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ABSTRACT

In this work, we present the characterization of red InGaN/GaN multiple-quantum-well (MQW) light-emitting diode structures. The optical
properties of two MQW structures with different n-GaN underlayer thicknesses (4 and 8lm) are studied and compared. The results of
photoluminescence studies show that a thicker n-GaN layer is beneficial for obtaining higher In content for red MQWs. However, the sample
with a thicker n-GaN layer has a poorer internal quantum efficiency, a larger full width at half maximum, and a shorter nonradiative recom-
bination time, implying that there are stronger In-content fluctuations and more defects. Furthermore, red MQWs with higher In content
are shown to exhibit more deep localized states. Our findings imply that in order to achieve high-efficiency InGaN MQWs for red emission,
enhancing the uniformity of In-content distribution in the active region and decreasing nonradiative recombination centers are critical
challenges.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096155

III-Nitride materials have gained a lot of research interest in
recent times because of their potential in optoelectronic applications.
The bandgaps of III-nitride materials cover the wavelength range from
ultraviolet to near infrared by modifying the alloy composition of
indium gallium nitride (InGaN) materials,1 making them the ideal
candidates for light-emitting diodes (LEDs).2–6 Up to now, high-
efficiency InGaN-based blue/green LEDs have been widely used in
solid-state lighting and displays.7–9 As a result of the rapid develop-
ment of InGaN materials, researchers have started to investigate the
fundamental red, green, and blue (RGB) colors using InGaNmaterials.
In comparison to arsenide or phosphide, the InGaN material offers
superior thermal stability and mechanical and chemical capabilities,
and is environmentally friendly.10 Although AlGaInP red LEDs have
high efficiency and are well-established, their thermal stability is poor,
and their quantum efficiency drops fast as the temperature rises. Some
research groups have succeeded in producing red LEDs with a high
indium content in InGaN, although they show a lower quantum effi-
ciency than their blue and green emitting counterparts.11,12 Therefore,
several challenges must be resolved. These include large lattice

mismatch,13 the strong quantum-confined Stark effect (QCSE),14

phase separation,15 and the degradation of the crystal quality.16

Controlled in-plane residual compressive stress has been shown in sev-
eral studies to be an excellent strategy for improving the crystal quality
of InGaN quantum wells (QWs).17,18 Iida et al. demonstrated the 620
and 633-nm red LEDs1,4 in 2016 and 2020, respectively, by lowering
residual in-plane stress in the active region with a hybrid multiple-
quantum-wells (MQWs) structure. Their research also showed that as
the thickness of the n-GaN buffer layer increases, the in-plane residual
compressive stress reduces.1 In this approach, one could increase the
In content of InGaN QWs while simultaneously improving crystal
quality. Hwang et al.3 reported in 2014 a 629-nm peak-wavelength
InGaN-based red LED by inserting an AlGaN interlayer with a 90%
Al concentration on each quantum well. This approach can achieve
stress compensation and suppress the generation of mismatch disloca-
tions. Dussaigne et al.5 developed an InGaN-based red LED emitting
up to 625nm in 2021 by developing a partially relaxed InxGa1�xN
seed layer linked to a sapphire substrate and a buried oxide. The
carrier recombination probability in the active zone of a complete
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InGaN LED could effectively be increased by introducing an electron
blocking layer. Chan et al.6 produced 633-nm InGaN-based red LEDs
with a high active region growth temperature of 870 �C on a relaxed
InGaN/GaN superlattice buffer in 2021. Reports on studies on the
development of high-In-content InGaN QW have been extensively
published. However, there are just a few reports on the optical proper-
ties and carrier dynamics of InGaN with high In content, and the
recombination process and carrier dynamics are still unknown.

In this work, we study the optical properties of two red MQWs
epitaxial structures with different n-GaN thicknesses (4 and 8lm)
based on the work of Iida et al. on the in-plane residual stress. Using
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) analyses, it is confirmed that the thicker n-GaN buffer layer is
beneficial to enhance the In content in red MQWs. The thicker
n-GaN buffer layer is also favorable for achieving the longer emission
wavelength and deeper localized states. However, inhomogeneity due
to high In content increases, and nonradiative recombination becomes
a critical issue. To obtain a high-efficiency InGaN quantum well for
red emission, it is necessary to increase the uniformity of In content
and decrease defects. The findings from this work will help in the
improvement of the crystal quality of the InGaN active layer and
the development of high-efficiency long-wavelength optoelectronic
devices based on nitride semiconductors.

