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Abstract: The realization of red-emitting InGaN quantum well (QW) is a hot issue in current
nitride semiconductor research. It has been shown that using a low-Indium (In)-content pre-well
layer is an effective method to improve the crystal quality of red QWs. On the other hand, keeping
uniform composition distribution at higher In content in red QWs is an urgent problem to be
solved. In this work, the optical properties of blue pre-QW and red QWs with different well width
and growth conditions are investigated by photoluminescence (PL). The results prove that the
higher-In-content blue pre-QW is beneficial to effectively relieve the residual stress. Meanwhile,
higher growth temperature and growth rate can improve the uniformity of In content and the
crystal quality of red QWs, enhancing the PL emission intensity. Possible physical process of
stress evolution and the model of In fluctuation in the subsequent red QW are discussed. This
study provides a useful reference for the development of InGaN-based red emission materials
and devices.
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1. Introduction

III-nitride materials have attracted much attention due to the excellent performance such as
wavelength tunability, high efficiency, high power, environmentally friendly character, etc. These
properties make it widely used in solid-state lighting and displays. In the past few decades,
InGaN-based blue and green light-emitting diodes (LEDs) have achieved great success based
on the rapid development of InGaN materials. The maximum external quantum efficiencies
(EQEs) of LEDs exceed 80% and 50%, respectively [1,2]. In recent years, the red-emitting
materials and devices based on InGaN are attracting increasing attention. Presently, red LEDs
based on aluminum indium gallium phosphide (AlInGaP) materials are of high efficiency and
well-established, achieving a high EQE of over 60% [3]. But their thermal stability is poor, and
their quantum efficiency drops fast as the temperature rises. In comparison, InGaN material
offers superior thermal stability, mechanical and chemical capabilities, and is environmentally
friendly [4]. Therefore, achieving high-efficiency red emission becomes particularly important
for realizing three primary colors (RGB) through III-nitride materials.

Due to the high In content, the EQEs of even the state-of-the-art InGaN-based red LEDs are still
less than that of typical blue and green LEDs. The major challenge in realizing high-efficiency
red InGaN-based LEDs is the poor crystal quality. This is caused firstly by a low-temperature
growth. Secondly, the red QWs with high In content are easily affected by the large lattice
mismatch, leading to strong quantum-confined Stark effect (QCSE), large strain and In fluctuation
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[5–8]. These issues result in a large peak-wavelength shift, a low internal quantum efficiency
(IQE), and a large full width at half maximum (FWHM) of the red emission peak. In order
to solve these problems, many research groups have adopted various growth strategies, such
as InGaNOS pseudo-substrate [9], nano-porous GaN [10], strain relaxed InGaN buffer layer
[11], strain compensating barrier layers [12], hybrid QW structures [13] and thick GaN template
[14] etc. Through these methods, both the incorporation of In and the growth temperature were
increased for red QWs. In 2021, Chan et al. fabricated the 633-nm InGaN-based red LEDs with
a high growth temperature of 870 °C on a relaxed InGaN/GaN superlattice buffer [15]. In 2022,
Iida et al. fabricated a 621-nm-wavelength InGaN-based LEDs using a single red quantum well
as the active layer. By adopting a thick underlying n-GaN layer and a lower-In-content blue pre-
single quantum well, they reduced the in-place stress and improved crystal quality of the InGaN
active region, and achieved an EQE of 4.3% [16]. In 2022, by using blue InGaN single-QW and
red InGaN double-QWs as active regions, Huang et al. achieved that the maximum value of
EQE, 5.02%-6.71% [17].

Although the EQE of red QW is gradually improving, its optical properties and carrier dynamics
still need to be studied and elucidated. We previous reported that the thick n-GaN underlayer
is beneficial to enhance In content in red QW [18]. Meanwhile, increasing the uniformity of
In composition and decreasing defects are the key challenges for achieving high-efficiency red
emission. In this work, it is demonstrated that the blue pre-QW with higher In content can
effectively relieve the residual stress coming from the underlayers. In addition, by proper growth
conditions, the uniformity of In content and the crystal quality of the red QW are improved,
and the IQE is enhanced. Using PL and time-resolved photoluminescence (TRPL) analyses, we
investigated the intrinsic reason and carrier recombination mechanism why the red QWs with
3.5-nm well width possesses a stronger PL intensity and a narrower FWHM. A model is proposed
to explain the emission mechanism of two different samples. The results may provide a guideline
for the development of high-efficiency long-wavelength optoelectronic devices based on nitride
semiconductors.

