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Abstract: InGaAs quantum well (QW) lasers have attracted significant attention owing to their
considerable potential for applications in optical communications; however, the relationship between
the misorientation of the substrates used to grow InGaAs QWs and the structural and optical
properties of QWs is still ambiguous. In this study, In-rich InGaAs/GaAsP single QWs were grown in
the same run via metal organic chemical vapor deposition on GaAs (001) substrates misoriented by 0◦,
2◦, and 15◦ toward (111). The effects of substrate misorientation on the crystal quality and structural
properties of InGaAs/GaAsP were investigated by X-ray diffraction and Raman spectroscopy. The 0◦

substrate exhibited the least lattice relaxation, and with increasing misorientation, the degree of lattice
relaxation increased. The optical properties of the InGaAs/GaAsP QWs were investigated using
temperature-dependent photoluminescence. An abnormal S-shaped variation of the peak energy and
inverse evolution of the spectral bandwidth were observed at low temperatures for the 2◦ substrate,
caused by the localization potentials due to the In-rich clusters. Surface morphology observations
revealed that the growth mode varied with different miscuts. Based on the experimental results
obtained in this study, a mechanism elucidating the effect of substrate miscuts on the structural and
optical properties of QWs was proposed and verified.

Keywords: misorientation; optical communication; InGaAs/GaAsP quantum well; optical properties;
localization potential

1. Introduction

Long wavelength semiconductor laser diodes have been an important technology
in recent years, because of their major role in optical communications [1]. These lasers
emit at wavelengths near the infrared band, and the InGaAs material system has shown
promise as an active layer candidate for realizing wavelengths beyond 1 µm. Because
the large lattice mismatch between InGaAs and GaAs substrates limits the layer thick-
ness and heterointerface smoothness, several studies have been performed to improve
the interface roughness and crystal quality. Nagle et al. improved the quality of the
GaAs/InGaAs interface using short annealing steps at various growth temperatures [2].
Ma et al. demonstrated the possibility of avoiding strain accumulation in InGaAs layers
using a gas-switching technique during growth [3]. In order to achieve a longer excitation
wavelength, it is necessary to increase the indium (In) content in InGaAs QWs. However, a
high content of In tends to cause a significant lattice mismatch between the wells and barri-
ers. Lattice-mismatched heteroepitaxy is always accompanied by the generation of strain
and dislocations, which degrade the device performance [4]. In order to reduce or eliminate
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strain accumulation and the formation of defects in QWs, tensile-strain GaAsP barrier
layers have been employed to compensate for the compressive strain in the InGaAs QW
layer. Compressive strain in the well and tensile strain in the barrier can offset each other
during epitaxial growth, which reduces the formation of defects, such as dislocations [5].
Therefore, radiative recombination and surface roughness can be improved. However,
the precise strain-balanced condition is not straightforward, and the mismatch strain is
unavoidable. The growth of high quality InGaAs/GaAsP QWs is vital for realizing high
performance devices. Choi et al. found that a reduction in the growth temperature yielded
highly strained epitaxial layers with decent optical properties presumably owing to the
reduced formation and propagation of dislocations [6]. Hou et al. studied the influence
of different compositions of phosphorus in the barrier layer on the production of a high
quality and smooth heterointerface of InGaAs/GaAsP QWs [7]. Dong et al. investigated
the influence of growth temperature on interfacial quality of InGaAs/GaAsP multiple
quantum wells [8]. Therefore, the optimization of crystal growth conditions is crucial to
facilitate the production of high-performance devices.

Substrate misorientation is known to be crucial for developing high-efficiency solar
cells and high-performance QW diode lasers [9]. However, the correlation between the
structural and optical properties of InGaAs QWs and GaAs substrates with different
misorientation angles has not yet been thoroughly investigated. Lin et al. investigated the
influence of a tilted substrate on the photoluminescence, mismatch, doping, thickness, and
morphology of GaInP QWs and found that the 15◦ substrate was a suitable choice for use
in a red light waveband laser diode wafer [10]. Botha et al. studied the influence of growth
interruption and substrate misorientation on the optical and heterointerface properties;
the use of the growth interruption technique during growth resulted in the 2◦ substrate
being preferred for the growth of InGaAs/GaAs QWs [11]. They mainly explored the effect
of epitaxial growth conditions on the structure of materials with little lattice mismatch
on misoriented substrate. However, there are few studies about the effect of substrate
misorientation on QWs with large lattice mismatch. The use of vicinal substrates for
growing InGaAs/GaAsP QWs has become technologically significant because they result
in improved optical properties [9]. However, the correlation between the structural and
optical properties of In-rich InGaAs QWs and GaAs substrates with different misorientation
angles has not been elucidated.

