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Abstract: The optimization of the synthesis of III-V compounds is a crucial subject in enhancing the
external quantum efficiency of blue LEDs, laser diodes, quantum-dot solar cells, and other devices.
There are several challenges in growing high-quality InGaN materials, including the lattice mismatch
between GaN and InGaN causing stress and piezoelectric polarization, the relatively high vapor
pressure of InN compared to GaN, and the low level of incorporation of indium in InGaN materials.
Furthermore, carrier delocalization, Shockley–Read–Hall recombination, auger recombination, and
electron leakage in InGaN light-emitting diodes (LEDs) are the main contributors to efficiency droop.
The synthesis of high-quality III-V compounds can be achieved by optimizing growth parameters
such as temperature, V/III ratios, growth rate, and pressure. By reducing the ammonia flow from
200 sccm to 50 sccm, increasing the growth rate from 0.1 to 1 m/h, and lowering the growth pressure
from 250 to 150 Torr, the external quantum efficiency of III-V compounds can be improved at growth
temperatures ranging from 800 ◦C to 500 ◦C. It is crucial to optimize the growth conditions to
achieve high-quality materials. In addition, novel approaches such as adopting a microrod crystal
structure, utilizing the piezo-phototronic effect, and depositing AlN/Al2O3 on top of the P-GaN and
the electron-blocking layer can also contribute to improving the external quantum efficiency. The
deposition of a multifunctional ultrathin layers of AlN/Al2O3 on top of the P-GaN can enhance the
peak external quantum efficiency of InGaN blue LEDs by 29%, while the piezo-phototronic effect
induced by a tensile strain of 2.04% results in a 183% increase in the relative electroluminescence
intensity of the LEDs. This paper also discusses conventional and inverted p-i-n junction structures
of LEDs.

Keywords: InGaN materials; blue LEDs; laser diodes; external quantum efficiency; piezo-phototronic
effect

1. Introduction

Electronic illumination technology emerged in the second half of the 20th century
with the advent of semiconductors. The development of efficient electroluminescence
using semiconductor devices in 1962 marked a significant milestone in the creation of LED
technology [1]. Initially, LEDs were only capable of producing red light, but subsequent
advancements allowed for the emission of yellow light as well. These early LEDs found
their first applications in wristwatches and instrument displays, and served as indicators
in instrument panels [2,3]. It was not until the early 1990s that LEDs capable of emitting
red-to-yellow light more efficiently than incandescent lamps became widely accessible [4].

The combination of GaN and its mixtures with InN and AlN, which are collectively
known as group-III nitrides, have brought about significant changes in the solid-state light-
ing industry. These materials possess the ability to emit a wide range of wavelengths within
the visible spectrum, making them highly desirable. Group-III-nitride-based LEDs with
enhanced performance are now extensively utilized in various illumination applications,
including highly efficient solid-state lighting [5], microdisplays [6], food processing [7],
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indoor/outdoor lighting, and color displays [8,9]. GaN- and InGaN-based green and blue
LEDs in particular demonstrate remarkable efficiency, thereby establishing themselves
as crucial photonic devices [10]. As a result of their superior efficiency and reliability
compared to other lighting technologies, LEDs are experiencing a surge in popularity.

Commonly, blue LEDs are utilized for the purpose of white lighting, which is based
on InGaN/GaN and is affected by a phenomenon referred to as quantum efficiency droop.
This implies that when these LEDs are operated at high currents, the efficiency of converting
electrical power into light diminishes. This limitation has resulted in extensive research
being conducted in order to identify the underlying physical mechanisms and potential
solutions. Although some researchers claim to have discovered the primary cause of this
droop, uncertainty around the subject remains [11]. The crystalline quality of the material
plays a significant role in enhancing the efficiency of the conversion of electrical power into
light in III-nitrides.

In the field of III-nitride materials, InGaN has attracted considerable attention as
a ternary compound. GaN and InGaN, each with a high indium content, play critical roles
in the production of light emitters in the visible and near-UV spectral ranges. Currently,
various physical and chemical characteristics are estimated by utilizing the properties of
GaN and InN, including their lattice parameters, elastic constants, band gaps (Egs), and
effective electron masses. Additionally, experimental studies have revealed that the band
gap of InN is less than 1.0 eV [12–16]. Some researchers have relied on empirical evidence
of a 1.9 eV band gap in InN to support their claims. However, it is widely accepted that the
actual value of the band gap of InN is approximately 0.69 eV [17–19]. Therefore, advancing
the growth kinetics of InGaN is of the utmost importance as it has the potential to enhance
the quality of InGaN films by optimizing their growth factors. Ultimately, this can pave the
way for the development and production of InGaN films of superior quality [20].

When it comes to the growth of III-V compounds, researchers encounter a range
of challenges which are thoroughly discussed in this article (Section 2). The most com-
monly used substrates (Section 3) and primary growth techniques (Section 4) are also
extensively debated. Various techniques are examined to improve the EQE of InGaN,
which is directly influenced by crucial parameters related to the growth temperature, V/III
ratios, growth rate, and growth pressure (Section 5). Furthermore, this article delves into
the widely discussed issue of the Shockley–Read–Hall recombination lifetime (Section 6).
Section 7 explores different recently published strategies aimed at improving the EQE
of InGaN, including the implementation of a microrod crystal structure, the utilization
of the piezo-phototronic effect, electron blocking, and the examination of temperature’s
effect on the electron-blocking layer. To address the challenge of polarization, the con-
cept of the piezo-phototronic effect was recently introduced as the three-way coupling of
piezoelectric polarization, semiconductor properties, and optical excitation by applying
the piezo-potential or piezo-charge within the semiconductor device. The quality of the
crystal material may be affected by various factors, including the choice of substrate, spe-
cific growth technique, and optimized growth parameters. These factors collectively play
a crucial role in determining the overall crystal quality.

2. Focused Aspects of Research on an InGaN-Based LED

Initially, the growth of InN and GaN occurs at different temperatures to achieve their
optimal electronic and optical characteristics; this presents significant challenges, particu-
larly in producing high-indium-content (In; Ga)N or (In; Ga)N/GaN heterostructures. This
disparity in ideal growth temperature is due to the varying strengths of In-N and Ga-N
bonds, with the former being less intense than the latter, as evidenced by the energy re-
quired to initiate the process of breakdown and removal. According to certain publications,
the energy required for the decomposition of InN ranges from 1.69 eV [21] to 1.92 eV [22],
with a desorption energy of 2.5 eV [23]. Reports suggest that the activation energy required
for the decomposition of GaN is between 3.1 eV [24] and 3.6 eV [25], with a desorption en-
ergy of 2.2 eV–2.8 eV [26,27]. The increase in the decomposition of InN becomes significant
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at around 480 ◦C according to one source [28], whereas for GaN, it remains negligible until
approximately 700 ◦C. However, it is worth noting that the decomposition temperatures of
InN and GaN can vary depending on the pressure conditions and temperatures to which
they are exposed.

The second phenomenon, referred to as the miscibility gap or phase separation, occurs
across a broad spectrum of compositions and leads to inconsistencies at the nanoscale
level [29–31].

The third phenomenon involves variations in the indium content and the width of
the quantum well, leading to fluctuations in the wavelength of the emitted light and the
duration of radiative decay [32,33]. This poses a challenge in achieving the population
inversion of charge carriers, which is essential for the proper functioning of LEDs [34].