2. Sample structures and experiments

Figure 1 shows the cross-sectional schematic of two red MQWs wafers with different well
thicknesses. One 2 nm single blue QW and two red QWs made up the InGaN MQWs.
GaN(2 nm)/Al0.13Ga0.87N(18 nm)/ GaN(3 nm) barrier layers can well restrict carriers and play
a role of stress compensation in QWs. It is well known that inserting a low-indium-content
pre-well before growing high-indium-content InGaN on GaN will help to relax the strain and
improve indium incorporation [14]. The well widths of red QWs are 2.5 and 3.5 nm for Sample 1
and Sample 2, respectively. Compared with Sample 1, the growth conditions were changed in
Sample 2. Firstly, the growth temperature of blue pre-QW in sample 2 was reduced by 7 °C. And
the growth rate of Al0.13Ga0.87N of Sample 2 was reduced 25%. Secondly, for the red DQWs,
the growth temperature was increased by 20 °C and the growth rate was doubled for Sample 2
[19]. The detail comparisons in growth conditions of two samples are shown in Table. 1.

Temperature-dependent PL measurements were performed at temperatures of 4-300 K. The
excitation source was a 405 nm (5 ns, 20 Hz) pulsed laser. The laser spot diameter on the
sample was 160 µm. Samples were mounted in a closed-circuit helium cryostat. A Princeton
Instruments Model ACTONSpectrapro-3000i monochromator supplied the dispersion of the
PL signal from the samples. On the other hand, TRPL measurements were performed at room
temperature (RT). A 400 nm pulse laser was used as the excitation source, which was generated
by frequency doubling a Ti:sapphire femtosecond (fs) pulse laser operating at 800 nm (35 fs, 1
kHz, Model Verdi G8, Coherent, America). The spot diameter of the laser is 50 µm. All the
TRPL measurements were carried out by a home-built confocal µ-PL system at RT. TRPL spectra
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Fig. 1. Cross-sectional schematic of red InGaN-based LED structures: red QWs of Sample
1 with 2.5-nm well and that of Sample 2 with 3.5-nm well.

Table 1. The comparison in growth conditions of two samples

Structure Sample 2 (compared with sample 1)

Al0.13Ga0.87N
(barrier)

Growth rate was reduced by 25%.

Blue QW (pre-well
layer)

Growth temperature was reduced 7 °C.

Red QWs
(active layers)

Wider well width (3.5 nm)

Growth temperature was increased 20 °C.

Growth rate was increased by 2 times.

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. [20].

3. Experimental results and discussion

Firstly, the excitation-energy-dependent PL for two samples were measured at 4 K. The results
indicate both samples have two emission peaks (blue peak and red peak). As our previous
reports [18,21], the blue peak and red peak originated from the blue pre-QW and the red QWs,
respectively. The normalized PL spectra of blue peak with different excitation energies for two
samples at 4 K are shown in Fig. 2 (a) and (b), respectively. The longer emission wavelength
of Sample 2 indicates a higher In composition in the pre-QW because of the lower growth
temperature. With increasing excitation energy, the blue pre-QW emission of both samples
exhibit blue-shift, caused by two possible effects: screening of QCSE and band filing. Sample 1
shows a severe broadening on the higher energy (shorter wavelength) side, showing that band
filling effect is dominant. On the other hand, Sample 2 exhibited a obvious blue shift in the
whole spectrum, showing that the screening of QCSE is dominant. Figure 2(c) and (d) show the
dependence of emission energy and FWHM for the two samples. It can be seen that FWHM
of Sample 2 is narrower (∼12 nm) than Sample 1(>18 nm), indicating relatively homogeneous
In distribution of pre-QW in Sample 2 while more In fluctuation in Sample 1 [18]. Moreover,
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the decreasing FWHM of Sample 2 and increasing peak energy at lower excitation energies are
another evidence of screening QCSE effect as shown in Fig. 2 (d). The pre-QW of Sample 2
presents QCSE due to the higher In content and the less In fluctuation than that of Sample 1.
The less fluctuation of In composition in Sample 2 is attributed to the lower growth rate (longer
growth time) of the Al0.13Ga0.87N barrier (decreased by 1/4). Longer growth time induces an
annealing effect on the pre-QW, which is beneficial for In homogeneity and then improve the
radiation recombination. This is further demonstrated by analyzing the emission property at
room temperature.

