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Abstract: In this work, the photoluminescence (PL) properties of three as-grown InGaN/GaN
multiple quantum well (MQW) structures which are heat-treated under different temperatures with
nitrogen (N2) atmosphere are investigated. Temperature-dependent photoluminescence (PL) analysis
was used to characterize the depth of localized states and defect density formed in MQWs. By fitting
the positions of luminescence peaks with an LSE model, we find that deeper localized states are
formed in the MQWs after high-temperature treatment. The experimental results show that the
luminescence intensity of the sample heat-treated at 880 ◦C is significantly improved, which may
be due to the shielding effect of In clusters on defects. While the luminescence efficiency decreases
because of the higher defect density caused by the decomposition of the InGaN QW layer when
the sample is heat-treated at 1020 ◦C. Moreover, the atomic force microscope results show that the
increase in heat-treatment temperature leads to an increase in the width of surface steps due to the
rearrangement of surface atoms in a high-temperature environment.

Keywords: InGaN quantum well; photoluminescence; localized states; high-temperature treatment

1. Introduction

GaN and other III-nitrides, considered as the third generation of semiconductor
materials, are widely used in many fields such as light storage, illumination, display, and
detection [1–3]. Recently, Liang et al. [4] reported the room-temperature continuous-wave
operation of 6.0 W GaN-based blue laser diode (LD) with an emission wavelength at around
442 nm. In GaN-based blue LDs, InGaN/GaN multi-quantum wells (MQWs) are widely
used as active regions and their crystal quality will significantly affect the luminescence
quality [5–7] and then the laser performance [8]. Scientists have made great efforts to
grow InGaN/GaN materials with low defect density and high interface uniformity [9,10].
However, due to the large lattice mismatch and severe polarization effect between the two
compounds of GaN and InN [11], high-quality InGaN/GaN heterogeneous materials still
need to be studied. Another problem for the epitaxial growth of InGaN is how to improve
the incorporation efficiency of In atoms into the InGaN quantum well (QW) layers. Due to
the low decomposition temperature of InN at about 600 ◦C [12] and the immiscibility gap
between InN and GaN [13], it is necessary for InGaN materials to be grown at a relatively
low temperature not higher than 800 ◦C. While the optimum growth temperature for
GaN is above 1000 ◦C [14], meaning that the high-temperature environment used to grow
the GaN epitaxial layer may cause the decomposition of InGaN QWs, especially in the
growth process of the p-type (Al)GaN cladding layer, which needs to be grown at a higher
temperature to improve the doping concentration and reduce contact resistivity [15,16].
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Therefore, it is necessary to investigate the decomposition behavior and internal structural
change of In-rich InGaN MQWs caused by high-temperature treatment [17,18].

Some studies [18–20] have reported investigations on the internal mechanisms of
thermal degradation of In-rich InGaN QWs and demonstrated that the thermal budget is the
direct cause of InGaN decomposition. Recently, Julita et al. [21] reported that the diffusion
of metal vacancies plays an important role in the thermal decomposition of InGaN. It is
generally believed that high-temperature treatment of InGaN may lead to the formation of
In clusters [22,23]. By removing the In clusters through hydrogen treatment [24] or thermal
annealing [25,26] after the growth of QWs, the luminescence performance of MQWs can be
improved. Recently, Hou et al. [26] reported that the interface morphology of InGaN/GaN
MQWs can be improved by thermal annealing treatment on InGaN QWs. However, the
heat-treatment methods mentioned above are mostly applied in the growth process of
MQWs and there are few reports on the effects of heat treatment in situ on the as-grown
MQWs, where the luminescence properties would also be different.

In this work, the luminescence characteristics and internal variation mechanism of
InGaN/GaN MQWs at different processing temperatures were studied by simulating
the temperature conditions of a p-type cladding layer growth used in the LED device
preparation. Three InGaN/GaN MQWs samples were epitaxially grown via MOCVD
with the same conditions, but heat treated at different temperatures after the growth of
MQWs. In the heat-treatment process, we set up two temperature steps to simulate the
actual growth temperatures of the p-type GaN cladding layer and Ohmic-contact layer
in a GaN-based LED structure. It is found that the effect of localized states in the QWs
is strengthened when the heat-treatment temperature is 880 ◦C and the luminescence
performance is significantly improved. However, due to the higher defect density caused
by the decomposition of the InGaN QW layer, the luminescence efficiency decreases when
treated at a higher temperature of 1020 ◦C. In addition, the surface morphology of the
heat-treated samples is also analyzed by atomic force microscope (AFM).