In this study, the dependence of structural and optical properties of large-mismatch
InGaAs/GaAsP QWs on substrate misorientation were investigated and analyzed in detail.
This provides a better experimental method and theoretical basis for the preparation of
novel optoelectronic materials and devices.

2. Materials and Methods

In-rich InGaAs/GaAsP QWs were grown on n-type GaAs (001) substrates misoriented
by 0◦, 2◦, and 15◦ toward (111) using a MOCVD AIXTRON 200/4 reactor under identical
growth conditions. The following reactants were used: trimethylindium (TMIn), trimethyl-
gallium (TMGa), arsine (AsH3), and phosphine (PH3). Purified H2 was used as a carrier
gas. The growth pressure and temperature of the MOCVD system were set to 100 mbar
and 630 ◦C, respectively, a growth rate of 0.5 nm/s during the growth and V/III ratios of
80 were employed. The structure of an InGaAs/GaAsP QW is depicted in Figure 1. For all
three samples, the substrate surface was deoxidized via thermal desorption at 680 ◦C for
5 min under an AsH3 atmosphere. A 300 nm GaAs buffer layer was subsequently grown
on the 2-inch oriented GaAs substrate using TMGa and AsH3 with a growth time of ~600 s.
A 5 nm GaAsP barrier was subsequently grown, followed by the growth of a 7 nm InGaAs
QW. Finally, a 5 nm GaAsP barrier with a PH3:AsH3 ratio of 3.5:1 in the vapor phase was
employed as the capping layer.
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(RENISHAW InVia) was employed to study the structural disorder and residual strain in 
the epitaxial layers of the three samples. Atomic force microscopy (AFM, Bruker Multi-
Mode 8) was used to conduct morphological analysis and determine the RMS surface 
roughness. The optical characteristics of the InGaAs/GaAsP QW were investigated using 
temperature-dependent photoluminescence spectroscopy (ARS 8200 cryogenic system) 
with a 488 nm continuous-wave laser. 

  

Figure 1. Schematic of the InGaAs/GaAsP quantum well.

To achieve lasing at near-infrared wavelength in this study, the In and phosphorous
compositions were fixed at 38% and 20% in the InGaAs QWs and GaAsP barriers, re-
spectively; the thicknesses of the QWs and barriers were estimated to be 7 and 5 nm,
respectively. Lattice constants are known to change with composition, and the effects of
the composition of In on lattice constants can be expressed as follows:

aInxGaAs = aGaAs + (aInAs − aGaAs) · x. (1)

The strain in the layers can be defined as follows:

ε =
∆a
asub

(2)

where ∆a is the difference between the lattice constants of the two materials and asub is the
lattice constant of the substrate. The lattice constant of In0.38GaAs is obtained as 5.807 Å
using Equation (1) and the compressive strain of the In0.38Ga0.62As layer is evaluated
to be 27,224 ppm (Equation (2)). Tensile strain GaAsP barrier layers were employed to
compensate for the compressive strain in the InGaAs QW layer, and then the defect density
was reduced. The average strain is defined as [7]

(TInGaAs × εInGaAs + TGaAsP × εGaAsP)/(TInGaAs + TGaAsP). (3)

where T and ε represent the thickness and strain of each layer, respectively. ε is positive
if the layer has compressive strain and is negative for tensile strain. The accumulated
strain in the InGaAs/GaAsP QW was 7006 ppm, which indicated that it was not fully
compensated and residual strain was likely present in the material.