Figure 1 shows the cross-sectional schematic of two red MQWs
wafers with different n-GaN thicknesses. One 2nm single blue QW
and two 2.5nm red QWs made up the InGaN MQWs. Meanwhile,
the composition of the single blue pre-QW was set to In0.2Ga0.8N
(2 nm) with GaN(2nm)/Al0.13Ga0.87N(18nm)/GaN(3nm) barrier
layers. It is well known that inserting a low-indium-content pre-layer
before growing high-indium-content InGaN on GaN will help to relax
the strain of red QW, which helps increase indium incorporation.19,20

The only difference between the two samples is the thickness of the
n-GaN buffer layer: 4lm (sample 1) and 8lm (sample 2). In a prior
study, Iida et al. have confirmed that the in-plane residual stresses of
n-GaN layers with thicknesses of 4 and 8lm are 0.54 and 0.38GPa,
respectively. The thicker n-GaN buffer layer is also conducive to
reducing in-plane stress.1 In addition, it can help the increase in

In content of red MQWs. Following the work of Ohkawa et al., we use
temperature-dependent PL spectra and TRPL at room temperature
(RT) to analyze the optical characteristics and carrier dynamics of two
structures.

First, two samples were measured for temperature-dependent PL.
The excitation source is a 405nm pulsed laser with a 5 ns pulse dura-
tion and a 20Hz repetition frequency. The spot diameter of the laser is
160lm. For temperature-dependent PL measurements, the samples
were mounted in a closed-circuit helium cryostat. The experimental
temperature could be controlled from 4 to 300K. A Princeton
Instruments Model ACTONSpectrapro-3000i monochromator sup-
plied the dispersion of the PL signal from the samples. Furthermore,
TRPL measurements were performed on the two samples at room
temperature. A Ti:sapphire femtosecond (fs) pulse laser was used as
the excitation source which operated at 800nm (35 fs, 1 kHz, Model
Verdi G8, Coherent, America). The spot diameter of the laser is 50lm.
All the TRPL measurements were carried out at RT by a home-built
confocal l-PL system. The impulsive 400nm pulses were generated by
frequency doubling the 800nm fs pulses using a b-barium-borate
(BBO) crystal. TRPL spectra were detected by a streak-camera system
(C10910, Hamamatsu, Japan) with a temporal resolution of about
10 ps. TRPL measurements were carried out similarly as described
in Ref. 21.

Temperature-dependent PL measurements for both the samples
showed two emission peaks (PB and PR). As reported earlier,22 the PB
and PR peaks originate from the blue pre-QW and the red MQWs,
respectively. Figure 2(a) shows the PL spectra of the two samples at low
temperature (4K). The nonradiative recombination process will be
inhibited at low temperatures, making these features more apparent.
Sample 2 shows longer emission wavelength than sample 1, confirming
red QWs have higher In content. However, the PL intensity of sample 2
is found to be weaker. In general, the PL intensity is directly proportional
to the radiative recombination rate. The possibility of defect generation
is lower in sample 1 due to the lower In content and lower lattice mis-
match in red QWs.23 The normalized PL of red emissions PR in Fig. 2(b)
clearly shows that sample 2’s wavelength is 647.18nm (1.916 eV),
which is longer than sample 1’s wavelength of 608.59nm (2.037 eV).

FIG. 1. Cross-sectional schematic of red
InGaN-based LED structures: sample 1
with a 4-lm n-GaN layer and sample 2
with an 8-lm n-GaN layer.
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The notable redshift in the peak wavelength of 38.59 nm (121meV)
indicates that red double quantum wells (DQWs) in sample 2 has a
higher In content. This result suggests that a thicker n-GaN buffer
layer is favorable for increasing In content, which is in line with the
conclusion of a prior report.1 In addition, it is found that the full
width at half maximum (FWHM) of sample 1 and sample 2 is 59.50
and 71.87 nm, respectively. Through the different PL peak wavelength
in Fig. 2(b), we calculated the difference of bandgap (DEg) and In con-
tent (Dx) in red QWs of two samples. The calculation formula is as
follows:22

EgðTÞ ¼ EgðT ¼ 0Þ � aT2

T þ b
; (1)

EgðInð1�xÞGaðxÞNÞ ¼ ð1� xÞEgðInNÞþ xEgðGaNÞ� xð1� xÞC; (2)

where T is 4K, a¼ 1.799meV/K, b¼ 51462K, and C is a bowing
parameter, which reflects a reduction of the alloy energy gap.
The energy gaps of two samples are Eg1¼ 2.037 eV (sample 1) and
Eg2¼ 1.916 eV (sample 2). The bandgap difference of two samples is
DEg ¼ 121meV. At the same time, the In content of two samples is
x1¼ 0.4008 (sample 1) and x2¼ 0.4431 (sample 2). The In-content
difference of two samples is about Dx¼ 0.0423, which indicates a
slight In-content difference.