2. Experiment

Three GaN-based samples, named as samples NT, LT, and HT were prepared by
metal-organic vapor deposition (MOCVD) with a two-step growth technology [27]. In
which, trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia (NH3) were used
as precursors for Ga, In, and N, respectively, and N2 was employed as a carrier gas to grow
GaN and InGaN layers. Firstly, a low-temperature GaN buffer layer was grown on a c-axis
sapphire substrate, and then the growth temperature was raised to 1020 ◦C to deposit
an unintentionally-doped-GaN (u-GaN) epilayer, followed by two period InGaN/GaN
MQW layers with a growth temperature of 750 ◦C for both InGaN QWs and GaN QBs. The
above-mentioned growth conditions were the same for all three samples. Then, different
temperature treatments in a N2 atmosphere were applied to the three samples and the
related information is shown in Table 1. Sample NT is the as-grown sample without any
subsequent heat treatment. The heat-treatment time and temperature of sample HT was
230 s at 1020 ◦C and followed by 120 s at 950 ◦C, which were chosen to simulate the optimal
conditions for the growth of p-type layers and subsequent ohmic-contact layer during the
actual growth process of the LED device. Additionally, in sample LT, the heat-treatment
conditions were 230 s at 880 ◦C and then 120 s at 880 ◦C. Here, the relatively low heat-
treatment temperature of 880 ◦C was chosen to be the same as the annealing temperature
which we usually used in the MQW growth process.

Table 1. Growth conditions and structural parameters of three samples determined by HRXRD measurements.

Samples Heat Treatment Temperature/Time Well Layer Thickness (nm) In Content of QW

NT None 2.69 11.28%
LT 880 ◦C/230 s + 880 ◦C/120 s 2.02 11.90%
HT 1020 ◦C/230 s + 950 ◦C/120 s 4.70 5.60%
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We used high-resolution X-ray diffraction (HRXRD, Rigaku SmartLab 3KW, Tokyo, Jan-
pan) and atomic force microscopy (AFM, Bruke, Bremen, Germany) to study the structural
characteristics and surface morphology of the samples. Furthermore, the temperature-
dependent photoluminescence (TDPL) was measured from 30 to 300 K, using a 405 nm
semiconductor laser or 325 nm He-Cd laser, as excitation sources.

3. Results and Discussion

Figure 1 shows the normalized PL spectra of three samples measured at 30 K. The
fluctuations observed in the spectra are caused by Fabry–Perot interference fringes. After
Gaussian fitting, the luminescence peak wavelength of the samples NT, LT, and HT can be
obtained as (478.1 ± 0.2), (460.0 ± 0.1), and (460.1 ± 0.1) nm, corresponding to the peak
energy at 2.60, 2.70, and 2.69 eV, respectively. It displays an obvious blue shift occurring
after heat-treatments. It has been reported that an elevated temperature will cause the
decomposition of InGaN/GaN MQW structure [17,18,28], and maybe we could attribute
the blue shift to the variation in the energy gap caused by the decline in In content. Further,
a study on the internal structural change was carried out to verify the above conjecture.

Figure 1. The normalized PL spectra of three samples NT, LT, and HT measured at 30 K.

HRXRDω-2θ scanning curves of three samples were measured to check the indium
content and well thickness of InGaN QWs. The detailed values are listed in Table 1. As
shown in Figure 2, there are two main diffraction peaks in the scanning curves. The
diffraction peaks located at about 34.5◦ originate from GaN and the peaks on the low-angle
side are derived from InGaN. By fitting experimental data with the Global Fit program, as
shown by the chromatic lines in Figure 2, the In content of InGaN layers can be obtained as
11.28%, 11.90%, 5.60%, respectively, for the three samples. This value decreases largely in
sample HT compared with sample NT, which is the main reason for the blue shift of the
luminescence peak energy in sample HT. In addition, the XRD satellite peak is less obvious
in sample HT than in sample NT, meaning that the interface fluctuation becomes more
serious with the increase in annealing temperature. While there is no significant difference
in In concentration between sample LT and sample NT, indicating that the decrease in In
content in InGaN QWs is not the reason for the blue shift when a relatively low processing
temperature is used. It can be seen from the XRD results that the well thickness of sample
LT decreases from 2.69 nm of sample NT to 2.02 nm. The decrease in well thickness results
in an enhancement of quantum confinement effect and a decrease in quantum confinement
Stark effect (QCSE), both of which cause the emission wavelength to shift to the longer
wavelength direction. It has been reported that the effect of indium segregation occurs
during the growth of InGaN by metalorganic chemical vapor deposition [22,29,30]. The
quantum dot-like In-rich regions formed by In segregation are called In clusters, which can
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serve as radiative recombination centers [22]. However, so far, the formation of In clusters in
sample LT is still our speculation and will be further discussed using TDPL measurement.