To investigate the crystal quality, and strain mismatch of the epitaxial layers, the
samples were identified by X-ray diffraction (XRD, Bruker D8). A Raman spectrometer
(RENISHAW InVia) was employed to study the structural disorder and residual strain in the
epitaxial layers of the three samples. Atomic force microscopy (AFM, Bruker MultiMode 8)
was used to conduct morphological analysis and determine the RMS surface roughness.
The optical characteristics of the InGaAs/GaAsP QW were investigated using temperature-
dependent photoluminescence spectroscopy (ARS 8200 cryogenic system) with a 488 nm
continuous-wave laser.
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3. Results and Discussion

Figure 2 shows the XRD patterns of the InGaAs/GaAsP QWs with different miscut
angles. The strongest peak originated from the GaAs substrates, and the satellite peaks of
the QW are clearly visible in samples with miscut angles of 0◦ and 2◦. However, the satellite
peaks of the InGaAs/GaAsP QW disappeared in the XRD pattern of the 15◦ sample, which
indicated its poor interfacial quality [12]. From the XRD patterns of the three samples in
Figure 2, the relax are obtained by the simulation of the diffraction patterns, 5.03% strain
relaxation occurs in the 0◦ sample while 19.26% strain relaxes in the 2◦ sample, as for the
15◦ sample, 90.58% strain relaxation occurs [13]. The XRD result show that the crystal
quality degraded with increasing the angle of substrate misorientation.
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Figure 2. Omega-2θ scans around the (004) symmetric XRD patterns of InGaAs/GaAsP QWs grown
on substrates with misorientations of (a) 0◦, (b) 2◦, and (c) 15◦.

Raman scattering is an important technique used to investigate the optical properties of
materials, wherein the disorder and local strain phenomena in materials can be adequately
represented by vibrational spectra. The disorder and strain in materials can alter the
phonon frequency and phonon lifetime, which can lead to the broadening of the Raman
spectrum and breaking of Raman selection rules [14]. The frequency shifts of longitudinal
optical (LO) phonons are extremely sensitive to strain; compressive and tensile strain are
known to result in positive and negative frequency shifts, respectively [15].
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The samples prepared in this study feature a lattice mismatch between the In-rich
InGaAs QW and the GAs substrate. The In-rich layer generates a lattice mismatch stress in
the adjacent epitaxial layer. The residual stress in the epitaxial layer can be obtained by
measuring the frequency shift of the characteristic peak of GaAs via Raman scattering. The
stress in the InGaAs material can be evaluated using the frequency shift of the GaAs-like
LO mode of the InGaAs material; Equation (4) was utilized to calculate the frequency of
the GaAs-like LO mode in the InGaAs epitaxial layer [16]:

ωLO = 290 − 18.6x − 32.5x2, (4)

where x is the content of In and ωLO is the GaAs-like LO frequency in the strain-free
InGaAs material as a function of x. The GaAs-like LO frequency in an ideal strain-free
In0.38Ga0.62As layer is evaluated to be 278.2 cm−1. The residual strain in the epitaxial layer
is evaluated using the deviation from the measured frequency of the GaAs-like LO mode
to that of the ideal strain-free In0.38Ga0.62As layer [17].

GaAs-related LO phonons from InGaAs/GaAsP QWs are known to consist of two
LO phonon modes [18]—one from the GaAs buffer layer because of the thin QW that
can be penetrated into the GaAs buffer layer [19], and the other from the InGaAs layer
that exhibits a GaAs-like LO phonon peak. As shown by the dashed line in Figure 3, the
GaAs-like LO frequency in the ideal strain-free In0.38Ga0.62As epitaxial layer was obtained
as 278.2 cm−1. The GaAs-like LO frequency of the 2◦ GaAs substrate was observed at
283.4 cm−1 via fitting of the Raman spectra; this sample features the smallest shift with
respect to 278.2 cm−1 compared to that of the 0◦ GaAs substrate (285.2 cm−1), which
indicated that the strain induced via lattice mismatch was partially relaxed in the epitaxial
layer in the 2◦ GaAs substrate. The GaAs-like LO frequency of the 15◦ GaAs substrate was
observed at 279.8 cm−1 which is very close to the ideal strain-free In0.38Ga0.62As layer and
indicated that substantial strain had relaxed in 15◦ substrate.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 
Figure 3. Raman spectra of InGaAs/GaAsP QWs grown on a GaAs (001) substrate with mis-
orientations of 0°, 2°, and 15° using a 488 nm laser. 

   

(a) (b) (c) 

Figure 4. AFM images of InGaAs/GaAsP QWs in a 3 × 3 μm2 scan area with different misoriented substrates: (a) 0°, (b) 2°, 
and (c) 15°. 