The fourth phenomenon is the significant difference in the lattice spacing between
InN and GaN, which limits the maximum thickness of the InN or (In, Ga)N layer that
can be grown on GaN with pseudomorphic behavior before undergoing elastic or plastic
relaxation [35–38]. Furthermore, the growth of (In, Ga)N on GaN is further complicated
by the presence of a phenomenon known as the composition pulling effect, which induces
a compositional gradient along the direction of growth due to strain [39,40].

In the case of blue LEDs, although they are efficient, there is a decrease in the internal
quantum efficiency caused by several factors, such as Shockley–Read–Hall recombination,
auger recombination, carrier delocalization, and electron leakage [41,42]. Carrier concentra-
tion and temperature can have an impact on Shockley–Read–Hall recombination, auger
recombination, and electron leakage.

Nevertheless, commercial LEDs grown on the c-plane of a wurtzite crystal are ad-
versely affected by the quantum-confined Stark effect due to the significant spontaneous
and piezoelectric fields associated with polarization. InGaN, with a larger lattice constant
than GaN, introduces compressive strain and polarization. These strains occur at each
period interface due to a mismatch between the lattice structures of InGaN and GaN. As
a result, the band structure, the effective mass of electrons, the quantum well depth, and the
confinement of electrons and holes in the active region are altered. This leads to a reduction
in the rate of radiative recombination and a consequent increase in the lifetime of the charge
carriers. Consequently, this droop in the radiative recombination rate causes a decline in
the internal quantum efficiency (IQE) [43–45].

The overall polarization is the sum of the piezoelectric caused by the deformation of
the material, known as strain, and the spontaneous polarization caused by the InGaN and
GaN. This polarization generates an internal electric field that counteracts the electric field
applied to the LED. The applied electric field brings electrons and holes closer together
for recombination but the internal electric field resulting from polarization separates them.
Therefore, the internal electric field generated by polarization reduces the efficiency of the
LED [46].

3. Substrate Analysis

Some commonly used substrates for the growth of InGaN, a semiconductor material
with a wide range of applications, include silicon carbide (SiC), GaN, silicon, and sapphire.
These substrates play a crucial role in the epitaxial development of InGaN thin films as
they provide the necessary surface and lattice structure for the material. This article will
primarily focus on commonly used substrates such as silicon and sapphire, examining
their unique qualities and advantages and the challenges in employing them as InGaN
epitaxy substrates.

3.1. SiC

SiC substrates are frequently employed for the growth of indium gallium nitride thin
films in optoelectronic device applications. The advantages and disadvantages of using
SiC as a substrate for the growth of InGaN are listed. Some advantages of a SiC substrate
include its wide bandgap, high levels of chemical and mechanical stability, and relatively
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close lattice match with InGaN, facilitating the epitaxial growth of high-quality InGaN
films. However, the temperature needed for the growth of InGaN on SiC can be quite high,
often surpassing 1000 ◦C, and SiC substrates can be more expensive than other frequently
used substrates like sapphire or silicon [47].

3.2. Gallium Nitride

InGaN films grown on GaN substrates exhibit lower dislocation densities and better
optical properties compared to those grown on other substrates, which tend to have high
threading dislocation densities and poor optical properties [48]. InGaN films grown on GaN
substrates have better crystal quality but they are more expensive than silicon. GaN sub-
strates have low defect densities and high structural and optical quality [49,50]. The wide
bandgap of GaN enables the production of InGaN layers with various tunable bandgaps,
making it highly beneficial for optoelectronic devices such as light-emitting diodes (LEDs)
and laser diodes. GaN also possesses high electron mobility, which refers to the rapid flow
of electrons through a substance when exposed to an electric field. Additionally, it exhibits
exceptional thermal conductivity and reduced on-resistance compared to conventional
silicon-based devices [51,52].

3.3. Silicon

Si (111) is a commonly used substrate for the growth of InGaN because of its minor
lattice mismatch and compatibility with InGaN. Si has a lattice constant of 5.43 Å, which
is close to the lattice constant of InGaN, allowing for the high-quality epitaxial growth of
InGaN on Si substrates. Furthermore, the thermal expansion coefficient of Si is similar to
InGaN, which reduces the formation of defects in the epitaxial layers.

According to Wang et al. [53], the quality of InGaN films grown on Si substrates is supe-
rior to that of films grown on other substrates in terms of structure and optical characteristics.

However, the use of GaN seed and buffer layers presents significant challenges, par-
ticularly when growing GaN on silicon (Si). One of the main issues is the potential for the
silicon to dissolve in the GaN layers during the growing process, resulting in the for-mation
of defects and impairing the overall performance of the device. This phenomenon is known
as the incorporation of silicon into GaN. During the epitaxial growth process, the diffusion
of silicon into the material can introduce stacking faults, dislocations, and other crystal
defects in GaN

3.4. Sapphire

According to Ryu et al. [54], while preparing InGaN blue LEDs, sapphire (Al2O3) is
considered a better substrate compared to silicon (Si). If left uncontrolled, the significant
lattice mismatch and the disparity in thermal expansion coefficients between GaN and
silicon can result in a higher occurrence of threading dislocations.

Figure 1 shows a schematic diagram of an epitaxial structure grown on Si and a TEM
image of the epitaxial layer. Multiple layers between the silicon substrate and the n-GaN
layer are required for stress control to reduce dislocations. Despite this, the electrolumines-
cence spectra of LEDs grown on silicon are broader compared to LEDs grown on sapphire.
As indicated via XRD and TDD measurements, LEDs grown on sapphire are expected to be
of better quality than those grown on silicon. Figure 2 illustrates the light output power,
injection current, and forward voltage (I-V), as well as external quantum efficiency values
of the measured LED samples. These values are plotted against injection currents ranging
up to 800 mA. Below 300 mA, the luminous outputs of both LED samples are similar.

The I-V characteristics of LEDs grown on sapphire and silicon are depicted as dotted
lines in Figure 2a. In Figure 2b, it is evident that when the current is below 300 mA, the
LED on sapphire has a higher EQE compared to the LED on silicon. The peak EQE value of
the LED on silicon is 0.588, while on sapphire, it is 0.528. This observation suggests that
the LED grown on sapphire is more effective than the LED grown on silicon at relatively
low injection currents due to its better crystal quality, as evidenced by the XRD and TDD
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measurements. The Shockley–Read–Hall recombination rate of the LED grown on sapphire
is lower than that of the LED grown on silicon.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 27 
 

 

currents ranging up to 800 mA. Below 300 mA, the luminous outputs of both LED samples 

are similar. 

 

Figure 1. (a) A schematic diagram of epitaxial layer structures grown on a Si (111) substrate. For 

stress control, many layers are grown between the Si and n-GaN layers. (b) A cross-sectional TEM 

image of epitaxial layers around the MQW (multi-quantum-well) region. Adapted from Ref. [54]. 

 

Figure 2. (a) The solid lines represent the light output power values, while the dotted lines represent 

the forward voltage values of an LED grown on sapphire (represented by a black line) and an LED 

grown on silicon (represented by a red line), both as functions of the injection current. (b)The graph 

displays the EQE values of two types of LEDs: one grown on sapphire (represented by a black line) 

and the other grown on silicon (represented by a red line). The EQE values are shown as a function 

of the injection current. The LED grown on silicon exhibits a lower peak EQE but reduced efficiency 

droop. Adapted from Ref. [54]. 

The I-V characteristics of LEDs grown on sapphire and silicon are depicted as dotted 

lines in Figure 2a. In Figure 2b, it is evident that when the current is below 300 mA, the 

LED on sapphire has a higher EQE compared to the LED on silicon. The peak EQE value 

of the LED on silicon is 0.588, while on sapphire, it is 0.528. This observation suggests that 

the LED grown on sapphire is more effective than the LED grown on silicon at relatively 

low injection currents due to its better crystal quality, as evidenced by the XRD and TDD 

measurements. The Shockley–Read–Hall recombination rate of the LED grown on sap-

phire is lower than that of the LED grown on silicon. 

