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Abstract
This study investigates carrier recombination dynamics in InGaN/GaN quantum wells using time-resolved techniques, including
induced grating methods, time-resolved photoluminescence, and pump–probe spectroscopy. Diffusion and carrier lifespan
dependency on excitation density is systematically analyzed for structures with varying indium compositions and barrier
configurations. The results reveal that carrier lifetime decreases while diffusion coefficients increase with rising excitation
density, indicating enhanced nonradiative recombination under high carrier concentrations. This behavior is more pronounced
in samples with higher indium content, suggesting a strong influence of carrier localization. The experimental observations
are interpreted using an extended ABC recombination model that incorporates carrier density–dependent recombination
processes. The analysis demonstrates that defect-assisted recombination becomes dominant at high excitation levels, while
Auger recombination remains negligible within the investigated carrier density range. Furthermore, pump–probe measurements
confirm distinct recombination pathways associated with localized and delocalized carrier states. These findings provide
important insights into the physical mechanisms governing carrier dynamics and performance droop in InGaN-based quantum
well designs, offering guidance for the optimization of high-performance optoelectronic devices.
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1. INTRODUCTION

InGaN/GaN quantum well (QW) structures have attracted ex-
tensive attention in recent decades due to their remarkable ap-
plications in high-efficiency light-emitting diodes (LEDs), laser
diodes, and other optoelectronic devices. Their direct bandgap,
high thermal stability, and tunable emission wavelength make
them highly suitable for visible-light technologies. Despite the
rapid development of InGaN-based LEDs, one of the most critical
challenges limiting device performance is the so-called efficiency
droop phenomenon, in which the internal quantum efficiency
(IQE) decreases significantly under high injection current or high
excitation density conditions (Kumar et al., 2018; Tain et al., 2015;
Li and Li, 2011). This issue severely restricts the operation of
high-power LEDs and has therefore become a major research
topic in semiconductor physics and optoelectronic engineering.

Several methods have been proposed for explaining perfor-
mance droop in InGaN/GaN quantum wells, including carrier
leakage, electron overflow, junction heating, Auger recombina-
tion, and defect-assisted nonradiative recombination (Miyazaki

and Kamei, 1988). Among these mechanisms, Auger recombina-
tion has long been considered one of the most probable origins
of efficiency degradation because theoretical calculations predict
relatively large Auger coefficients in InGaN materials under cer-
tain resonant conditions. However, many experimental studies
have reported inconsistencies between theoretical predictions
and measured carrier dynamics, suggesting that additional phys-
ical mechanisms may contribute significantly to efficiency droop.
In particular, carrier localization caused by indium composition
fluctuations and potential inhomogeneity in InGaN quantum
wells has emerged as a key factor influencing recombination
behavior, carrier transport, and diffusion processes (Shalamanov
et al., 2019; Asano et al., 2012; Takamura and Kobayashi, 2002).

Previous investigations have primarily focused on electrically
driven LED devices containing complex multi-quantum-well
structures. Although these studies provide valuable information
regarding practical device operation, electrical injection often
introduces additional effects such as carrier overflow, contact
resistance, and Joule heating, making it difficult to isolate the
intrinsic carrier recombination mechanisms inside the quantum
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wells. Consequently, there remains a need for systematic opti-
cal investigations capable of directly probing carrier dynamics
without the influence of electrical injection. Furthermore, the
interplay between carrier localization, carrier diffusion, and re-
combination pathways under varying excitation densities is still
not fully understood, especially for structures with different
indium compositions and barrier configurations.

To address these issues, this work investigates carrier recom-
bination dynamics in InGaN/GaN quantum wells using several
complementary time-resolved optical techniques, including in-
duced grating measurements, time-resolved photoluminescence,
and pump–probe spectroscopy. These techniques enable direct
observation of carrier lifetime, diffusion behavior, and transient
recombination processes under controlled excitation conditions.
By systematically analyzing the dependence of carrier dynamics
on excitation density, indium composition, and quantum well
structure, this study aims to clarify the role of carrier localiza-
tion and defect-assisted recombination in efficiency degradation.
Based on previous reports, carrier localization and inner electric
fields are believed to strongly influence carrier recombination
rate and diffusion behavior in InGaN quantum wells (Dong et al.,
2021; Chen et al., 2021; Shang et al., 2015).

The novelty of this work lies in the combined use of mul-
tiple time-resolved optical methods together with an extended
ABC recombination analysis to distinguish the contributions
of localized and delocalized carrier states in InGaN quantum
wells. The results provide deeper insight into the physical mech-
anisms governing carrier transport and recombination, while
also identifying the dominant nonradiative processes responsible
for efficiency droop. These findings contribute to a more com-
prehensive understanding of carrier dynamics in InGaN-based
materials and offer valuable guidance for the design and opti-
mization of next-generation high-performance optoelectronic
devices.