Figure 5 illustrates a surface on a substrate that is composed of steps and terraces. 
The growth condition in this scenario is presumed to involve surface coverage of the mis-
oriented substrate with As atoms, because of the high V/III ratio (~150). Two dangling 
bonds are present on the terrace and three dangling bonds are at the kinks of the terrace 
edges. The incorporation probability of group III atoms into step kinks is presumed to be 
higher than that on the terraces. Upon reaching the growing surface, the group III species 
preferentially adhere to the step and kink sites on the terrace edge. This results in a step 
flow growth mode. The width of the terrace is known to decrease with increasing sub-
strate misorientation, owing to the high density of growth steps on the tilted substrates 
[28]. 

Figure 3. Raman spectra of InGaAs/GaAsP QWs grown on a GaAs (001) substrate with misorienta-
tions of 0◦, 2◦, and 15◦ using a 488 nm laser.

The full width at half maximum (FWHM) values of the GaAs-like LO frequencies
for the 0◦ and 2◦ substrates were obtained as 3.0 and 5.6 cm−1, respectively, by fitting
the Raman spectra. The increase in the FWHM of GaAs-like LO phonons suggests that
the residual strains released through defect generation and structural disorder [15,20].
Consequently, the epitaxial layer on the 2◦ GaAs substrate exhibited a poorer crystalline
quality than that of the 0◦ GaAs substrate.
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Raman selection rules are often applied for analyzing the crystal quality; the LO
phonon is allowed and the TO phonon is forbidden for the (001) plane of a sphalerite
crystal structure [21–24]. The disorder in InGaAs films can be assessed by the ratio between
the TO and LO peak intensities because the presence of the TO phonon is an indicator of
crystal structural disorder. As shown in Figure 3, the TO mode at 267.4 cm−1 appeared only
in the 15◦ sample, confirming its extremely large degree of crystal disorder compared to that
of the other two samples [25]. The above results show that the strain relaxes gradually with
the increase of the misorientation. These results follow trends similar to those observed in
the XRD results.

AFM analysis was subsequently conducted to verify the growth model of the In-
GaAs/GaAsP QWs. Figure 4 shows the AFM results on the surface morphologies of the
three samples with different misorientations. Figure 4a reveals that the 0◦ sample exhibited
a step-flow characteristic with RMS surface roughness of 0.147 nm, which indicated the
high quality of the heterointerface in the 0◦ sample. Figure 4b indicated the narrowing
of the terrace width in the 2◦ sample; the RMS surface roughness increased from 0.147 to
0.363 nm due to the composition-related inhomogeneity of In clusters that lead to a partial
internal strain relaxation. In this case, the localization potential was formed because of
the In clusters. Figure 4c reveals the presence of self-assembled quasi-quantum dots in the
15◦ sample. Randomly positioned growth nuclei were formed and the local strain subse-
quently relaxed at the locations of these nuclei [26,27]; a surface roughness of 0.479 nm was
obtained. Based on these results, a growth model is proposed to elucidate the different
morphologies with the substrates featuring different misorientations.
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Figure 4. AFM images of InGaAs/GaAsP QWs in a 3 × 3 µm2 scan area with different misoriented substrates: (a) 0◦, (b) 2◦,
and (c) 15◦.

Figure 5 illustrates a surface on a substrate that is composed of steps and terraces.
The growth condition in this scenario is presumed to involve surface coverage of the
misoriented substrate with As atoms, because of the high V/III ratio (~150). Two dangling
bonds are present on the terrace and three dangling bonds are at the kinks of the terrace
edges. The incorporation probability of group III atoms into step kinks is presumed to be
higher than that on the terraces. Upon reaching the growing surface, the group III species
preferentially adhere to the step and kink sites on the terrace edge. This results in a step
flow growth mode. The width of the terrace is known to decrease with increasing substrate
misorientation, owing to the high density of growth steps on the tilted substrates [28].
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Figure 5. Schematic illustration of the growth process.