In this study, the light output power and efficiency droop values of InGaN blue LEDs 

fabricated on silicon (111) and sapphire (c-plane) were investigated. It was concluded that 

Figure 1. (a) A schematic diagram of epitaxial layer structures grown on a Si (111) substrate. For
stress control, many layers are grown between the Si and n-GaN layers. (b) A cross-sectional TEM
image of epitaxial layers around the MQW (multi-quantum-well) region. Adapted from Ref. [54].

Crystals 2023, 13, x FOR PEER REVIEW 5 of 27 
 

 

currents ranging up to 800 mA. Below 300 mA, the luminous outputs of both LED samples 

are similar. 

 

Figure 1. (a) A schematic diagram of epitaxial layer structures grown on a Si (111) substrate. For 

stress control, many layers are grown between the Si and n-GaN layers. (b) A cross-sectional TEM 

image of epitaxial layers around the MQW (multi-quantum-well) region. Adapted from Ref. [54]. 

 

Figure 2. (a) The solid lines represent the light output power values, while the dotted lines represent 

the forward voltage values of an LED grown on sapphire (represented by a black line) and an LED 

grown on silicon (represented by a red line), both as functions of the injection current. (b)The graph 

displays the EQE values of two types of LEDs: one grown on sapphire (represented by a black line) 

and the other grown on silicon (represented by a red line). The EQE values are shown as a function 

of the injection current. The LED grown on silicon exhibits a lower peak EQE but reduced efficiency 

droop. Adapted from Ref. [54]. 

The I-V characteristics of LEDs grown on sapphire and silicon are depicted as dotted 

lines in Figure 2a. In Figure 2b, it is evident that when the current is below 300 mA, the 

LED on sapphire has a higher EQE compared to the LED on silicon. The peak EQE value 

of the LED on silicon is 0.588, while on sapphire, it is 0.528. This observation suggests that 

the LED grown on sapphire is more effective than the LED grown on silicon at relatively 

low injection currents due to its better crystal quality, as evidenced by the XRD and TDD 

measurements. The Shockley–Read–Hall recombination rate of the LED grown on sap-

phire is lower than that of the LED grown on silicon. 

In this study, the light output power and efficiency droop values of InGaN blue LEDs 

fabricated on silicon (111) and sapphire (c-plane) were investigated. It was concluded that 

Figure 2. (a) The solid lines represent the light output power values, while the dotted lines represent
the forward voltage values of an LED grown on sapphire (represented by a black line) and an LED
grown on silicon (represented by a red line), both as functions of the injection current. (b)The graph
displays the EQE values of two types of LEDs: one grown on sapphire (represented by a black line)
and the other grown on silicon (represented by a red line). The EQE values are shown as a function
of the injection current. The LED grown on silicon exhibits a lower peak EQE but reduced efficiency
droop. Adapted from Ref. [54].

In this study, the light output power and efficiency droop values of InGaN blue LEDs
fabricated on silicon (111) and sapphire (c-plane) were investigated. It was concluded that
the LED grown on silicon has a lower peak EQE due to its inferior crystal quality. It exhibits
a better EQE at an injection current greater than 300 mA. This improvement in the EQE
value of the LED grown on silicon can be attributed to its reduced efficiency droop, which
is noticeably smaller compared to the LED grown on sapphire. For cost-effective products
with reduced efficiency droop, silicon is preferred. However, sapphire offers higher crystal
quality, greater thermal stability, and a higher peak EQE. Table 1 shows a comprehensive
and detailed analysis of the advantages and disadvantages of different substrates, namely
silicon carbide, gallium nitride, silicon, and sapphire. Each substrate has distinct qualities
that make it appropriate for a variety of applications while also posing unique difficulties
and restrictions.
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Table 1. A comparison of the advantages and disadvantages of different substrates for InGaN.

Substrates Advantages Disadvantages

Silicon Carbide Wide bandgap, thermal stability, close lattice
match, and high quality

Higher growth temperature required for InGaN and
more expensive than silicon and sapphire

Gallium Nitride
Better optical and structural properties, lower
dislocation densities, and an excellent lattice

match with InGaN

It is difficult to grow a high-quality single crystal and
more costly than the commonly used Si and Al2O3

Silicon
Large wafer size available, excellent lattice
match, compatibility, and a similar thermal

coefficient to InGaN

Lower thermal conductivity and limited growth
techniques make in- situ production more challenging

Sapphire Higher thermal conductivity, better crystal
quality, and transparency in the visible spectrum

Lower thermal conductivity when compared to Si and
a limited availability of large sapphire substrates

4. Main Growth Techniques

Currently, there are two predominant methods utilized for producing gallium–nitride-
based structures in optoelectronic devices: metal–organic chemical vapor-phase deposition
(MOCVD) and molecular beam epitaxy (MBE).

4.1. MOCVD

MOCVD is the favored method, though MBE is rapidly gaining popularity for the
fabrication of single crystalline indium nitride [55]. Generally, MOCVD boasts a higher
growth rate, operates at elevated temperatures, and uses a higher concentration of pre-
cursors, enabling faster growth [56]. Moreover, MOCVD typically yields thicker, more
uniform films with fewer defects, and its equipment is less costly than the equipment
required for molecular beam epitaxy. MOCVD is carried out under conditions that are
close to thermodynamic equilibrium and primarily controlled by diffusion processes [57].
It enables greater control over the growth process and is suitable for growing structures on
a wider variety of substrates.

4.2. MBE

MBE provides a growth environment without hydrogen, enabling the p-type doping
of GaN-based materials without a heat treatment after growth. Additionally, it significantly
reduces the consumption of source materials. Furthermore, RF sources produce atomic
nitrogen species that can be incorporated into the growth front regardless of the substrate
temperature [58].

Generally, the MBE growth process is mostly influenced by surface reactions between
the impinging species and the outermost atomic layers. In the case of incorporating indium
into the growth of InGaN via MBE, there are some similarities with MOCVD. The level of
indium incorporation reduces as the substrate temperature increases [59–61]. The source
materials of Al, Ga, In, and N used during the growth process are trimethylaluminum,
trimethylgallium, trimethylindium, and ammonia, respectively [62]. A detailed comparison
of the MOCVD and MBE techniques is provided in Table 2, outlining the specific advantages,
characteristics, and limitations of each method.

Consequently, the choice between the two techniques depends on the specific require-
ments and applications. MBE offers more precision and versatility with respect to substrate
choice, while MOCVD generally exhibits a higher growth rate and produces films that are
more uniform and of higher quality.



Crystals 2023, 13, 1623 7 of 26

Table 2. A comparison of the MOCVD and MBE techniques of growing InGaN.

MOCVD MBE

MOVPE, also known as MOCVD (metal–organic chemical
capor deposition), is a popular method of growing InGaN films.

It involves the use of metal–organic precursors and
ammonia as reactants.

MBE is a technique in which molecular or atomic beams are
used to deposit thin films in a controlled environment.

Advantage: MOCVD offers good control over composition,
thickness, and doping. It allows for the growth of high-quality

InGaN films with low defect densities. It can be easily adapted to
different substrate sizes and configurations, making it versatile for

various applications.

Advantages: MBE enables precise control over the growth
process, allowing for atomically precise layer thickness and
composition control. It produces high-quality InGaN films

with excellent crystalline properties.