2. EXPERIMENTAL SECTION

2.1 Sample Preparation
This study examines two sets of samples. The first set consists
of six structures fabricated on c-plane sapphire substrates us-
ing metal-organic vapor-phase epitaxy (MOVPE). A GaN buffer
layer, barrier layers, and ten InGaN/GaN (L/G) quantum wells
were sequentially grown. During the fabrication process, the
TMIn/TMGa ratio was systematically varied to produce quan-
tum wells with different indium compositions. Layer thicknesses
were determined by X-ray diffraction, revealing variations in
well thickness among the samples, whereas the barrier thick-
ness remained constant. A reference structure without indium
incorporation was also prepared under identical growth condi-
tions. Photoluminescence (PL) analysis indicated that the indium
content in the quantum wells varied over a broad range.

The second group consisted of dual-LED structures contain-
ing six-period quantum wells with fixed well thicknesses but
variable barrier thicknesses, corresponding to both coupled and
uncoupled multi-quantum-well (MQW) configurations. The LED
architectures were fabricated using n-type GaN templates on

sapphire substrates integrated with underlying Si-doped InGaN
layers to improve carrier transport within highly excited active
regions. In addition, step-graded electron injector structures
composed of dual InGaN layers with progressively increasing
indium content were introduced to enhance thermalization of
hot carriers prior to injection into the active region. A p-type
GaN cladding layer was subsequently deposited to complete the
device structure (Reddy et al., 2017; Liang et al., 2011).

2.2 Instrumentation and Measurement Techniques
Unlike conventional pump-probe configurations that excite sam-
ples using Gaussian-like spatial profiles, the IGML technique
employs an interference region generated by two coherent beams.
This approach enables monitoring of transient grating dynamics
through diffraction of a probe beam incident on the induced
grating. One major advantage of this method is its ability to
simultaneously evaluate carrier lifetime and diffusion behavior.
In addition, because the IGML signal originates from diffrac-
tion efficiency, it is directly related to the spatial distribution of
carrier density throughout the excitation depth, making the tech-
nique highly effective for probing instantaneous carrier-density
dynamics. The IGML measurements utilized a frequency-tripled
Nd:YAG laser emitting pulses at 355 nm with a duration of ap-
proximately 10 ns. The excitation power density was adjusted
to control the carrier concentration during experiments. In the
excitation scheme, a third-harmonic beam was employed to gen-
erate a transient grating on the sample using a holographic beam
splitter (HBS). Due to the high absorption coefficient, only a shal-
low excitation depth was produced, resulting in elevated carrier
densities (Zhao et al., 2020; Liu et al., 2015; Shin et al., 2013).

For time-resolved differential transmission measurements, a
Ti:sapphire femtosecond laser source was employed. The out-
put beam was divided into two equivalent components (Zou
et al., 2018). One beam served as the pump pulse for optical
excitation under continuously tunable wavelengths. The exci-
tation was confined exclusively to the quantum wells (QWs),
thereby avoiding carrier generation within the barrier, buffer,
and cladding layers. The second beam acted as the probe pulse
and was directed through a CaF2window to generate white-light
illumination. This differential transmission technique enabled
monitoring of carrier relaxation and redistribution processes in
InGaN quantum wells with high temporal and spectral resolu-
tion.

For transient photoluminescence (TPS) analysis, a standard
time-resolved PL setup was implemented using dual periodic
pulses generated from a Ti:sapphire laser to selectively excite the
QWs. Detection was carried out using a spectrometer coupled
with a streak camera (Lu et al., 2019; Wang et al., 2015; Acuna
et al., 2015). The system provided temporal resolution on the
picosecond scale, and the delay between pump and probe pulses
was systematically varied to investigate carrier relaxation dy-
namics. All measurements were conducted at room temperature
unless otherwise stated.
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2.3 Research Procedures
The carrier recombination dynamics were systematically investi-
gated under different excitation densities to evaluate the depen-
dence of carrier lifetime and diffusion behavior on carrier con-
centration. The excitation power density was gradually varied to
monitor transient carrier relaxation processes in the InGaN/GaN
quantum wells. Carrier lifetime and diffusion coefficients were
extracted from induced grating measurements using transient
diffraction signal analysis. Time-resolved photoluminescence
and pump–probe spectroscopy were further employed to dis-
tinguish recombination pathways associated with localized and
delocalized carrier states. All measurements were repeated un-
der identical experimental conditions to ensure reproducibility
and consistency of the obtained results.

