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Abstract: In this study, we aimed to better understand the mechanism for creating carrier
localization centers (CLCs) in Ga0.70In0.30N/GaN quantum wells (QWs) and examine their
impacts on device performance. Particularly, we focused on the incorporation of native defects
into the QWs as a main cause of the mechanism behind the CLC creation. For this purpose,
we prepared two GaInN-based LED samples with and without pre-trimethylindium (TMIn)
flow-treated QWs. Here, the QWs were subjected to a pre-TMIn flow treatment to control the
incorporation of defects/impurities in the QWs. In an effort to investigate how the pre-TMIn
flow treatment affects the incorporation of native defects into the QWs, we employed steady-
state photo-capacitance and photo-assisted capacitance-voltage measurements, and acquired
high-resolution micro-charge-coupled device images. The experimental results showed that
CLC creation in the QWs during growth is closely related to the native defects, most likely
VN-related defects/complexes, since they have a strong affinity to In atoms and the nature of
clustering. Moreover, the CLC creation is fatal to the performance of the yellow-red QWs
since they simultaneously increase the non-radiative recombination rate, decrease the radiative
recombination rate, and increase operating voltage—unlike blue QWs.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recently, the demand for semiconductor optoelectronic devices has rapidly increased owing to
their smaller size, longer lifetime span, and higher efficiency compared to conventional devices
[1,2]. Among them, three primary color semiconductor light-emitters are currently attracting
great attention as potential light sources for next-generation displays and applications [3,4]. After
a high-quality and a p-type GaN layers were successfully demonstrated by Akasaki and Amano,
AlGaInN-based semiconductor light-emitters employing a 2-D quantum-well (QW) active layer
have become a dominant light source in blue and green spectral regions [5,6]. As a result, they
are being applied as general white light sources and visible light sources for various applications.

For GaInN/GaN QWs, emission wavelengths can be simply tuned by adjusting the indium
(In) composition therein (i.e., the emission wavelength shifts toward longer wavelengths as the
In composition increases) [7,8]. However, a critical challenge for GaInN/GaN QWs involves
reductions in internal quantum efficiency (IQE) as the In composition increases from blue to
yellow-red emission wavelengths [9–12]. Numerically, the IQE of blue light-emitting devices
(LEDs) reportedly exceeds 90%. In contrast, yellow-red LEDs demonstrate IQEs lower than
10% [9,13,14]. Overcoming this challenge will facilitate the development of next-generation
applications and displays which require high color rendering indices. Multiple past studies have
attempted to identify potential root-causes of this challenge, including the quantum-confined
Stark effect (QCSE) caused by mechanical strain, crystal imperfections due to misfits/dislocations,
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excess defects/impurities incorporation in QWs, and random alloy fluctuations due to phase
separation during metalorganic vapor phase epitaxy (MOVPE) growth [9–14]. Based on the
studies, various approaches were carried out to overcome the challenge, including hybrid-structure
of QWs [15], non-polar/semi-polar growth [16], an AlGaN capping layer [17], an AlN buffer
layer [18], In-rich dots [19], a 3–D nano rod structure [20], and a tunnel junction structure [21].
Typically, the QCSE decreases radiative recombination rate, whereas the crystal imperfections
and defects/impurities incorporation in the QWs increase non-radiative Shockley-Read-Hall
(SRH) recombination rate. Notably, recent studies have reported that the carrier localization,
followed by the random alloy fluctuation, is fatal to the performance of yellow-red QWs since
it drastically decreases the radiative recombination probability [22–24]. These processes are
considerably different than for blue QWs where the carrier localization prevents carrier capture
at non-radiative recombination centers (NRCs), thereby increasing the IQE [25,26]. That is to
say, the carrier localization is believed to play a key role in reducing the IQE in yellow-red QWs.
Thus, if we are to overcome the challenge, understanding the mechanism for creating carrier
localization centers (CLCs) and examining their impact on the QWs performance are believed to
be of prime importance.