Disadvantage: It requires complex precursor handling and the
careful optimization of growth conditions. The growth rate may be

relatively slow compared to other techniques.

Disadvantages: MBE systems are expensive and require
high-vacuum conditions. The growth rate is typically slower

than when the MOCVD method is used.

5. Preferred Synthesis Parameters

The growth of high-quality InGaN materials requires a significant amount of work
due to several issues. One of the significant challenges is the difference in the inter-atomic
spacing between InN and GaN, resulting in a solid phase miscibility gap [29,63]. Addition-
ally, InGaN compounds tend to have low levels of indium because InN has a higher vapor
pressure compared to GaN [64]. Moreover, due to the variance in formation enthalpies
between InN and GaN, the growth process leads to significant indium separation on the
surface [65]. However, these challenges can be addressed by improving the growth con-
ditions, including utilizing lower growth temperatures, higher V/III flux ratios, lower
growth rates, and lower growth pressures. In the following section, a detailed discussion is
provided on how these parameters impact the growth kinetics of InGaN materials.

5.1. MOCVD Growth of Parameters

In recent studies, it was highlighted that MOCVD is widely regarded as the most
prevalent and preferred technique for the growth of InGaN. In light of this, the subsequent
paragraph aims to provide an in-depth analysis and comprehensive discussion of the vari-
ous parameters associated with MOCVD. By delving into the intricacies of these parameters,
a better understanding of the growth process and its implications can be attained.

5.1.1. Growth Temperature

The direct band gap of the semiconductor InGaN ranges from 0.7 eV (InN) to 3.4 eV
(GaN) [66]. In order to be suitable for photovoltaic applications, the active region of InGaN
must have a higher proportion of indium (In). However, increasing the indium content in
InGaN/GaN heterostructures is a challenging task due to difficulties related to growth pa-
rameters [67]. It has been observed that raising the growth temperature leads to a reduction
in the full width at half maximum value [68,69].

According to Piner et al., reducing the growth temperature from 1100 ◦C to 500 ◦C
significantly reduces the amount of indium which desorbs from the surface. However,
ammonia cracking is less efficient at lower temperatures, leading to a slower growth rate
that could decrease the amount of indium incorporated into the film. These two factors are
the consequence of the increase in the density of indium atoms that diffuse through the film
surface, increasing the likelihood of creating indium clusters. Consequently, decreasing the
growth temperature leads to a significant increase in the quantity of indium droplets [70].

5.1.2. Large V/III Ratios

According to References [71,72], it was observed that maintaining high V/III ratios
can prevent the separation of indium during the InGaN growth process. The quantity
of indium on the surface reduces as the ammonia flow increases. The V/III ratio can be
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adjusted by changing the ammonia flow. Under a low NH3 flow (50 sccm), a transition from
two-dimensional-to-three-dimensional growth mode was observed after a few monolayers
via reflection high-energy electron diffraction; however, this transition was not observed
for a higher NH3 flow (200 sccm) [73]. The greater accessibility of nitrogen bonding sites
for indium is attributed to the higher concentration of nitrogen radicals generated by
ammonia, as reported in Reference [74]. Thin heterostructures of InGaN exhibit a more
significant percentage of InN and lack indium metal on their surfaces when matched to
InGaN grown in bulk. It has been observed that a specific time is required to achieve the
desired size of critical indium metal nuclei. If the critical time is not reached, no indium
droplets are formed; instead, a higher concentration of indium atoms is present on the
surface. These atoms will either evaporate or become part of the film as the top layer grows,
resulting in a film with a high percentage of InN. Once the critical time is surpassed, the
structure is negatively affected. In addition, the quantity of ammonia (NH3) affects the
surface morphology of InGaN. Oliver et al., observed a shift from island nucleation mode
to step-flow mode as the ammonia flow rate increased. This phenomenon is thought to be
caused by a decrease in the energy barrier to the incorporation of adsorbed atoms (adatoms)
at the step edges [75].

During the process of InGaN formation, it is observed that the evaporation of in-
dium species is less pronounced at lower temperatures and higher growth rates. This
phenomenon can be attributed to the trapping of indium species by the growing layer.
Nevertheless, when a high-indium composition is employed, it can lead to the formation of
indium droplets, phase separation, and a nonuniform composition in films. These factors
collectively contribute to lower material quality, possibly due to the low surface mobility of
the adatoms [65,76].

5.1.3. Growth Rate

According to research conducted by Strite, A.S. and H. Morkoç [77], the quality of
InGaN crystals can be significantly impacted by the speed at which they are grown. It
has been found that slower growth rates lead to improved crystal quality due to lower
dislocation density and better surface morphology. Additionally, a decreased growth rate
can enhance the incorporation of indium, which is critical for achieving higher emission
wavelengths in the blue and green regions. When reducing the growth rate, the rate of
indium incorporation can be enhanced by reducing the segregation of indium atoms on
the surface, allowing for the indium to be more efficiently incorporated into the InGaN
lattice [78].

A lower growth rate can also enhance the optical and crystal quality by allowing
adatoms on the surface more time to reach the two-dimensional step edges of the growth
front [79]. According to Xu et al. [80], decreasing the growth rate of InGaN leads to a more
organized crystal structure and higher-quality material. Furthermore, it was discovered
that a lower growth rate improves optical uniformity and enhances emission intensity.
Among all factors, the growth rate factor significantly influences the properties and quality
of InGaN films, and refining it can lead to better material quality and optoelectronic charac-
teristics. Generally, the growth rate for InGaN can range from 0.1 to 1 µm/h. However, it is
important to note that this rate may vary depending on the experimental conditions and
the objective of the fabrication process [81].

5.1.4. Growth Pressure

The growth of InGaN films can be significantly impacted by low pressure, especially
in terms of regulating the indium composition and enhancing the crystalline quality of the
film. According to a study on the consequence of growth pressure on indium integration,
reducing the growing pressure from 250 to 150 Torr leads to a substantial increase in the
integration of indium into the InGaN film [82]. Another research work utilized the MOCVD
technique to investigate the impact of low pressure on the growth of InGaN films and
discovered that reducing the reactor pressure resulted in a significant increase in the effi-



Crystals 2023, 13, 1623 9 of 26

ciency of indium integration, along with an improvement in the surface morphology of the
film [48]. The researchers attributed these effects to reductions in gas-phase reactions and
surface desorption at lower pressures, thereby facilitating a more efficient incorporation
of indium atoms into the growing crystal lattice. Table 3 below provides a thorough and
exact examination of the growth parameters of the MOCVD process. When employing
the metal–organic chemical vapor deposition process, these growth parameters are ex-
tremely important in defining the quality, homogeneity, and characteristics of the deposited
thin films.

Table 3. Comparison of growth parameters.

Growth Parameters Choices Commonly Used

Substrate material Al2O3, Si, GaN, or Sic Al2O3

Substrate orientation c-plane, m-plane, or a-plane c-plane

Growth methods MOCVD or MBE MOCVD

Growth temperature 700–1100 ◦C 800 ◦C

V/III ratios (NH3 flow) 20–200 ≤50

Growth rate 0.1–2 µm/h 1 µm/h

Growth pressure Atmospheric or low pressure Atmospheric

Buffer layer AlGaN or GaN AlGaN

5.2. MBE Growth Parameters

In the MBE process, materials are deposited on the heated substrate using one or
more beams of molecules, ions, or atoms. The source of the beam frequently comes from
an effusion cell that holds the substance in its purest elemental form. Alternately, an electron
beam can be used for physical vapor deposition. It is important to control the temperature
of the effusion cell to limit any unwanted variation in material flux to less than 1%. An RF
plasma cell was used to provide the nitrogen needed for the formation of nitride-based
crystals. In this cell, purified nitrogen is injected, and nitrogen radicals are produced via
heating, using an RF generator. The plasma-assisted MBE, which involves the utilization of
three chambers, is also employed for the fabrication of InGaN. This technique enables the
deposition of high-quality layers of InGaN onto substrates. By utilizing a plasma source,
nitrogen radicals or ions can be created, thereby enhancing the reactivity of the nitrogen
species. This plasma source allows for a more controlled and efficient incorporation of
nitrogen during the development phase. Furthermore, plasma-assisted MBE enables the
development of InGaN films with various indium compositions, thereby allowing for the
adjustment of the bandgap and emission wavelength of the resulting material. Ultimately,
plasma-assisted MBE offers precise control over the growth process and effectively reduces
impurities [83–85].