Figure 2. High-resolution X-ray diffraction (HRXRD)ω-2θ scanning curves on (0002) of three samples.
The black and chromatic lines are the measurement data and fitting data, respectively. The sharpest
peaks at ~34.5◦ in the figure come from GaN diffraction.

To further verify the model of Indium motion and structural change mentioned above,
PL spectra were measured as a function of temperature ranging from 30 to 300 K using a
325 nm He-Cd laser. The peak energy and FWHM which are changing with temperature
are shown in Figure 3. The luminescence peak energy shows an obvious red shift with
temperature increase in three samples. To quantitatively analyze the redistribution of
carriers in localization centers, a localized-states ensemble (LSE) model, which is proposed
by Q. Li et al. [31] and is applicable to the full temperature range [32,33], is applied to
analyze the peak energy of samples. The variation in peak position as a function of
temperature from LSE is described as:

E(T) = E0 −
αT2

θ + T
− x × kBT (1)

In which E0 is the band-gap energy at 0 K. The second term is related to the temperature-
induced band-gap shrinkage, α is the Varshni parameter, and θ is the Debye temperature of
the material. The third term is attributed to the carriers’ thermal redistribution within the
localized states, in which kB is the Boltzmann constant and x is a dimensionless parameter
that can be obtained by solving the following equation:

x × ex =

[(
σ

kBT

)2
− x

](
τr

τtr

)
e(E0−Ea)/kBT (2)

In which σ is the standard deviation of the localized distribution. 1/τr and 1/τtr are
the radiative rate and escape rate of carriers, respectively, and can be taken as constant.
τr/τtr represents the escape rate of carriers from the localization center. E0 is the central
energy of the localization center and Ea gives the occupied level of excitons at 0 K, which is
similar to the Fermi level in the Fermi–Dirac distribution [34]. By fitting the peak energy
with the LSE model, as shown in Figure 3a,c,e, the parameters can be obtained and are
listed in Table 2. It is found that the parameter τr/τtr of samples LT and HT are significantly
decreased compared with the untreated sample NT, indicating that the escape rates of
carriers in MQWs are decreased in the heat-treated samples. Meanwhile, the standard
deviation of the localized distributions is bigger in samples LT and HT, which also means
that the carriers have more difficulty escaping from the localization centers and transfer
among different energy levels. The LSE fitting results show that there are obvious localized
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states forming in the MQWs after heat-treatment, which may be caused by the formation of
more In clusters [35] or random fluctuations in quantum well thickness [36], according to
XRD results.

Figure 3. Peak energy and FWHM as a function of temperature obtained from temperature-dependent
photoluminescence (TDPL) spectra of: (a,b) sample NT, (c,d) sample LT, and (e,f) sample HT. The
symbols represent the experimental data and red solid lines in (a,c,e) are fitting curves using the LSE
model. The blue solid lines in (b,d,f) show the trend of FWHM with temperature.

Table 2. Fitting parameters in the LSE model of three samples.

Samples E0 (eV) EA (eV) τr/τtr σ (meV)

NT 2.599 2.663 35 0.033
LT 2.702 2.727 0.148 0.071
HT 2.705 2.707 0.074 0.040

The FWHM shows a characteristic increase with temperature in sample NT, which
is due to the increase in the interaction between photon and phonon with temperature
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increasing, resulting in non-uniform Gaussian broadening. While in sample LT and sample
HT, the temperature dependence of the PL peak FWHM is “V-shaped” with a critical
temperature at about 100 K, as shown in Figure 3d,f. This phenomenon may be attributed
to the formation of a large number of localized states in InGaN/GaN quantum wells caused
by the high-temperature treatment [37]. Photogenerated carriers may be fixed in localized
states with different potential well depths at an extremely low temperature and recombine
radiatively. With temperature increasing, the thermal energy of excited carries increases
and they tend to climb over low barriers and relax into deeper localized states, which
may lead to a more concentrated distribution of carriers and a narrower spectral width.
However, as the temperature rises further, the carriers gain much more energy to overcome
the bound of deep localized states and jump to higher energy states; thus, broadening
the spectra.

The room-temperature photoluminescence spectra of three samples were measured
at the same laser power and the same optical path conditions, as shown in Figure 4. It is
obvious that sample LT has the highest luminescence intensity at room temperature, which
may be due to the restriction effect of the localized states on the carriers. Although the
heat treatment causes more defects in the crystal, the existence of localized states makes it
difficult for carriers to be captured by defects.

Figure 4. PL spectra (solid lines) of three samples measured at room temperature and the dashed
lines show the Gaussian fitting curves corresponding to each sample. The fluctuations in the spectra
are caused by the Fabry–Perot interference effect.