3. RESULTS AND DISCUSSION

To investigate carrier transport and nonradiative recombina-
tion processes, the IGML signal was measured under varying
excitation power. The excitation range was restricted by the
signal-to-noise ratio at low power and by the onset of stimulated
recombination at high power. Stimulated recombination acts as
a fast recombination channel that rapidly depletes carriers once
a critical excitation threshold is reached. Moreover, the IGML
signal was analyzed under different transient grating conditions
to extract both carrier lifetime and diffusion coefficients. No-
tably, the measured effective lifetime represents the combined
contribution of multiple recombination processes, rather than
the intrinsic carrier lifetime. The IGML decay observed in the
reference GaN layer followed a nearly single-exponential behav-
ior. In contrast, the experimentally measured IGML dynamics in
InGaN were strongly influenced by excitation-related processes
rather than solely by the intrinsic carrier lifetime. Nevertheless,
under the weakest excitation condition, the decay behavior in
the InGaN metallic component remained close to exponential,
whereas slower decay components became dominant at longer
time scales, reflecting the effective carrier lifetime.

The IGML dynamics in all InGaN layers gradually deviated
from single-exponential behavior as the excitation intensity in-
creased, while the initial decay component became faster at
higher carrier densities. This effect was particularly pronounced
in quantum wells containing larger indium concentrations and is
commonly associated with complex recombination mechanisms
that cannot be adequately described by simple recombination
models. Such behavior is generally attributed to carrier-density-
dependent recombination processes and is commonly interpreted
using the ABC recombination model Li et al. (2018); Sun et al.
(2017); Alaruri et al. (1993):
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𝐺(𝑥, 𝑧, 𝑡) signifies the carrier inducement pace. 𝐷 signifies
the ambipole dispersion coefficient. 𝜏𝑅 signifies the linearity.

𝐵 and 𝐶 signify the bi-granular and Auger recombination co-
efficients. It is possible to utilize expression (1) for assessing
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The ABC model describes the recombination mechanisms
through three components: Shockley-Read-Hall (A), radiative
(B), and Auger (C) recombination. At low excitation densities,
recombination is dominated by defect-related processes repre-
sented by the A coefficient. As the excitation density increases,
radiative recombination becomes more significant, while Auger
recombination remains negligible in the investigated regime.
The observed decrease in carrier lifetime with increasing excita-
tion density can therefore be attributed to enhanced nonradiative
recombination associated with defect states and carrier localiza-
tion effects.

The increase in diffusion coefficient at high excitation den-
sity suggests partial delocalization of carriers due to screening
of localization potentials. Under low excitation conditions, carri-
ers remain trapped within localized potential minima caused by
indium fluctuations, resulting in longer carrier lifetime and re-
duced diffusion. As excitation density increases, these localized
states become progressively filled, enabling carriers to occupy
extended states with higher mobility. Consequently, carrier
diffusion becomes more pronounced while nonradiative recom-
bination channels are simultaneously enhanced.

The experimental observations are well described by the
ABC model, where the increase in excitation density enhances
defect-assisted recombination and reduces carrier lifetime. The
absence of a strong Auger contribution indicates that efficiency
droop in the investigated structures is primarily governed by
defect-related recombination enhanced by carrier localization.

These results are consistent with previous studies, which
reported that carrier localization significantly enhances non-
radiative recombination and contributes to efficiency droop in
InGaN-based quantum well structures. The simultaneous in-
crease in diffusion coefficient and decrease in carrier lifetime
indicates that carriers become more mobile at high excitation
densities while recombination pathways are significantly en-
hanced.

The present findings are in good agreement with previous
reports on InGaN/GaN quantumwells, where carrier localization
was identified as a dominant factor influencing carrier transport
and recombination dynamics (Li et al., 2018; Sun et al., 2017).
Compared with earlier studies, the current work further demon-
strates the strong excitation dependence of diffusion behavior
and highlights the transition between localized and delocalized
carrier states under increasing carrier density. This behavior
supports the interpretation that defect-assisted nonradiative re-
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combination becomes increasingly important at high excitation
levels.

Figure 1. Relationship Between Scattering Coefficient and
Wavelengths

The relationship between particle size and light distribution
is seen in Figure 1. By increasing the effectiveness of wave-
length conversion and light transmission, it can increase particle
size. While forward emission blue light dispersion rises, blue
illumination brightness may raise when forward scattering and
reabsorption reduce. This is achieved by increasing particle size
while reducing the amount of yellow phosphorus. In a simi-
lar vein, it is difficult to determine the ideal color temperature
(CCT). Figures 2 and 3 demonstrate that CCT is independent of
concentration.