The disparity in the samples from the 0◦ to the 2◦ substrate was possibly caused by
the inequality of diffusion lengths of the In and Ga cations for the growth of InGaAs. Ga
cations possess smaller diffusion lengths than those of In; therefore, In atoms are likely
to be mobile enough to incorporate at the step edges of the 2◦ substrate. The bonds in
the kink sites are occupied with In cations, and therefore, Ga atoms tend to incorporate at
the flat terrace [29]. If this occurs, a severe compositional nonuniformity can arise owing
to a “step-induced” clustering of In atoms, which can lead to nonuniform components
and the formation of local energy level states, and partial strain relaxation occurs with the
formation of in clusters. This modulation, or clustering, did not occur in the 0◦ substrate
due to the absence of a high density of step edges. As for 15◦ sample the formation of
randomly positioned growth nuclei and the subsequent local strain relaxation at the nuclear
locations could occur owing to the large degree of misorientation, resulting in high strain
relaxation and the formation of island.

To study the optical characteristics of the InGaAs/GaAsP QWs on different substrate
orientations, temperature-dependent photoluminescence analysis was performed. Figure 6
shows the temperature-dependent PL spectra of three samples. For the 0◦ and 15◦ samples,
it can be seen that the PL intensity decreased and the PL peak wavelength had a red-shift
with increasing temperature. But the peak position of the 15◦ sample reached 1206 nm at
room temperature and its extremely high FWHM and relatively low intensity indicate the
PL characteristics of self-assembled quantum dots. The results are consistent with the AFM
results shown in Figure 4c. However, the 2◦ sample exhibited an anomalous blue shift
tendency of PL peak wavelength in the temperature range from 40 K to 85 K; the reason is
discussed in detail below.
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Figure 7 shows the temperature dependence of the PL peak energy of the three samples.
The PL peak position of the 0◦ sample shifted toward lower energies as the temperature
increased over the entire range; this typical behavior can be well fitted using the Varshni
empirical formula [30]:

Eg(T) = Eg(0)− αT2/(β + T), (5)

where Eg(0) is the energy gap between nominal subband edges at 0 K, and α and β are the
Varshni equation parameters. The optimizing parameters, α and β, obtained from optimal
fits of the QW data are listed in Table 1.
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Table 1. Fitting parameters, α, β, and σ, for the differently misoriented substrates.

Sample Eg(0) (eV) α (eV/K) β (K) σ (meV)

0◦ 1.127 3.49 × 10−4 150
2◦ 1.153 4.03 × 10−4 109 14.7

15◦ 1.089 2.84 × 10−4 120

The peak energies of systems with the 0◦ and 15◦ substrates can be well fitted using
Equation (5); however, the data corresponding to the 2◦ sample cannot be fitted using
the Varshni empirical formula in the low-temperature range (T < 60 K). An anomalous
band gap evolution in the form of an S-shaped (redshift–blueshift–redshift) PL peak energy
was observed at low temperatures. This abnormal behavior may be attributed to the
localization effect caused by composition fluctuation [31–35]. Eliseev et al. amended the
Varshni empirical equation using band-tail states to fit this type of experimental data as
follows [36]:

Eg(T) = Eg(0)− αT2/(β + T)− σ2/kBT, (6)

where kB is the Boltzmann constant and σ represents the degree of the localization effect.
The fitting parameters are listed in Table 1.

Figure 7b indicates that the data representing the 2◦ substrate can be adequately fitted
in the 60–300 K temperature region. However, the aforementioned empirical models cannot
accurately describe the temperature dependence of the peak energy in the InGaAs/GaAsP
QW with a 2◦ substrate at temperatures below 60 K; the PL peak of the 2◦ substrate
exhibited a redshift as the temperature increased from 15 to 40 K. The S-shaped variation
over the entire temperature range occurred because of the existence of different localization
potentials [37,38]. A possible explanation for the S-shaped behavior of the peak energy is
illustrated in Figure 8.
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Figure 8. Schematic diagrams illustrating the possible mechanism of the S-shaped temperature-dependent PL peak energy.
(a) At the lowest temperature, carriers exist in all possible potential minimums. (b) At a slightly higher temperature, carriers
relax to the deepest potentials. (c) As the temperature continues to rise, carriers redistribute to higher energies. (d) As the
temperature rises very high, most carriers escape from the localization potentials.