To further investigate the luminescence property, the normalized PL integral intensity
as a function of temperature of three samples were measured by a 405 nm semiconductor
laser excitation in order to avoid light absorption of GaN layers, but in all of the other
sections of this article, a 325 nm He-Cd laser was used for PL measurements. In Figure 5a,
we can see that when temperature is lower than 100 K, the PL intensity of samples LT and
HT are almost the same and slightly higher than that of sample NT. It can be interpreted
that the existence of localized states reduces nonradiative recombination at a relatively low
temperature. However, as the temperature continues to increase, photo-generated carriers
with higher thermal energy are more likely to be captured by defects during the process
when they jump to the higher energy states and the luminescence intensity is reduced.
The PL intensity of sample LT is always the highest among the three samples, and it is
one order of magnitude higher than that of sample NT at 300 K, which indicates that the
localized states generated by In clustering can effectively reduce the probability of carriers
to be captured by nonradiative recombination centers and then improve the luminescence
efficiency. However, in sample HT, which is also a sample with more localized states,
there is no obvious improvement in luminescence intensity and the intensity declines
with increasing temperature even faster than sample NT over 200 K. It can be inferred
that the InGaN/GaN MQWs treated at 1020 ◦C contains more defects due to the serious
structural decomposition, which increases the probability of carriers being captured by
nonradiative recombination centers. It should be noted that the luminescence intensity of
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both sample NT and sample HT is small at 300 K. Therefore, there is not much difference
in luminescence intensity between the two samples when the electrons from GaN barrier
layer are excited and luminesce, as shown in Figure 4.

The PL dependencies of normalized PL intensity of three samples were fitted by
Arrhenius equation:

I =
1

1 + a × exp
(
− E

k0T

) (3)

In which I = IT/I30K, and it is the normalized integral intensity at each temperature.
Parameter a is positively correlated with the number of defects. Parameter E is the activation
energy of the nonradiative recombination centers. The fitting curves and fitting parameters
are shown in Figure 5b and Table 3. The obtained activation energy of three samples
are 41.8, 75.5, and 74.9 meV, respectively. It increases in samples with high-temperature
treatment, which means that deeper potential wells were generated in samples LT and
HT. Additionally, the fitting results are consistent with the previous analysis of potential
well depth. The increase in parameter a from 50.3 to 254.2 indicates that high-temperature
treatment causes more defects in the crystal. Although the localized states make it difficult
for carriers to be captured by defects, a large number of defects will still lead to fluorescence
suppression. As can be assumed in sample HT, due to the decomposition of the InGaN QW
layer, higher defect density is produced and thus the luminescence efficiency decreases.

Figure 5. (a) Normalized PL intensity as a function of temperature of three samples. (b) Normalized
PL intensity as a function of 1000/T and Arrhenius fitting curves.

In addition to the internal changes in the samples, we also obtained the information
of surface topography. The surface morphologies of three samples were analyzed using
AFM in a tapping mode, as shown in Figure 6, and the micrograph scale is 5 × 5 µm2.
In Figure 6a, the sample NT shows a morphology of meandering steps interrupted by
dislocations, while bunching steps appear in the surface of samples LT and HT, as shown
in Figure 6b,c. The step width increases with the increase in heat-treatment temperature
from sample NT to samples LT and HT. Additionally, it may be related to the increased
migration distance of atoms at a higher temperature. The upmost GaN of samples LT and
HT was decomposed and redeposited during heat treatment, which results in the atomic
rearrangement and morphologic change in the surface. Meanwhile, the surface roughness
increases in samples LT and HT due to trench defects caused by high-temperature treatment
as can be clearly seen in AFM images. The roughness of three samples is shown in Table 4.
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Figure 6. Surface topography measured by atomic force microscope (AFM) in tapping mode for
samples of (a) NT; (b) LT; (c) HT.

Table 3. Arrhenius fitting parameters of three samples.

Samples E (meV) A

NT 41.8 50.3
LT 75.5 100.1
HT 74.9 254.2

Table 4. Roughness of three samples.

Samples Rq (nm) Ra (nm)

NT 0.44 0.331
LT 0.583 0.44
HT 0.568 0.454

4. Conclusions

The photoluminescence properties and surface morphology of three InGaN/GaN
MQW structures heat-treated with different temperatures were investigated. We found
that the formation of localized states in the QWs with decomposition of InGaN is the
main reason for the improvement in luminescence characteristics of InGaN quantum wells
during 880 ◦C heat-treatment. While the serious decomposition of the InGaN layer occurs
and a large number of defect states are produced as the treated temperature rises further
to 1020 ◦C, which causes a deterioration of luminescence performance and an increase in
surface roughness. This study can provide a useful reference for the design of cladding
layers and the selection of growth conditions of p-type layers during the epitaxial growth
process of the device structures.
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