When it comes to the growth of III-V materials via MBE, the V/III ratios and growth
temperature are considered the most important factors and will be discussed in further
detail below.

5.2.1. V/III Ratios

The V/III ratio is a crucial parameter for the growth of III-V materials as it affects the
adatom mobility, surface reconstruction, and growth mode. This is because it influences the
adatom mobility [86,87]. Adatoms with longer diffusion lengths have the ability to move
more deeply across the surface, particularly when 2D thermodynamic growth conditions
are achieved. This increased mobility increases the likelihood of these adatoms integrating
into energetically favorable sites within the growing crystals, resulting in a smoother 2D
surface. However, if these sites are not naturally favorable crystal sites, the presence of
additional defects such as stacking faults and grain boundaries can lead to the development
of a rough, grain-like morphology. Research has shown that growth with an In-rich V/III
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ratio (0.8) at 450 ◦C on Ga-GaN produces smoother 2D surfaces compared to N-rich
growth (V/III = 1.2) [22]. It is important to note that V/III ratios affect not only the surface
morphology but also the optical and electrical properties. One drawback of group-III-rich
conditions is that the accumulation of indium or gallium at the surface can lead to droplet
formation [88].

5.2.2. Growth Temperature

The substrate temperature is the most critical growth parameter that affects the mo-
bility and diffusion length of the surface adatoms. All thermally activated processes are
influenced by the growth temperature such as decomposition, desorption, and so on. For
temperatures below 480 ◦C on group-III-polar substrates and below 580 ◦C on N-polar
substrates, the decomposition of InN and the desorption of In can be considered negligible.
Therefore, the V/III ratio can be estimated by comparing the flux ratios of indium and nitro-
gen. A smooth 2D surface morphology of InN was reported for MBE within a temperature
range from 450 ◦C to 500 ◦C [89,90]. In the case of the growth of high-quality GaN via MBE,
the substrate temperature lies between 700 ◦C and 750 ◦C. However, the decomposition
and desorption of GaN are not considered for temperatures exceeding 750 ◦C [27].

It is crucial to note that the growth parameters might change depending on the partic-
ular MBE system, apparatus, and desired film qualities. To achieve the required InGaN
film attributes, such as the composition, thickness, and crystal quality, the optimization of
these parameters is frequently carried out through experimental iterations.

To enhance the efficiency of an optoelectronic device, it is important to improve the
crystal quality of the material by optimizing the synthesis process. The previous sections
provided an overview of all the possible best substrates, growth techniques, and problems
encountered (such as differences in growth temperature, phase separation, composition
fluctuations, and the lattice mismatch between InN and GaN). Furthermore, growth pa-
rameters such as the growth temperature, V/III ratio, growth rate, and growth pressure
needed to achieve a high-quality material for a higher EQE were discussed.

6. Shockley–Read–Hall Recombination Lifetime in InGaN Quantum Wells

Zhou et al. [91] explained the mechanism of the SRH recombination lifetime. It is
observed that an increase in the width of QWs causes an increment in the SRH which
originates from the separation of electron–hole pairs in c-plane QWs. In addition to the
width of the QW, it was noted the SRH lifetime also can be pointedly increased by increasing
the number of QWs. A thick QW structure (width > 2.5 nm) [92–95] grown on a c-plane
shows better efficiency than a thin wall. However, the oscillator strength in thick polar
QW is reduced via polarization, which implies a substantially extended radiative lifetime
of thick c-plane QWs. Consequently, the IQE is expected to exhibit droop in thick QWs.
Interestingly, as the QW width increases, both the SRH recombination lifetime and the
radiative lifetime increase simultaneously [96,97]. This implies that the ratio of the total
lifetime relative to the radiative lifetime (IQE) remains constant when the QW width
increases, which can help clarify the apparent discrepancy in the experimental IQE. It
has been hypothesized that the carrier wave function overlap or interface defects are
responsible for the well-width-dependent SRH lifetime. In addition to the association with
the QW width, it is well established that the InGaN underlayer strongly influences the SRH
lifetime [98].

The incorporation of an InGaN underlayer/prelayer beneath the QW region, which
is commonly used in blue LEDs, leads to a significant increase in the IQE and a dramatic
decrease in the SRH recombination rate, as evidenced by research studies [99,100]. It
must be noted that the QW and underlayer should be composed of the same material,
such as InGaN. To examine the QW-width- and QW-number-dependent SRH lifetime,
a temperature-dependent time-resolve photoluminescence (TD-TRPL) experiment was
utilized. The samples were divided into two groups (A and B) based on the structure of
the active area. Group A comprised of In0.2Ga0.8N quantum wells, each with a constant
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QW width of 2.5 nm and the numbers of QWs of two and six, while group B comprised
five-fold In0.17Ga0.83N/GaN MQWs with varying QW widths of 2.1, 3.1, and 4.2 nm.
A high-resolution X-ray diffractometer (HRXRD) analysis of the sample structure revealed
that all of the samples had the intended indium compositions. The data collected from
the two-QW and six-QW samples in Group A were used to generate Figure 3, which
shows examples of the temperature-dependent photoluminescence (TDPL) spectra and
time-resolved decay curves.
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Figure 3. Temperature-dependent PL spectra of the 2.5 nm well width sample with (a) two QWs
and (b) six QWs. Temperature-dependent TRPL decay curves of the 2.5 nm well width sample with
(c) two QWs and (d) six QWs; the curves are vertically shifted for better illustration. Adapted from
the Ref. [91].

Figure 3c,d demonstrate the behavior of intensity, which stays constant until it begins
to fall, indicating a steady-state condition. The black dashed line in Figure 3c represents
the lifetime extraction achieved by using a single-exponential fitting from the steady-state
intensity to the 1/e of the steady-state intensity. Radiative and nonradiative recombina-
tion processes compete with one another, as seen by the temperature-related behavior in
Figure 3. The study of each of them offers a self-consistent means of distinguishing various
recombination channels once the PL intensity and the effective lifetime are retrieved from
the PL spectrum and the TRPL decay curve, correspondingly. The radiative lifetime τr and
nonradiative lifetime τnr comprise the effective lifetime τeff of the surplus carriers from the
TRPL experiment, which is expressed as follows:

1
τeff

=
1
τr

+
1
τnr

(1)

The temperature-dependent effective lifetime, radiative lifetime, nonradiative lifetime,
and relative IQE are shown in Figure 4 for the samples in Group A with two and six QWs,
respectively. As the temperature increases, the nonradiative lifetime will decrease in a
manner comparable to the IQEs. The nonradiative lifetime for the two-QW sample with
low efficiency approaches the effective lifetime at room temperature, suggesting that
the nonradiative process becomes dominant. This observation is consistent with the low
radiative efficiency. As the bimolecular recombination lifetime is inversely proportional to
the carrier density, the long radiative lifetimes observed in the experiment are the result of
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the low excitation used. The radiative lifetime reaches 300 ns for the two-QW sample and
650 ns for the six-QW sample at room temperature. These results suggest that increments in
both the QW number and QW width are the reasons for the nonradiative lifetime increment,
but the electron–hole separation could not explain the dependence on the QW number. The
compensatory effect of the indium atoms, which lowers the density of the SRH centers in
the top layer, was linked to the two sets of dependencies. The hypothesis that the source
of SRH recombination is the same for both groups of samples is supported by the same
activation energies.

