time, A; and A, are weighting coefficients,
and 71 and T, represent PL decay times in the fast and slow component, respectively. The
fitting results of T1 and T, are listed in Table 1. The decay mechanism was investigated
on the basis of the presence of multiple carrier localization states. Besides two kinds of
non-radiative recombination centers caused by defects according to previous analysis, there
exist different QD-related localization states because of size and composition fluctuations in
self-assembled InGaN QDs, which are conducive to radiative recombination. At the early-
stage decay, the excited carriers in the shallow localization states recombine rapidly, and
are activated by thermal energy, easily relaxing to deep localization states or nonradiative
centers, which results in a fast decay process. After that, the carriers in deep localized
centers need a longer time to recombine due to stronger localization effects, corresponding
to slow decay process. The fitting results for Ty and T are 1.14 ns and 16.7 ns at room
temperature, respectively.
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Figure 7. (a) TRPL spectra of InGaN/GaN MQDs at different temperatures and (b) the variation of
PL decay times for T and T, with temperature. Temperature dependence of the carrier recombination

time for (c) 1 and (d) 1».

Table 1. PL decay times of fast and slow component at different temperatures.

Temperature 10 50 77 100 200 300
(K)

71 (ns) 1.25 15 1.18 1.48 0.81 1.14

5 (ns) 6.41 114 9.7 11.49 7.86 16.7

Ap:A, 16:84 41:59 34:66 36:64 36:64 48:52

As shown in Figure 7b, the PL decay times for 71 and 1, have similar trends and
both exhibit a negligible shift as temperature increases from 10 K to 300 K. The carrier
recombination dynamics in InGaN QDs can be studied by a comprehensive analysis of
the temperature dependence of the PL decay time and the integrated PL intensity. The
relationship between measured PL decay times T and the radiative recombination times T,
as well as the non-radiative recombination times 1, can be described as [31,32],

1 1 1

W0~ oD (D) 3)

Moreover, the temperature dependence of integrated PL intensity I(T) follows

the formulation,
(T)

(T)
where I is PL intensity at T = 0 K, and can be used the value of the PL intensity at 10 K.
Radiative and non-radiative recombination times can be calculated by,

I(T) = o @

o (T) = 1(11(5}1;) <(T) ©)
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The calculation results of the radiative and the nonradiative recombination time as
a function of temperature are shown in Figure 7c,d. For both fast and slow decay stages,
T, remains almost constant at T < 200 K, which is consistent with the theory that the
radiative recombination time is proportional to TP* /2, where Dx is the dimension of the
material, while QD material is a zero-dimension structure. The increase of T, at room
temperature is attributed to the enhancement of the delocalization effect. The nonradiative
lifetimes T, decrease and become comparable to the radiative lifetime at about 200 K,
mainly because more nonradiative recombination centers are thermal activated with an
increasing temperature. However the total carrier lifetimes still show an increased tendency
at temperature of above 200 K, so it is convincing to consider that radiative recombination
dominates the recombination process due to a low dislocation density and hence high
crystal quality of a QDs structure at room temperature. In addition, the ratio of Aj and A,
represented in Table 1 remains less than 1:1, although the value has a significant increase
from 10 K to 300 K. It means that a majority of carriers would recombine in the deep
localization states, which is beneficial for high radiation efficiency and enhanced emission
for InGaN QDs-based optical devices.

4. Conclusions

In this study, we investigated micromorphology and carrier recombination dynamics
of self-assembled InGaN/GaN MQDs grown by MBE on a c-plane GaN-on-sapphire tem-
plate. InGaN QDs showed excellent independence with a high density of 3.8 x 101 cm~2,
with the height and diameter of dots being mainly concentrated in 2.3 nm and 28 nm,
respectively. Temperature-dependence PL measurements reveal that as-grown InGaN QDs
grown by MBE had a strong localization effect and low-density nonradiative recombination
centers. Thus, high quality QDs with high density and uniformity resulted in a relatively
high IQE of 20.8%. In addition, it was demonstrated that radiative recombination domi-
nated the recombination process in InGaN/GaN MQDs. The two-stage decay process of
TRPL decay curves was attributed to the recombination and redistribution of carriers in
multiple localization states.
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