In this study, we aimed to better understand how CLCs are created during MOVPE growth and
examine their impacts on yellow-red GaInN/GaN QW performance. Notably, we studied the
mechanisms for creating CLCs in the QWs focusing on incorporation of defects/impurities into the
QWs. For this purpose, we prepared two Ga0.70In0.30N/GaN-based LED samples with and without
pre-trimethylindium (TMIn) flow-treated QWs. Here, the QWs were subjected to a pre-TMIn flow
treatment to control incorporation of defects/impurities in the QWs [27]. In an effort to investigate
how the pre-TMIn flow treatment affects the incorporation of defects/impurities in the QWs, we
employed steady-state photo-capacitance (SSPC) and photo-assisted capacitance-voltage (PACV)
measurements. Furthermore, in an effort to investigate how the incorporated defects/impurities
in the QWs affect the CLC creation, we acquired high-resolution micro-charge-coupled device
(µ-CCD) images. Considering the experimental results, we elucidated the mechanisms for
creating CLCs with native defects incorporated in the QWs. We subsequently discussed the role
of the CLCs in the QW performance by comparing the electrical/optical characteristics of the
samples.

2. Sample preparation

To prepare the samples, we fabricated two GaInN/GaN-based LEDs on a flat c-sapphire substrate
using the MOVPE (EMC, Taiyo Nippon Sanso Co., Japan) equipped with 2-inch susceptors. The
detailed structures of the samples are as follows. For sample A, the structure was conventional
and consisted of (from the substrate), a 30 nm thick low-temperature GaN buffer layer grown at
480°C, a 3 µm thick un-doped GaN template layer grown at 1070°C, a 2 µm thick Si-doped n-type
GaN layer grown at 1070°C, and a 1 µm thick n-type Al0.03Ga0.97N layer grown at 1090°C. Here,
the n-Al0.03Ga0.97N layer was employed to decrease the resistance of the device [28,29]. Fifteen
pairs of Ga0.97In0.03N (1.5 nm)/GaN (1.5 nm) superlattices grown at 860°C as an underlying
layer (UL) and five pairs of Ga0.70In0.30N (3 nm)/GaN (12 nm) QWs layer grown at 640°C/780°C
as an active layer were sequentially grown on the n-type Al0.03Ga0.97N layer. Note that the
barriers were lightly Si-doped, whereas the wells were intentionally un-doped. Following this,
an 80 nm thick Mg-doped p-type Al0.08Ga0.92N layer as an electron blocking layer (EBL), a
150 nm thick Mg-doped p-type GaN layer, and a 20 nm thick heavily Mg-doped p + -GaN as a
contact layer were sequentially grown at 1120°C on the active layer. After removing the sample
from the MOVPE reactor, the sample was etched by inductively coupled plasma (ICP) etching
system (NE-550EX, ULVAC Co., Japan) using a mixed gas of Cl2 and Ar to expose the n-type
Al0.03Ga0.97N GaN layer, a 60 nm thick indium-tin-oxide layer was then deposited by a radio
frequency sputter system (CFS-4EP, Shibaura Mechatronics Co., Japan) on the p + -GaN contact
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layer as a current spreading/injection layer. After that, the sample was fabricated on a flip-chip
device with lateral Cr/Ni/Au electrodes (chip size: 300× 300 µm2) and packaged as surface
mount devices. The fabrication of sample B was based on the structure of sample A, which
employed five pairs of pre-TMIn flow-treated QWs. That is, samples B and A feature identical
structures, with the exception of the five pairs of pre-TMIn flow-treated QWs. For the pre-TMIn
flow treatment of the QWs, we followed the sequence illustrated in Fig. 1 consisting of 15 s of
stabilization to ensure the gas/temperature change, residual atom removal in the MOVPE reactor,
and 15 s of TMIn flow (50 sccm) before QW growth. Note that no gas besides the N2 carrier gas
was supplied during the pre-TMIn flow treatment of the QWs. This avoids unwanted layer/dot
growth between the wells and the barriers, which lets us focus on the atomic reaction, rather
than the structural effects. To ensure that the samples were grown as intended, we investigated
the interfacial and structural properties of the QWs by measuring high-resolution 2θ−ω X-ray
diffraction (XRD) scan spectra (Ultima IV, Rigaku Co., Japan) before the ICP etching. As shown
in Fig. 2, the 0th-order and other high-order satellite peaks toward the UL of the XRD scan data
were separated almost identically [29]. Indeed, the pre-TMIn flow treatment of the QWs had a
negligible effect on the interfacial and structural properties of the QWs, i.e., no layers and/or dots
were additionally grown during the pre-TMIn flow-treatment, as we intended [30].

Fig. 1. Growth sequences for the pre-TMIn flow treatment of the QWs in sample B.

Fig. 2. 2θ–ω XRD scan spectra for samples A and B.