1 
 

 
Figure 4. Temperature-dependent effective lifetimes (green squares), radiative lifetimes (orange circles),
nonradiative lifetimes (gray triangles), and relative IQE values (IT/I12K, red diamonds) obtained from
the TD-TRPL experiment for the samples with (a) two QWs and (b) six QWs in Group A. The lines are
simulated results based on thermally activated behavior. Adapted from Ref. [91].

7. Strategies for EQE Enhancement
7.1. Microrod Crystal Structure Approach

LEDs based on planar heterostructures have established themselves as important stan-
dards for solid-state lighting. However, the polarization field associated with the wurtzite
structure possesses a notable drawback that affects the recombination of electrons and
holes. In recent years, active research was conducted on InGaN microrods as potential alter-
natives to LEDs [101–104]. The distinctive three-dimensional structures of these microrods
hold promise for a variety of applications in the field of GaN-based LEDs, including the
development of flexible white LEDs [105], single-photon sources [106], and high-frequency
LEDs [103,107]. One of the key advantages of using microrods in LEDs is their high surface-
to-volume ratio, which results in a larger area for light output compared to chips of the same
size [108]. Additionally, the small size of the structure decreases the probability of defects,
while the three-dimensional configuration enables access to various crystal facets [109]. In
InGaN/GaN heterostructures, the wurtzite lattice produces spontaneous and piezoelectric
polarization that varies with the crystal facet due to crystal anisotropy.

The polarization-induced electric field in this context gives rise to the quantum
confined Stark effect, resulting in a bending of the band structure within the active re-
gion [110,111]. This bending leads to a decrease in the overlap between the wave functions
of the electrons and holes, subsequently reducing the rate of radiative recombination
and increasing the lifetimes of the charge carriers [112]. The electric field plays a partic-
ularly significant role in the direction perpendicular to the growth plane, referred to as
the c-direction, which is typically the preferred growth direction for planar InGaN/GaN
LEDs [113]. However, microrod LEDs have a different dominant facet, the m-plane, which
is a nonpolar plane that lacks the quantum-confined Stark effect. Despite this, the m-plane
offers advantages, such as a higher modulation speed and reduced operating currents,
compared to planar LEDs. Figure 5a shows the wall-plug efficiency and the EQE of a device.
The device has a maximum wall-plug efficiency of 1.5% at 30 A/cm2, while the maximum
EQE is equal to 3% at 40 A/cm2. The EQE varies with the current density, with a maximum
value of 8.3% at 260 A/cm2 [102]. Moreover, it has been suggested that microrod LEDs
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exhibit higher internal quantum efficiencies (IQEs) when grown on the nonpolar m-plane
rather than the polar c-plane, as shown in Figure 5a.
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7.2. Deposition of AlN/Al2O3 Layer

Kim et al. [114] reported that the efficiency of an InGaN blue LED was improved via
the deposition of a multifunctional, ultrathin layer of AlN/Al2O3 on top of the P-GaN, as
shown in Figure 5b. The main obstacle to achieving high-efficiency LEDs is the low injection
rate from the p-type hole transport layer (p-Gan: Mg) due to the deficient activation of
the p-type dopant. This deficiency in hole injection leads to an imbalance in the numbers
of holes and electrons, resulting in lower efficiency at high current densities. Another
significant challenge is the polarization issue observed in InGaN/GaN LEDs grown on a c-
plane using a sapphire substrate, which induces a polarization field due to lattice mismatch
between the active InGaN and the underlying GaN layers. It results in bent energy bands
within the InGaN/GaN multi-quantum wells, which is important for decreasing radiative
recombination rates, known as the quantum-confined Stark effect [111,115–119]. Attempt
to address this issue have been made using several methods, such as using nonpolar or
semipolar substrates, polar MQWs with huge wave function overlap, and using an electron-
blocking layer, tunneling layer, different substrates, a polarization-matched epi-layer, top
surface modification, and a one-dimensional vertical structure array [120–126]. Among
these approaches, the deposition of an AlN/Al2O3 layer on top of InGaN/GaN showed
significant improvement. The AlN/Al2O3 layer serves three important functions: (1) it
acts as a passivation layer, reducing surface imperfections on the p-GaN and minimizing
current leak and oxidation; (2) it increases the surface potential of the p-GaN, thereby
improving the rate of hole injection into the MQW and reducing hole recombination at
the surface; and (3) it suppresses the quantum-confined Stark effect through a band-filling
effect in the MQW. These factors enhance the radiative recombination rate of electron–hole
pairs and subsequently improve the light emission efficiency of InGaN/GaN LEDs. As
a result, the EQE (external quantum efficiency) increased by 29% while the efficiency droop
rates were reduced by up to 6% [114].

7.3. Optimizing Performances via the Piezo-Phototronic Effect

Jiang et al. [127] suggested that the optical properties of optoelectronic devices can be
highly enhanced by using the concept of the piezo-phototronic effect. In InGaN devices,
internal piezoelectric polarization causes energy bands to tilt, resulting in a reduction
in the overlap of electron–hole functions and less efficient recombination. The separated
InGaN/GaN single-quantum-well heterostructure membranes exhibit relaxation of internal
strain and polarization compared to the as-grown sample (growth on the c-plane). To ad-
dress this, the piezo-phototronic effect is introduced to remove internal strains. Firstly, pho-
toluminescence increases by 310% under −1.05% compressive strains and then decreases by
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1700% under −1.55% compressive strains. On the other hand, it decreases by 510% under
+1.4% tensile strains. Previous studies utilized various techniques to reduce/modulate
internal polarization, including the use of a nonpolar substrate [128], tailoring the band
energy structure [129–131], and inverting the growth sequence [132]. Jiang et al. [127] used
the electrochemical etching technique and explained the photoluminescence and wave-
length characteristics of single-quantum-well InGaN/GaN heterostructure membranes at
room temperature by applying compressive and tensile strains, as shown in Figure 6a,b.
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The photoluminescence intensity at 429 nm initially increases with the application of
compressive strains but decreases with tensile strains. The intensity difference in the photo-
luminescence between the as-grown (strained) and released (strain-free) samples is shown
in Figure 6c. These results can be attributed to the coupling of the intrinsic polarizations
and external-strain-induced polarization within the single-quantum-well InGaN/GaN
heterostructure membranes. Therefore, the piezo-phototronic effect plays an important
role in modifying the polarization within the sample. By effectively modifying the opto-
electronic functions of charge carriers like generation, transport, and recombination, the
piezo-phototronic effect couples the semiconductor properties, piezoelectric polarization,
and optical excitation [67,133,134], thereby enhancing device efficiency.