Figure 2. CCT Alteration Based on Various Particle Sizes

Increased doping can lower a phosphor’s CCT variance, as
seen in Figure 2. At temperatures of about 3025 K and particle

sizes of 1 𝜇m, the greatest CCT values are observed. The D-CCT
reaches its lowest value of 40 K at a particle size of 5 𝜇m, which
is approximately 100 K lower than the value at 3 𝜇m, which is
about 140 K, as shown in Figure 3.

Figure 3. Variation in Hue Aberration Under Various Particle
Sizes

Particle size does not always raise the brightness of white
light emission, as shown in Figure 4. The best results of ∼ 73

lm were obtained with particle sizes of 2 𝜇m, whereas the worst
results of ∼ 71.5 lm were obtained with particle sizes of 4 𝜇m.
Reduced blue emission and an uneven color distribution result
from increased backscattering and reabsorption. For instance,
when exposed to more backscattered blue light, larger particle
sizes may lead to the phosphor to change from blue to yellow
or orange-red. For the phosphor coating to expand, a specific
particle size is needed. The many reflections that the altered light
would receive from different objects would limit the emitting
spectrum. In other words, an elevated phosphor dose can raise
the percentage of converted illumination that is back-reflected,
increasing CCTwhile lowering luminous intensity. With a lumen
output power of about 73 lm, Figure 4 shows how employing 2
𝜇m particle sizes improved brightness and color uniformity in a
simulated WLED (Juntunen et al., 2013).

Particle size significantly affects the brightness and hue ren-
dering of white LEDs, as shown in Figures 5 and 6. As particle
sizes grew from 1 to 5 𝜇m, color rendition investigations employ-
ing the color rendering indicator (CRI) and the color quality scale
(CQS) showed significant range in values. Lower CRI and CQS
may be associated with the unpredictability of blue, green, and
yellow-orange hues. High particle sizes lead to better dispersion
and erratic light emission with a bias toward the yellow-orange
spectrum. The CRI values fluctuates at around 56 while the CQS
values rise from 39 to 41 with particle sizes of 1–2 𝜇m, and then
fluctuates at around 41 with particle sizes of 2–5 𝜇m. We will
modify this phosphor’s CRI and CQS as we examine the data,
taking into account additional elements like particle size.
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Figure 4. LED Lumen Generated Based on Various Particle
Sizes

Figure 5. CRI Values with Various Particle Sizes

Despite the important insights obtained in this work, sev-
eral limitations should be acknowledged. First, the measure-
ments were mainly conducted at room temperature, whereas
temperature-dependent investigations could provide additional
information regarding thermal activation and carrier localiza-
tion effects. Second, the excitation density range investigated in
this study may not fully capture extremely high-density regimes
where Auger recombination becomes more significant. In ad-
dition, direct structural characterization of defect distributions
was beyond the scope of the present work. Future studies com-
bining optical spectroscopy with advanced structural analysis
techniques may provide a more comprehensive understanding
of recombination mechanisms in InGaN/GaN quantum wells.

The findings of this study provide valuable guidance for im-

Figure 6. CQS Values with Various Particle Sizes

proving the performance of InGaN-based optoelectronic devices.
Understanding the relationship between carrier localization, dif-
fusion behavior, and nonradiative recombination is essential for
mitigating efficiency droop under high-power operating condi-
tions. The results suggest that optimizing indium composition
uniformity, defect density, and quantum well design could sig-
nificantly improve carrier confinement and internal quantum
efficiency in next-generation LED structures.

4. CONCLUSIONS

In this work, carrier recombination dynamics in InGaN/GaN
quantum wells were systematically investigated using time-
resolved optical techniques. The results demonstrate a strong de-
pendence of carrier lifetime and diffusion behavior on excitation
density, with increased nonradiative recombination observed at
higher carrier concentrations. The findings highlight the critical
role of carrier localization, particularly in structures with higher
indium content, in governing recombination processes. By ap-
plying an extended ABC model, this study reveals that defect-
assisted recombination is a dominant mechanism contributing
to efficiency degradation, whereas Auger recombination plays
a negligible role within the explored excitation regime. The
combined analysis of induced grating and pump–probe measure-
ments further distinguishes recombination dynamics between
localized and extended carrier states. Overall, this work provides
a clearer understanding of the interplay between carrier den-
sity, localization effects, and recombination pathways in InGaN
quantum wells. These insights contribute to resolving the effi-
ciency droop issue and offer valuable guidance for the design and
optimization of next-generation high-efficiency light-emitting
devices.
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