At low temperatures, carriers are freely distributed throughout the QW layer (Figure 8a).
With increasing temperatures, the weakly localized carriers are thermally activated and
have a greater chance to relax to the deep localized states (Figure 8b); this results in a red
shift in the PL peak energy. A further increase in the temperature leads to the carriers in the
deep localized states obtaining sufficient energy to repopulate the shallow localized states
(Figure 8c), which produces a blueshift in the emission peak energy. As the temperature
continues to rise, the thermal carriers escape from the localized states into the barrier
states and become free carriers (Figure 8d); at even higher temperatures, the peak energy
exhibited redshifts owing to the shrinkage of the temperature-induced band gap upon
thermal activation and delocalization of the carriers [39].

Typically, two factors are known to affect the PL linewidth of the InGaAs/GaAsP
QWs, one is inhomogeneous broadening which is primarily determined by fluctuations of
circumstance, for example, interface roughness, composition variation, and crystal disorder.
The other one is homogeneous which is closely related to temperature and is primarily
affected by the interaction between electrons and phonons [40,41].

Figure 9 shows the behavior of the FWHM with respect to temperature. Inhomoge-
neous broadening and exciton interactions with phonons are considered. The trends of
FWHM conform to the following expression [42]:

Γ(T) = Γ0 + aT + γ/[(exp(ELO/kBT)− 1], (7)

where Γ(T) represents the FWHM of the photoluminescence spectra, Γ0 represents the
inhomogeneous contribution to the FWHM that is related to the interface roughness and
crystal disorder, a is a parameter representing the acoustic phonon scattering strength, γ
is a parameter that is related to the exciton–phonon coupling, and ELO is the longitudinal
optical phonon energy of QW layer. The experimental data of the three samples were fitted
using Equation (7) and shown in Figure 9; the fitted parameters are listed in Table 2. The
value of Γ0 is noted to increase with increasing misorientation, which indicates that the
interface roughness and alloy disorder increased as the substrate misorientation increased.
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A higher value of ELO is known to indicate a larger strain in the epitaxial layer [13,42]. The
highest ELO value corresponded to the 0◦ sample and indicated the largest strain in this
sample compared to those of the others; considerable strain relaxation was noted to occur
in the 2◦ and 15◦ samples, which had also been implied by the Raman scattering results.
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misoriented by (a) 0◦, (b) 2◦, and (c) 15◦. The fitting curves of the FWHM data of the PL spectra are predictions based on
the exciton–optical phonon coupling model.

Table 2. FWHM-fitting parameters for samples with different misoriented substrates.

Sample Γ0 (meV) a (meV/K) γ (meV) ELO (meV)

0◦ 14.36 0.058 1 0.83
2◦ 20.91 0.015 43 0.05

15◦ 28.00 0.081 12 0.01

The evolution of FWHM vs. temperature revealed a unique tendency before 70 K for
the 2◦ sample. The FWHM increased slowly below 40 K, sharply decreased in the 40–70 K
range, and increased above 70 K. The FWHM trends exhibited a reverse temperature-
dependent relationship compared to that of the PL peak energy. The FWHM data for
the 2◦ sample are plotted against the corresponding peak energies in Figure 10, with the
temperature spanning the entire region from 15 to 300 K. The fitting linear curve was
obtained by the least square method drawn by the solid red line, a clearly negative linear
relationship can be observed between them, which indicates that the evolutions of peak
energy and FWHM of QW with temperature obey a similar or associated mechanism [43].

At low temperature (<40 K), carriers are thermally activated upon an increase in the
temperature and have a significant opportunity to transit to deeper localization potentials;
therefore, the range of energy levels of the carrier distribution widens, which leads to
an increment in the FWHM. As the temperature increases to a critical level, the carriers
obtain sufficient energy to enable their delocalization. The decrease in FWHM in the
temperature range of 40–70 K was due to the process of carrier escape from the located
states. The increment in FWHM at temperatures above 70 K presumably occurred because
of a combination of the thermalization of carriers and phonon scattering caused by the
increase in temperature. It is worth noting that the variations of PL peak position and
FWHM of the 15◦ sample were not similar to the 2◦ sample. In addition, the value of the
PL peak and FWHM of the 15◦ sample were much higher than the 0◦ and 2◦ samples, this
is because large misorientations yield substantial strain relief and random quantum dots
can form, therefore the luminescence characteristics are dominated by quantum dots.
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The temperature-dependent PL intensity data can be fit using the Arrhenius equation
shown below to study the mechanism of PL quenching with increasing temperatures [44]:

I(T) ∝ 1/(1 + ∑
i

Ci exp(−Ei/kBT)). (8)

I(T) represents the integrated PL intensity at temperature T, Ci represent the factors re-
lated to the densities of nonradiative recombination centers, and Ei represent the activation
energies of the relevant nonradiative recombination centers. Two types of nonradiative
recombination channels have been proposed for the quenching mechanism of PL inten-
sities in epitaxially grown materials. The modified Arrhenius equation used to fit these
experimental data can be expressed as [45–47]

I(T) ∝ 1/(1 + C1 exp(−EA/kBT) + C2 exp(−EB/kBT)), (9)

where EA and EB are the activation energies of the corresponding nonradiative recom-
bination processes, and C1 and C2 are two constants that are related to the number of
nonradiative recombination centers in the QWs. The modified Arrhenius equation pro-
vides excellent fits for the integrated PL intensity data corresponding to the 0◦ and 15◦

samples and for data obtained at temperatures above 60 K for the 2◦ sample, as shown
by the red lines in Figure 11. The parameters used to obtain the optimal fits are listed in
Table 3.

Two different nonradiative recombination processes have been typically described.
The first process involves thermally activated recombination in traps that are related to the
incorporation of impurities [48,49], whereas the second involves the thermal emission of
the carriers out of the located states with an activation energy related to the depth of the
located states potential, followed by effective nonradiative recombination [38].

The fitting results revealed that all investigated samples (0◦, 2◦, and 15◦) possessed
nearly similar values of EA and C1. This suggests that the types of impurities in the
three samples were similar because of them being grown under identical growth condi-
tions. However, the EB of the 2◦ sample was significantly higher than those of the 0◦

and 15◦ samples, because of the deep localized potential formed by the In-rich cluster
during its epitaxial growth. The EB of the 15◦ sample was lower than those of the other
samples, because the quantum effect of quasi-nanocrystals caused by the severe relaxation
of stress during the growth of the 15◦ sample and the diffusion of In atoms from the well to
the barrier in nanodots reduce the potential barrier [50]. The high C2 values of the 2◦ and
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15◦ samples indicate the high defect density that was caused by stress relaxation during
the growth process.
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(a) 0◦, (b) 2◦, and (c) 15◦; the data are fitted using the Arrhenius model. An abnormal temperature-dependent PL intensity
is observed in the sample with the 2◦-misoriented substrate.

Table 3. Parameters obtained by fitting the Arrhenius model for data representing samples with
differently misoriented substrates.

Sample C1 EA (meV) C2 EB (meV)

0◦ 5.30 21.72 260 106.55
2◦ 4.01 35.25 1100 148.47

15◦ 5.96 18.72 1525 87.26

4. Conclusions

The effect of substrate misorientation on the structure and optical properties of In-rich
InGaAs/GaAs QW structures grown via MOCVD was investigated. Results obtained
via XRD and Raman spectroscopy indicated that the strain in the InGaAs/GaAsP de-
creased monotonically with increasing misorientation. AFM was used to probe the surface
morphology and microstructures of the samples, which revealed that with a substrate
misorientation of 0◦, the growth mode became a step-flow mode and the heterointerface
smoothness was degraded as the substrate misorientation increased. The growth mode
transformed into three-dimensional growth as the substrate misorientation increased to 15◦.
Based on these results, the growth of the InGaAs/GaAsP QW nanostructures was modeled
from the viewpoint of atomic step motion; a mechanism associated with the accumulation
of In on tilted substrates was proposed and verified. The localization potentials formed
by the In clusters were primarily caused by the appropriate misoriented substrates and
the preferential of In/Ga atoms on the terrace to the steps. Based on these results and the
parameters related to the temperature-dependent photoluminescence of the samples, the
strain relaxation degree of 0◦ substrate is the minimum due to the absence of a high density
of step edges, a mechanism was proposed for the S-shaped temperature dependence of the
peak energy and FWHM of the 2◦ sample. Partial strain relaxation occurs with the forma-
tion of in clusters owing to the relatively narrow steps, when the substrate misorientation
increases to 15◦, the formation of randomly positioned growth nuclei yield substantial
strain relaxation.
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