3. Experimental results, analysis, and discussion

In the case of GaInN/GaN QWs growth using the MOVPE, the impurity/defect incorporation
into QWs drastically increases as the growth temperature lowers. Thus, a higher NRC density in
yellow-red QWs compared to blue QWs is typically expected since the impurities/defects act
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as NRCs in the QWs after incorporation by forming deep-levels in the forbidden gap [31,32].
That is, the growth temperature is one of the major factors determining the NRC density in the
GaInN/GaN QWs. Recent deep-level optical spectroscopy and SSPC studies have revealed that
the deep-level defects in the GaInN QWs are intensively distributed in two distinct energy levels
in the forbidden gap: (i) ET1, the deep-level defect located near the middle of the forbidden gap
(typically corresponding to about Ei – ET1 = 0.2∼0.3 eV; thus about ET1 =Ec – 1.5 eV for the
Ga0.70In0.30N/GaN QWs in this study), and (ii) ET2, the deep-level defects located above the
valence band maximum (corresponding to about ET2 =Ec – 2.0 eV for the Ga0.70In0.30N/GaN
QW in this study) [31–34]. To confirm the energy level of deep-level defects in the samples under
investigation, the SSPC spectra were measured from 1.2 eV to 2.3 eV with 0.05 eV step at –3.1 V
for sample A and –7.2 V for sample B, respectively. Here, the different reverse biases were applied
to maintain the depletion width the same between the samples. The SSPC spectra were measured
under broadband illumination of a 150 W xenon arc lamp (L2273, Hamamatsu Photonics Co.,
Japan) dispersed through a monochromator. The data was recorded after the increase in C (∆C)
was saturated. The experimental results are shown in Fig. 3(a), where arrows represent the onsets
of deep-levels, found by significant changes in slope. From the photon energy of the onsets in
Fig. 3(a), we can confirm that the energy levels of deep-level defects, i.e., ET1 and ET2, were
almost identical to each other and similar to the previous studies. [31–34]. Furthermore, for the
samples in this study, we expect a lower density of NRCs in sample B compared to A, despite
identical growth temperatures, since the pre-TMIn flow treatment of the QWs appeared to work
well for suppression of defect/impurity incorporation (thus, we hypothesize that ∆C was measured
lower in sample B.) [27]. To identify our hypothesis, we used PACV measurement, which is
one of the useful means to quantitatively survey the defect/trap density (Nt) in the forbidden
gap of a depletion layer, i.e., the QW active layer of the prepared samples [31–33]. The PACV
curves can be obtained by measuring capacitance-voltage (C-V) curves under monochromatic
sub-bandgap illumination. Under the illumination, the space-charge density increases because
the charged-carriers are photo-excited from the deep-levels to the conduction band, resulting in
the increase in C at a given V. Using this characteristic, the depth profile of Nt at a specific energy
level across the QW active layer can be selectively surveyed by adjusting the applied reverse
voltage and the photon energy of the monochromatic illumination. Armstrong et al. characterized
the depletion width (DW, x) and Nt for the PACV curves mentioned above as [32,33]

∆V =
q
ε

xd∫
0

xNt(x)dx, (1)

where q, ε, and xd are the elementary charges, the semiconductor permittivity, and the DW at a
given V, respectively. ∆V represents the additional voltage required to maintain a constant C
(and therefore the same DW) [33]. Considering the result in Fig. 3(a), i.e., the almost identical
onsets between the samples, the PACV curves in this study were measured under illuminations
of 785 nm (∼1.6 eV) and 594 nm (∼2.1 eV) continuous-wave lasers (OBIS series, Coherent Inc.,
USA). That is to say, illuminations of 785 nm and 594 nm were adapted to photo-excite the
charged-carriers only at ET1, and both at ET1 and ET2, respectively. We can investigate the
defect profile at ET2 separately by subtracting ∆V from the 594 nm laser with the 785 nm laser.
Figures 3(b) and (c) show the experimental results of the dark C-V (without the illumination) and
PACV curves under the illumination of 594 and 785 nm lasers for samples A and B, respectively.
The SSPC spectra and PACV curves were measured using a Keithley 4200A semiconductor
parameter analyzer at a fixed modulation voltage of 30 mV and a fixed modulation frequency
of 50 kHz to ensure data accuracy, i.e., the phase angles for PACV curves were closest to −90°
under these conditions over the entire applied bias range. Before measuring the PACV curve
and SSPC spectra, the sample was driven at +10 mA for 90 s to fill the defect sites with the
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charged-carriers. In Figs. 3(b) and (c), the QWs are numbered, with QW1 closest to the n-type
GaN, and DW decreased toward the EBL as the applied reverse bias decreased due to asymmetric
depletion in GaInN-based junction semiconductors [35,36]. This is because the much higher
acceptor (Mg) doping level in the p-type layer than the donor (Si) doping level in the n-type
layer (about 25 folds in the samples under investigation) introduced the asymmetric expansion
of depletion layer as the applied reverse bias increases. The insets are enlarged graphs around
0 V of the experimental data; here, ∆V1 corresponds to the defect density at ET1 (Nt,1) and ∆V2
corresponds to the defect density at ET2 (Nt,2), respectively. It is worth noting that three and two
QWs were respectively depleted within the applied reverse bias range in samples A and B.