The higher In content, however, leads to high In fluctuation in
red DQWs, which will be discussed later. As for the blue emission PB,
sample 2 shows a longer peak wavelength and wider FWHM, which
indicates that it is higher In content and also larger In fluctuation (in
sample 2), as shown in Fig. 2(c). The PB was further examined by
TRPL at room temperature. Figure 2(d) shows the PB decay curves of

the two samples. The decay curve from sample 2 is faster, indicating
that sample 2 has more nonradiative recombination.

To further study the stress adjustment caused by the thick
n-GaN buffer layer in the red active region, temperature-dependent
PL spectra of samples 1 and 2 were investigated in the temperature
range 15–300K. As shown in Fig. 3, the internal quantum efficiency
(IQE) of the two samples was obtained from the variation of the

FIG. 2. (a) PL spectra of two samples,
normalized PL spectra of (b) PR and (c)
PB with excitation energy 0.3lJ (2.98
� 102 kW/cm2) at low temperature (4 K);
(d) the decay curves of PB with 20lW
pumping at RT.

FIG. 3. The dependent-temperature PL spectra of (a) sample 1 and (b) sample 2
with 15–300 K.
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temperature-dependent PL intensities. The IQE is typically accepted
and utilized as the ratio of integrated PL intensity between ambient
temperature (300K) and 15K.23–26 The IQE of samples 1 and 2 was
found to be 24.03% and 13.53%, respectively. Sample 2 shows a lower
value of IQE.

To further investigate the influence of nonradiative recombina-
tion in the red active region, we use the one-channel Arrhenius model
to fit the temperature-dependent PL intensities of both the samples.23

This technique can be used to quantitatively study the activation
energy of the corresponding nonradiative centers using the following
equation:

IðTÞ ¼ I0

1þ A� exp � Ea
kB � T

� �� � ; (3)

where I0 is the integrated PL intensity at low temperature, A is the
constant related to the density of nonradiative recombination centers,
Ea is the activation energy of the corresponding nonradiative centers
induced by defects, and kB is the Boltzmann constant. The fitted
curves are shown in Fig. 4. From the above Eq. (1), the values of Ea for
samples 1 and 2 are found to be 116 and 85meV, respectively. These
data demonstrate that the nonradiative recombination centers are
easily activated in red MQWs of sample 2.

In addition, the TRPL curves at the peak energy are fitted by two
exponential functions. The equation is as follows:27,28

IðtÞ ¼ B1 � exp
�t
s1

� �
þ B2 � exp

�t
s2

� �
; (4)

where I tð Þ is the TRPL intensity at time t. The parameters s1 and s2
are the fast decay time and slow decay time, respectively. As shown in
Fig. 5, the rate of decay in sample 2 is faster, and the decay time is also
shorter. By fitting, the s1 and s2 of sample 1 were found to be 10.02
and 24.78 ns, respectively. The s1 and s2 of sample 2 were found to be
4.708 and 14.67 ns, respectively. Sample 2 shows shorter decay times
and lower IQE, which also indicates that the nonradiative recombina-
tion is more pronounced.

Carrier transfer from weak to strongly localized states is generally
attributed to the early rapid decay phase, whereas carrier recombina-
tion in strongly localized states is assigned to the slow decay process.17

In-rich clusters and quasi-quantum dot formations, in which the In
content is higher than the average value in InGaN QW, result in

localized states. Combined IQE and the slow decay times of TRPL, the
radiative recombination time (s2r) and the nonradiative recombina-
tion time (s2nr) are calculated by the following equations:

27

1
s2
¼ 1

s2r
þ 1

s2nr
; (5)

s2r ¼ s2 �
1
g
; (6)

s2nr ¼ s2 �
1

1� g
: (7)

The nonradiative recombination times of sample 1 and 2 are 32.62
and 16.97 ns, respectively. The detailed data of the two samples are
listed in Table I. It is noted that the nonradiative recombination time

FIG. 4. Arrhenius plots of red emission PR
intensity vs temperature of (a) sample 1
and (b) sample 2.

FIG. 5. TRPL curves and fitting results of red emission PR for two samples with
20lW pumping (3.39 � 106 kW/cm2).