Fig. 2. Normalized blue peak PL spectra of Sample 1 (a) and Sample 2 (b) at different
excitation energy (4 K). Emission peak energy and FWHM as functions of excitation energy
for the pre-QW emission at 4 K, (c) Sample 1 and (d) Sample 2.

At 300 K, the non-radiative recombination centers due to defects will be activated and play
a role in carriers recombination process. The relation between the integrated PL intensity of
pre-QW emission and the excitation energy are shown in Fig. 3(a) and (b) at RT. The integrated
PL intensity (I) as a function of the excitation energy (E) can be expressed by the following
equation [22]:

I ∝ EF (1)

when F= 1, radiative recombination is dominated. As shown in Fig. 3, the F values are 0.893 and
1.035, respectively. The F value of Sample 2 is very close to 1, indicating the pre-QW emission
of Sample 2 is dominated by radiation recombination at 300 K. Meanwhile, the IQE value can be
calculated by the ratio of integrated PL intensities at 300 and 15 K [23–25]. The IQE of blue
peak in Sample 1 is 54.3%, and that of Sample 2 is 88.3%, which is a good proof of the decrease
in non-radiative recombination in Sample 2.

Next, the optical properties of the red QWs in two samples are analyzed and discussed. The
excitation-energy-dependent normalized PL spectra of red peaks are shown in Fig. 4. The red
peak of Sample 1 is characterized by a wider FWHM and a larger blue shift, demonstrating
large In fluctuation, strong QCSE and band filling in the red QW. In comparison, the red peak of
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Fig. 3. Integrated PL intensity as a function of excitation energy for the pre-QW at 300 K,
(a) Sample 1 and (b) Sample 2.

Sample 2 presents a narrower FWHM, a smaller blue shift and a broadening in short wavelength
side, demonstrating less In fluctuation, less QCSE and pronounced band filling effect. In previous
literatures [26,27], the QW with wider well layer existed a poor carrier confinement and serious
QCSE, leading to a weaker PL intensity and a larger shift of peak wavelength. However, Sample 2
with 3.5-nm red QWs possesses a narrower FWHM, a stronger PL intensity and a small blue shift
compared with Sample 1 with 2.5-nm red QWs. These results indicate that higher-In-content
pre-QW can effectively alleviates the residual compressive stress from the underlayers. The
higher-In-content pre-InGaN layer also plays a stretching role on the barrier layer of red QW,
reducing the mismatch between strained GaN barrier and the red InGaN layer with even higher In
content. The process of adjusting strain in red InGaN layers by the blue pre-QW is schematically
shown in Fig. 5. The higher In uniformity and less QCSE lead to an increase in spatial overlap of
electron and hole wave-functions and higher spontaneous recombination rate.

Fig. 4. Normalized red peak PL spectra of two samples at different excitation energy (4 K),
(a) Sample 1 and (b) Sample 2.

By fitting curves, we obtain the FWHMs and emission energies of red QWs at different
excitation energies, shown in Fig. 6. The red peak of Sample 1 possesses a wider FWHM
(<89 nm) and a larger blue shift of peak energy (∼100 meV), indicating the serious localized
states effect caused by In fluctuation in the red QW. The blue shift of peak energy in Sample 2 is
smaller (∼40 meV), and the FWHM (<66 nm) is narrower, indicating a weak In fluctuation and
shallower localized states effect. Compared with the PL intensity of two samples, it is found that
the red QW of Sample 2 presents stronger radiative recombination. The decrease of residual
stress, the high growth temperature (>20 °C) and the improvement of In-content homogeneity
enhance the PL intensity and reduce the FWHM in the red QWs.
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Fig. 5. The schematic of strain evolution in red InGaN layers by the blue pre-QW.