Fig. 3. (a) SSPC spectra from 1.2 eV to 2.3 eV of samples A and B. Therein, arrows represent
the onsets of each deep-level, found by significant changes in slope. Experimental results
of dark C-V (without the illumination) and PACV curves under the 785-nm and 594-nm
continuous-wave laser illumination of samples (b) A and (c) B. Therein, QWs are numbered
with QW1 being the closest to the n-type GaN. The insets are enlarged graphs around 0 V.

Combining the experimental results of ∆V1 and ∆V2 in Figs. 3(b) and (c) with Eq. (1), we can
plot Nt,1 and Nt,2 for the depleted QWs of each sample. The results are shown in Fig. 4(a) and (b)
for Nt,1 and Nt,2 of the samples A and B, respectively. For the sake of simplicity, we assumed that
Nt is zero outside the QWs and x is zero at the EBL. The results exhibit that Nt,1 was comparable
for both samples, whereas Nt,2 was remarkably decreased in sample B. These results indicate that
the pre-TMIn flow treatment of the QWs was more effective at reducing Nt,2. Besides, Nt,1 seems
to be distributed uniformly across the QWs. In contrast, Nt,2 seems to be drastically reduced from
the QW1 to the EBL for both samples. It should be noted that the depth profile Nt,1 and Nt,2 of
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the Ga0.70In0.30N/GaN QWs in this study (i.e., the QWs with high In content) are different from
those of blue and near ultraviolet GaInN QWs (i.e., the QWs with low In content). Specifically,
contrary to the result in Fig. 4, in the QWs with the low In content, the density of Nt,1 (i.e., the
deep-level defect located near the middle of the forbidden gap) was higher than Nt,2, therefore
Nt,1 plays a more significant role in forming the NRCs in blue and near ultraviolet GaInN QWs
[31,34]. Such different defect characteristics raise the question about the factors limiting the IQE
of the yellow-red emitting QWs.

Fig. 4. Depth profiles of (a) Nt,1 and (b) Nt,2 for samples A (blue bars) and B (red bars)
obtained by combining the experimental results of ∆V1 and ∆V2 in Fig. 3 with Eq. (1).

It was reported that VGa- and impurity-related complexes, e.g., VGa-donor complexes, carbon
impurities, and VGa-impurity complexes, are one of the dominant sources for the deep-level
transition in the GaInN QWs. Meanwhile, VN-related defects, divacancies—comprising Ga
and N vacancies and complexes (e.g., VN, VNVGa, VN-carbon complexes, CN, and CNON
impurity complexes)—are another dominant source for the deep-level transition in the GaInN
QWs [37–40]. Here, we consider that the dominant source of Nt,1 and Nt,2 in the QWs would
be different. It was reported that the incorporation of VN-related defects/complexes into the
QWs most likely originates via diffusion/penetration from the n-type GaN surface. Specifically,
the VN-related defects/complexes are segregated at the growth surface of the n-type GaN layer
during high-temperature growth because of their low formation energy; they then incorporate
into the GaInN/GaN QWs during low-temperature growth [27,40–43]. Thus, we speculate
that the dominant source of Nt,2 is most likely VN-related defects/complex since Nt,2 decreased
exponentially from the QW1 to the QW3 in both samples —like a diffusion process, as exhibited
in Fig. 4(b). Again, the decrease in Nt,2 from the QW closest to the n-side (QW1) to the QW
far from the n-side (QW3) is believed to be originated that the type of Nt,2 is most likely the
VN-related defects/complexes and they were incorporated in the QWs via the diffusion process
from the n-type GaN surface. During the diffusion process, most of them were preferentially
incorporated into the QW closest to the n-side, and the rest contributed to the incorporation into
the next QW because the VN-related defects are easily incorporated with In atoms owing to their
strong mutual affinity [33,41–43]. That is, Nt,2 can easily incorporate into the QWs with the high
In content. For that reason, Nt,2 is predominant in the QW with the high In content, unlike the
QWs with the low In content. In this viewpoint, the pre-TMIn flow treatment of the QWs can
effectively suppress the incorporation of Nt,2 to the QWs because the atomic reaction between In
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atoms and Nt,2 partially deactivate/neutralize them before incorporation into the QWs (therefore
Nt,2 was measured lower in sample B) [27]. Consequently, only the density of Nt,2 was lower in
sample B; however, other properties were the same for both samples thanks to the pre-TMIn flow
treatment of the QWs.