TABLE I. g; s2, s2r ; and s2nr of two samples.

Sample g s2 (ns) s2r (ns) s2nr (ns)

Sample 1 24.03% 24.78 103.1 32.62
Sample 2 13.53% 14.67 108.4 16.97
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of sample 2 is shorter, indicating that the nonradiative recombination
affects heavily the carrier recombination process. This result is in
agreement with the smaller activation energy of the corresponding
nonradiative centers.

The PL spectra of the two samples at different decay times (3, 5,
8, 15, 30, 40, 70, and 100ns) show that the peak wavelength shift of
sample 2 is larger than that of sample 1. As shown in Fig. 6, the wave-
length shift of samples 1 and 2 is 34.49 and 61.79 nm, respectively.
This phenomenon illustrates that the red DQWs of sample 2 show a
stronger localized effect and deeper localized states. Using Fig. 6, we
calculate the PL redshift of two samples at decay times 3 and 100ns.
DE1¼ 125meV (sample 1), DE2¼ 221meV (sample 2). Comparing
DE1 and DE2, it indicates that the In fluctuation of sample 2 is larger,
and the maximum In content of In clusters is larger too. Figure 6 also
shows that the higher In content causes a larger inhomogeneity and a
wider FWHM of the red emission peak of sample 2, being in agree-
ment with the results shown in Fig. 2(b). Therefore, In uniformity will
be a challenge in reducing the FWHM of PL in InGaN red MQWs.

On the contrary, the built-in electric fields of red QWs under two
extreme conditions are calculated, including complete relaxation and
complete strain. The electric field can be written as the difference of
the polarization (PZ) in the barriers and wells, given by29

FW ¼ ðPb
sp þ Pb

pz � Pw
sp � Pw

pzÞ=e0ew; (8)

where Pb
sp (Pw

sp) and Pb
pz(P

w
pz) are the spontaneous polarization (SP)

and piezoelectric polarization (PZ) of the barrier (well), respectively.
FW is the field strength, and e0 and ew are, respectively, the vacuum
permittivity (8.854 � 10�12) and the relative permittivity (12.78) of
the InGaN well. The built-in electric fields of complete relaxation and
complete strain are 0.07 and 0.37MV/cm, respectively. It means that
the built-in electric field, causing QCSE, is about 0.07–0.37MV/cm.

At the minimum excitation energy of 0.06 lJ (59.7 kW/cm2), the
red peak wavelengths are 617.93 (sample 1) and 651.33 nm (sample 2).
The carrier density is small, and there is no screening of the QCSE.
When there is no In fluctuation, the built-in electric fields of two sam-
ples were calculated by peak wavelength of the red QWs, given by30

E1e�1h ¼ Eg � FwLw þ 9p�hFw=ð8
ffiffiffi
2
p
Þ

h i2=3
ð1=m�e þ 1=m�hÞ

1=3; (9)

where Eg is the bandgap of InGaN, FW , Lw,m�e , andm
�
h are the polari-

zation field, well width (2.5 nm), and electron- and hole-effective mass
of InGaN well, respectively. E1e�1h is the transition energy between the
first electron level and the first hole level. Numerical calculation by
Eq. (9) shows that the built-in electric field of sample 1 is 1.37MV/cm,
and that of sample 2 is 1.78MV/cm, which are much larger than
strain-induced electric field given above. In other words, In fluctuation
must be considered. It shows that the PL redshift is mainly caused by
the In fluctuation, and QCSE plays a negligible role.

In summary, using PL and TRPL measurements and detailed
analyses, we show that a thicker n-GaN layer is desirable to boost In
content for achieving the red emission. However, the lower IQE and
wider FWHM indicate that a higher In content results in more defects
and inhomogeneity in In composition. The blue single QW also shows
similar results. At the same time, nonradiative recombination has a
greater impact on carrier dynamics in higher-In-content QWs. The
substantial lattice mismatch between the higher In-content InGaN
layer and the GaN barrier should be responsible for this problem. To
produce high-efficiency red InGaN quantum wells, it is necessary to
increase the uniformity of the In composition and decrease defects as
well. Growing red InGaN wells atop a strain-relaxed InGaN layer with
similar In content could be a promising option to reduce the strain
and the built-in electric field in the well layer. Using pre-layers is also
beneficial to enhance the In uniformity, reduce the localized states and
PL FWHM, and expand the free movement space of electrons and
holes, increasing the probability of radiation recombination.4 The
experimental results presented may provide a guideline for synthesizing
high-In-content InGaN active layers.
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