Fig. 6. Emission peak energy and FWHM as functions of excitation energy for red peak
(4 K), (a) Sample 1 and (b) Sample 2.

In order to further investigate the optical characteristics of red QWs, the PL spectra of Samples
1 and 2 were investigated in the temperature range 15-300 K as shown in Fig. 7. The IQE values
of red QWs for two samples are calculated [23–25]. The IQE of red peak in Samples 1 and 2 was
found to be 13.5% and 20.5%, respectively. Sample 2 shows a higher value of IQE.

According to the PL characteristics of the samples, we proposed the model of the localized
states in the red QW as shown in Fig. 8. Sample 1 possesses the serious In fluctuation and deep
localized states in red QW, leading to a wider FWHM. In the deep localized state, the confinement
of carrier is more serious, and the density of states is smaller, which affects the emission efficiency.
The red QW of Sample 2 has a smaller In fluctuation and shallower localized states. The FWHM
is narrower and the carriers are weakly localized, which increases the recombination probability
of carriers, and then improves its luminescence intensity. This model can well explain the optical
characteristics of red QW in two samples.

The model is demonstrated by TRPL measurement. The TRPL curves at the peak energy are
fitted by one- and two-exponential functions as shown in Fig. 9. The equations are as follows
[13,28]:

I(t) = B1 × exp(
−t
τ1

) (2)
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Fig. 7. The temperature-dependent PL spectra of red peak at 15-300 K, (a) Sample 1 and
(b) Sample 2.

Fig. 8. The schematic of localized states model in red QWs of two samples.

Fig. 9. TRPL curves and fitting results of red emission peak for two samples.
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I(t) = B1 × exp(
−t
τ1

) + B2 × exp(
−t
τ2

) (3)

where I(t) is the PL intensity at time t. The parameters τ1 and τ2 are the fast and slow decays,
respectively. The decay curve of red QW in Sample 1 is obviously a double-exponential function.
The fast and slow decay times are 4.18 ns and 17.52 ns, respectively. This result indicates that
the localized states in the red QWs of Sample 1 are more severe, resulting in the long-time
transfer and recombination processes of photo-generated carrier. The decay curve of Sample 2
is a single-exponential function, obtained the decay time 23.57 ns. The carriers of red QW are
recombination only, and there is no carrier transfer in Sample 2. At the same time, the shorter
decay time of Sample 1 is attributed to the fact that more non-radiative recombination centers in
red QWs are activated at room temperature. This result is consistent with the higher IQE value
and stronger PL intensity of Sample 2. Based on the above discussion, the variation in growth
conditions and related conclusions are summarized in the Table. 2.

Table 2. The conclusions and different parameters of two samples

Structure Sample 2 Conclusions

Al0.13Ga0.87N
Lower growth rate

1) Longer annealing on the QW

(barrier) 2) Uniform In distribution in the QW

Blue QW
(pre-well layer)

Lower growth temperature Higher In content in the blue QW

Red QWs
(active layers)

3.5 nm (wider width) Larger carrier confinement potential

Higher growth temperature Quality up

Higher growth rate Uniform In distribution

4. Conclusion

In this work, we present the characterization of red InGaN/GaN MQWs epitaxial wafers. The
optical properties of two red MQWs structures with different well widths are studied and
compared. The results show that the higher-In-content pre-well layer alleviates the residual
compressive stress, and reduces the mismatch between strained GaN barrier and the red InGaN
layer with high In component. Therefore, the red QW with 3.5-nm well width possesses a weak
QCSE, helping to improve the overlap of electron and hole wave functions and enhance the
probability of recombination. Secondly, the high growth temperature (>20 °C) of the red QW
improved the crystal quality, and finally the PL intensity and IQE of red QW are improved while
the FWHM is reduced.
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