In an effort to investigate the localization characteristics of the samples, we acquired top-view
µ-CCD images of the 2-D EL emission distribution at driving currents of 1 µA (scanning area of
5× 5 µm2) and 10 µA (scanning area of 50× 50 µm2) for the samples using a high-resolution
cooled CCD camera (PHEMOS-2000, Hamamatsu Co., Japan). The resultant images (Fig. 5)
were acquired after cooling the CCD to ∼223 K and processed to be normalized to each peak’s
EL intensity. Here, the driving currents of 1 µA in Figs. 5(a) and (b), and 10 µA in Figs. 5(c)
and (d) correspond to the current densities of ∼1.1 mA/cm2 and ∼11 mA/cm2, respectively. The
EL emissions appeared to be more localized in sample A, i.e., the spatial distribution of EL
emission in sample B was more uniform compared to that of sample A for both scanning areas
(i.e., driving currents). Typically, the localized dot-like emission is observable in GaInN/GaN
QWs with the high In content because random alloy fluctuation during low-temperature growth
creates In-rich regions. The charged-carriers are preferentially localized in the In-rich regions
that act as the CLCs, and then recombine there [7,22,44]. For that reason, the EL emissions
can be observed predominantly in the In-rich regions of QWs. Considering the results in Fig. 5,
we can infer the more severe In clustering in sample A. Here, the different characteristics of In
clustering between two samples can be attributed mainly to the Nt,2 as there were no differences
between the samples other than Nt,2.

Fig. 5. 2–D µ-EL emission distribution images (top-view) of samples A and B obtained
using a cooled CCD camera (a)-(b) at 1 µA (scanning area of 5× 5 µm2) and (c)-(d) at 10
µA (scanning area of 50× 50 µm2). All images are normalized to each peak’s EL intensity.

Next, in an effort to investigate the role of the CLCs on device performance, we measured the
electroluminescence (EL) spectra at a moderate driving current of 80 mA [ Fig. 6(a)] and the
power-weighted mean photon energy of EL spectra as a function of the driving current [Fig. 6(b)]
using a spectrometer (AvaSpec-ULS2048, Avantes Co., USA) and a Keithley 2602 SourceMeter
in the pulsed-current mode (pulse period= 100 µs and duty cycle= 1%). The pulsed-current
mode was adopted to avoid self-heating effects. As depicted in Fig. 6(a), the EL spectrum was
shifted to a longer wavelength, and its intensity was enhanced in sample B. Notably, a more
dramatic blue-shift of the EL spectrum as driving current increases was observed in sample A, as
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displayed in Fig. 6(b). Overall, the EL emission characteristics including the intensity and shift
seem to be improved in sample B. The external quantum efficiency (EQE) and operating voltage
of samples were measured using a Si photo-diode (S2281-04, Hamamatsu Co., Japan) under
the pulsed-current driving conditions and plotted as a function of the driving current [Fig. 6(c)].
The results show that sample B had a higher EQE despite operating at a longer wavelength than
sample A, and had a lower operating voltage. Here, the improved EQE can be attributed to the
improved IQE since the structural impact was negligible between two samples, as shown in
Fig. (2). Again, the different characteristics in EL emission and operating voltage between two
samples in Figs. 6(a)–(c) can be attributed mainly to the different Nt,2 densities as mentioned
above.

Fig. 6. Experimental results of (a) the EL spectra at a moderate driving current of 80 mA,
(b) the power-weighted mean photon energy of EL spectra plotted as a function of the driving
current on a semi-log scale, and (c) EQE and operating voltage plotted as a function of the
driving current on a linear scale for samples A and B.

To explain the physical mechanism behind the experimental results in Figs. 5 and 6, we
proposed the models along the in-plane direction of QW including Nt,2 distribution, In content,
and carrier dynamics in Fig. 7(a)–(f).