Lin et al. [135] improved the efficiency of LEDs and photodetectors by utilizing the
piezo-phototronic effect and forming an InGaN/GaN quantum-well membrane. They used
an electrochemical etching technique with a sapphire-based-nitride epitaxial film to create
InGaN. External straining was applied to optimize the emission intensity and polarization
characteristics of vertical devices. A 2.04% tensile strain resulted in an increase of 183% in
the relative electroluminescence intensity of the LEDs, as shown in Figure 7. The piezo-
phototronic effect induced by the external strain enhanced carrier recombination, leading
to this improvement. The polarization ratio of the photo-response current in PD working
mode is affected by both tensile and compressive strains. Specifically, a 107% increase in the
polarization ratio is observed with 2.04% tensile strain, while an 81% reduction is observed
under compressive strain. Adjustments to the anisotropic optoelectronic properties of
InGaN/GaN QWs are thought to result in these changes in polarization characteristics in
vertical devices. Piezoelectric polarizations and charges can be generated in semiconductor
materials when subjected to external deformation, and this property, known as the piezo-
phototronic effect, is applied to control the transportation of charge carriers at local junctions
or contacts between different materials.
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Moreover, previous research demonstrated that the piezo-phototronic effect can be
achieved by applying piezoelectric charges or potentials to semiconductor devices. This
effect involves the coupling of piezoelectric polarization, semiconductor properties, and
optical excitation [136,137]. These properties were used to improve the performance of GaN-
based devices [129,138,139]. Research findings show that polarized lighting can significantly
decrease glare [140], alleviate eye strain, and decrease visual tension [141].

Sha et al. [142] demonstrated the lift-off technique, using the piezo-phototronic effect
to transfer InGaN/GaN MQWs on a flexible substrate to a rigid, conventional substrate.
This transfer enabled the manipulation of strains, which can influence the performance
of the device. The transferred film was found to be undamaged following examinations
via atomic force microscopy and high-resolution X-ray diffraction. Fabric-based wearable
devices have revolutionized the field by replacing inflexible electronics with flexible, elas-
tic, lightweight, and soft alternatives. Recent advancements in flexible electronics have
shown that semiconductors have ultrathin, flexible characteristics [143,144]. Typically, III-V
materials are grown on Si and Al2O3 substrates. The growth of heterojunctions in the
c-direction yields the polar plane within the wurtzite structure [145,146]. Strains arising
from thermal and lattice mismatches in the epitaxial substrate lead to strong polariza-
tion [147]. Consequently, achieving high-performance LEDs becomes challenging due to
the quantum-confinement Stark effect. This research article addresses these challenges
through the utilization of the wet-etching lift-off technique, which minimizes damage to
the flexible substrate. The piezo-phototronic effect is employed to investigate bending
curvatures, strain conditions, and photoluminescence. By increasing the film curvature
from 0 to 6.25 mm−1, a device’s photoluminescence intensity is improved by 10%.

7.4. The Role of the Electron-Blocking Layer

Velpula et al. [148] indicated that the main reasons for the efficiency droop in LEDs
are a large overflow of electrons from the active region into the active region and in-
sufficient hole injection into the active region. Previous studies addressed this problem
by introducing p-type AlGaN as an electron-blocking layer (EBL) to prevent electron
leakage [42,149]. Further improvements were also made to the EBL, such as the use of
a double-sided AlGaN/GaN superlattice lattice-matched InAlN [150], an InGaN/InGaN
SL [151], and EBL-free InGaN/GaN LEDs [152] to improve the hole-injection carrier and
lower electron leakage.

It was observed that the formation of an EBL can reduce electron leakage and improve
hole injection in the active region, induced via the positive polarization sheet at the last
quantum barrier interface [153]. Moreover, the majority of charge carriers are likely confined
and undergo radioactive recombination in the last quantum well just prior to the last QB
(quantum barrier) of III-nitride-based multi-QW LEDs [154]. Velpula et al. [148] utilized
a novel AlGaN QB as a lattice-matched EBL used instead of a conventional GaN QB.
The positive sheet charges at the last QB/EBL can be eliminated due to lattice-matched
conditions at this interface. Two LED structures were prepared: LED-I (GaN last QB) and
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LED-II (AlGaN QB). It can be noted that the internal quantum efficiency, power, and current
of LED-II are better than those of LED-I. LED-I has an IQE of 91.1% at 3.5 mA, while LED-II
demonstrates an IQE of 95.81% at the same current injection. However, the IQE of LED-II
keeps increasing and shows an IQE of 96.11% at 150 mA, which is ~2.49 higher than that
of LED-I.

7.5. The Effect of Temperature on EBL

Onwukaeme et al. [155] studied the temperature dependence of the electron leakage
current in the AlGaN EBL blue LED structure of InGaN/GaN. It was recently noted that
the internal quantum efficiency value is higher at low current densities but as the current
densities increase, the IQE decreases significantly [156–160]. This phenomenon, known
as current droop, causes thermal efficiency droop. Thermal efficiency droop has received
a significant amount of attention for its uses in higher-power applications with higher
thermal stabilities. Increasing the temperature contributes to the increment in nonradioac-
tive recombination, while decreasing the radioactive recombination is the main reason for
thermal efficiency droop [161–165]. A recent study showed that an increase in temper-
ature caused increases in Shockley–Read–Hall recombination and auger recombination.
Electron leakage from the MQW active region of an InGaN blue LED plays a significant
role in thermal efficiency droop. To address this issue, a large-band-gap material is typ-
ically injected between the MWQs and p-type GaN layer to overcome electron leakage.
However, it is also expected that due to thermionic emission, electron leakage is increased
with an increase in temperature [166,167]. Onwukaeme et al. [155] experimentally and
theoretically investigated the electron leakage characteristic in a range of temperatures
from 20 ◦C to 100 ◦C, using the ABC recombination model. In Figure 8, it can be seen
that decreasing the temperature and increasing the injection current caused a significant
increase in electron leakage. However, contrary to common concepts, Figure 8 also shows
that increasing the temperature caused a decrease in the electron leakage current. This
reduction in electron leakage is credited to an increase in the potential barrier due to an
increase in the concentration of ionized magnesium (Mg) acceptors in the EBL of AlGaN
with the temperature increment.
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7.6. Analysis of Conventional and Inverted LED Structures

Yadav et al. [168] performed a comparative study to analyze the performances of LEDs
with conventional (p-GaN/QW/i-GaN/n-GaN/Substrate) and inverted (n-GaN/QW/i-
GaN/p-GaN/Substrate) configurations. The QW-based inverted junction and traditional
LEDs display nonlinear rectifying current–voltage characteristics, with forward threshold
voltages of around 0.7 V and 0.5 V, respectively. Electroluminescence was observed in both
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conventional and inverted junction LEDs as the injection current increased at room tem-
perature. Additionally, LEDs with five QW periods exhibited a stronger external quantum
efficiency [169] and a carrier localization effect when compared to LEDs with different
configurations at a constant injection current. It was reported that an InGaN thickness of
7.8 nm with indium doping greater than 10% showed maximum charge confinement [170].
It was discovered that the emission from a manufactured QW LED exhibited a spectral blue
shift with an increasing injection current. Conventional LEDs (topmost layer: p-type GaN)
showed better luminous efficiency (2.83 lm/W) compared to inverted LEDs (1.56 lm/W;
topmost layer: n-type GaN). In a normal LED device, efficiency droop was observed at
14%, but it was only 8% in the inverted LED structure.