First principles studies have figured out that the native defects, especially VN-related de-
fects/complexes, prefer to be situated close to their nearest neighbors in InN, forming vacancy
clusters with a metallic-like bonding [45]. This means that the residual Nt,2 in the QWs tend
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Fig. 7. Schematic illustration of proposed models of (a)–(b) the native defect/complex
density, (c)–(d) In content, and (e)–(f) energy band diagram including charged-carrier and
recombination processes along the in-plane direction of the QW for (a), (c), (e) sample A
(b), (d), (f) and sample B, respectively.

to form the cluster since the type of Nt,2 was speculated to be most likely the VN-related
defects/complexes. Thus, the larger residual Nt,2 in sample A [recall Fig. 4(b)] introduced the
more severe native defects/complexes cluster in the QWs [Figs. 7(a) and (b)]. Subsequently, as
the native defects/complexes were spatially localized, the In-rich regions were formed at the
native defects/complexes clusters due to their strong mutual affinity. In other words, the In-rich
regions in the QWs were not only formed by the random alloy fluctuations, but also promoted by
the native defects/complexes clusters—unlike blue QWs. For that reason, the more severe In
clustering was expected in sample A due to the more severe native defects/complexes cluster
[Figs. 7(c) and (d)]. When the device is forward biased, the charged-carriers are injected into the
QWs; they preferentially occupy the In-rich regions (i.e., the CLCs) because of the nature of
carrier relaxation. Thus, charged-carriers were expected to be localized in smaller CLCs more
severely in sample A [Figs. 7(e) and (f)]. As the charged-carriers were spatially localized within
the smaller CLCs in sample A, the EL emission was localized more severely in sample A, as
displayed in Fig. 5. To be short, the CLCs in the QWs with the high In content were introduced
by the native defect clustering, resulting in the localized EL emission.

Since the area that can be preferentially occupied by charged-carriers was greatly reduced in
sample A, their pile-up in the CLCs rapidly increased as driving current increased [Figs. 7(e)
and (f)]. Afterward, they move to higher energy states and recombine; this is typically known
as the band-filling effect [35,46]. As a result, higher localization in sample A induces a more
dramatic blue-shift of the EL spectrum [Figs. 6(a) and (b)]. It should be noted that the CLCs
work as radiative recombination centers (RRCs) as well as NRCs since the CLCs creation in
the QWs was promoted by the native defect clustering as mentioned above. Thus, the SRH
recombination rate was expected to increase in sample A. Moreover, we expected the reduction
of the radiative recombination rate in sample A since the charged-carrier pile-up in the 1-D
quantum-dot like CLCs rapidly increased the hole-electron wave function mismatch in k-space;
this is typically known as the phase-filling effect [22–24,47–49]. Consequently, the lower IQE of
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sample A was the result of the higher localization simultaneously increasing the non-radiative
SRH recombination rate and decreasing the radiative recombination rate. Another problem caused
by the smaller CLCs is the additional potential drop. In detail, the pile-up of charged-carriers in
the small CLCs induce a strong space-charge effect, i.e., the non-neutralized charged-carriers in
an intrinsic active layer induce that the charge neutrality condition in the intrinsic active layer
is no longer held, they thus act as uncompensated space-charges generating an electric field,
which consequently increases electric potential energy to transport the charged-carrier [49–51].
Therefore, the higher operating voltage in sample A [Fig. 6(c)] was also physically caused by the
higher localization of charged-carriers in the smaller CLCs.

4. Summary

In summary, this study aimed to understand the mechanism for creating CLCs in Ga0.70In0.30N/GaN
QWs and examined their impacts on device performance. To this end, we compared two GaInN-
based LED samples with and without TMIn flow-treated QWs. Here, the QWs were subjected
to a pre-TMIn flow treatment to control the incorporation of defects/impurities in the QWs.
Through the SSPC and PACV measurements and analysis, the pre-TMIn flow treatment of the
QWs appeared to work well for the suppression of defect/impurity incorporation. Based on the
experimental results and considerations, we showed that the CLC creation in Ga0.70In0.30N/GaN
QWs is closely related to native defects/complexes, that is, the nature of native defects clustering
and the strong affinity to In atoms were major factors behind the creation of CLCs in the QWs
with the high In content. Unlike blue QWs with the low In content, the CLCs play a negative
role in the QWs with high In content since they increase the non-radiative recombination rate,
decrease in the radiative recombination rate, and increase the operating voltage simultaneously.
We firmly believe that the analysis in this study can provide a new perspective on CLCs in
yellow-red QWs.
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