Figure 9 shows the room-temperature photoluminescence of a thin film containing
InGaN/GaN MQW. Three emission peaks at 361.1 nm, 423.8 nm, and 538.6 nm are visible in
the emission spectra for the produced InGaN/GaN MQW structures. The near-band-edge
(NBE) emission in the GaN film is detected at 361.10 nm [171]. The NBE emission from
the InGaN film is responsible for the appearance of another strong emission at a longer
wavelength, specifically 423.8 nm [172]. As a result, the emission in the visible range (violet-
blue region) changes when an InGaN film is present in the heterostructure. The mid-gap
defect states in the InGaN/GaN MQW sample can be attributed to the wider emission area
at a longer wavelength (>500 nm) [173].
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The RT-electroluminescence spectra of LED structures with various numbers of In-
GaN/GaN quantum wells are displayed in Figure 10. In comparison to samples with fewer
QWs such as five QWs at a constant injection current of 10 mA, the sample with six displays
a higher degree of leakage. In accordance with the photoluminescence spectra, the LED
structure with five quantum wells exhibits a strong emission intensity peak at an injection
current of 30 mA at a wavelength of 424 nm [174].

Crystals 2023, 13, x FOR PEER REVIEW 18 of 27 
 

 

topmost layer: n-type GaN). In a normal LED device, efficiency droop was observed at 

14%, but it was only 8% in the inverted LED structure. 

Figure 10 shows the room-temperature photoluminescence of a thin film containing 

InGaN/GaN MQW. Three emission peaks at 361.1 nm, 423.8 nm, and 538.6 nm are visible 

in the emission spectra for the produced InGaN/GaN MQW structures. The near-band-

edge (NBE) emission in the GaN film is detected at 361.10 nm [171]. The NBE emission 

from the InGaN film is responsible for the appearance of another strong emission at a 

longer wavelength, specifically 423.8 nm [172]. As a result, the emission in the visible 

range (violet-blue region) changes when an InGaN film is present in the heterostructure. 

The mid-gap defect states in the InGaN/GaN MQW sample can be attributed to the wider 

emission area at a longer wavelength (>500 nm) [173]. 

 

Figure 10. Photoluminescence spectra grown on a sapphire c-plane. Adapted from Ref. [168]. 

The RT-electroluminescence spectra of LED structures with various numbers of 

InGaN/GaN quantum wells are displayed in Figure 11. In comparison to samples with 

fewer QWs such as five QWs at a constant injection current of 10 mA, the sample with six 

displays a higher degree of leakage. In accordance with the photoluminescence spectra, 

the LED structure with five quantum wells exhibits a strong emission intensity peak at an 

injection current of 30 mA at a wavelength of 424 nm [174]. 

 

Figure 11. EL spectra of varying InGaN/GaN quantum well periods. Adapted from Ref. [168]. 

EL intensity values versus wavelength spectra were acquired at various injection cur-

rents ranging from 10 mA to 60 mA during an RT-EL investigation on InGaN/GaN QW-

based LEDs. Figure 12a shows the result for conventional LEDs, while Figure 12b presents 

the date for inverted p-i-n junction LEDs. The InGaN energy states at 425 nm, which in-

crease with an increase in the injection current, generate a large peak which forms in the 

visible spectral area. Because of these current energy states of the InGaN, radiative transi-

tions take place [169]. At a wavelength of around 425 nm, the spatial changes in the indium 

Figure 10. EL spectra of varying InGaN/GaN quantum well periods. Adapted from Ref. [168].



Crystals 2023, 13, 1623 18 of 26

EL intensity values versus wavelength spectra were acquired at various injection
currents ranging from 10 mA to 60 mA during an RT-EL investigation on InGaN/GaN
QW-based LEDs. Figure 11a shows the result for conventional LEDs, while Figure 11b
presents the date for inverted p-i-n junction LEDs. The InGaN energy states at 425 nm,
which increase with an increase in the injection current, generate a large peak which forms
in the visible spectral area. Because of these current energy states of the InGaN, radiative
transitions take place [169]. At a wavelength of around 425 nm, the spatial changes in the
indium composition result in this wide visible spectrum, which generates local minima
in the conduction and valence bands. Indium surface segregation occurs when ternary
semiconductors evolve. The radiative recombination efficiencies of InGaN/GaN QWs
generated via the MBE or MOCVD techniques are affected by carrier localization in indium
nitride QDs with indium contents greater than 10%. The EL intensity increases with an
increase in the injection current from 10 to 60 mA. Because the undoped and n-doped GaN
layers have higher carrier concentrations compared to the p-doped GaN layer, the injection
of an electron from Si: GaN to Mg: GaN is visible in the EL spectrum.

The output power versus injected current density curve for the inverted LED in
Figure 12a has a threshold of 30 mA. This is because carriers migrate inside the surface of
the p-n junction even if they diffuse into the QWs when the injection current is less than
30 mA [154]. Consequently, due to the recombination of holes with the defect states, the
emission intensity is low. Conventional p-i-n power can be boosted by injecting a current
of up to 18.3 mW, and it can still produce a significant amount of light at low current levels.
This is exemplified in Figure 12a; a conventional LED provides more power compared to
an inverted LED. EQE vs. injected current density curves for traditional and inverted blue
LEDs are illustrated in Figure 12b. The EQE of the conventional p-i-n LED increases as
more current is introduced into the system, and it then slightly decreases afterwards as the
current increases. Both regular and inverted LEDs experience an efficiency decline.
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The applied electric field in the forward bias crosses the MQWs perpendicularly in
an inverted p-i-n. The radiative recombination occurs close to the Mg: GaN layer because
the holes have a short diffusion length. An injection current density of 8.1 A/cm2 causes
a dramatic increase in the EQE in the standard p-i-n LED, which is followed by a droop as
the current density increases to 60 A/cm2. The normal p-i-n junction LED has a greater
EQE than the inverted p-i-n junction LED. The efficiency droop values are determined to
be 14% and 8% for conventional and inverted p-i-n LEDs, respectively.

8. Conclusions

Possible problems such as lattice mismatch that induce defects in the crystal, phase
separation, material composition, polarity, and growth challenges play important roles in
upgrading the external quantum efficiency of an optoelectronic device. Key parameters in-
cluding the growth temperature, V/III ratios, growth rate, and pressure must be considered
carefully for the growth of high-quality InGaN. The use of sapphire substrates is preferred
over silicon for better crystal quality. By changing the current density from 40 A/cm2 to
260 A/cm2 in the microrod crystal structure, the external quantum efficiency of the device
increased from 3% to 8.3%. The peak EQE of an InGaN blue LED can be improved by
29% with the deposition of a multifunctional, ultrathin layer of AlN/Al2O3 on top of the
P-GaN, and its efficiency droop rate can decrease by 6%. At current levels below 300 mA,
the luminous outputs of both LED samples are similar, but the LED grown on sapphire
has a higher EQE than the LED grown on silicon. The peak EQE value of the LED grown
on silicon was 0.588, and it is 0.528 on sapphire. Conventional and inverted structures
exhibit different EQE trends when subjected to higher currents. In the conventional struc-
ture, the EQE increases as a larger current is introduced, with an efficiency droop of 14%.
Conversely, the EQE of an inverted structure decreases as a larger current is introduced,
with an efficiency droop of 18%. One of the most commonly discussed problems in LEDs
is Shockley–Read–Hall recombination. It was observed that increasing the width of QWs
leads to an SRH increment which originates from the separation of electron–hole pairs
in c-plane QWs. In addition to the width of QWs, it was noted the SRH lifetime is also
significantly increased by increasing the number of QWs.

Based on specific needs, requirements, and applications, each MBE and MOCVD
process has its benefits and suitability. MBE is known for its precision and versatility,
particularly with respect to the choice of substrate. On the other hand, MOCVD typically
offers a higher growth rate and produces uniform and higher-quality films. Therefore, the
choice between MBE and MOCVD techniques depends on the specific requirements of the
project and its desired outcomes.

The main problem with InGaN is piezoelectric polarization, which is the leading cause
of the external quantum efficiency droop in InGaN devices. The summary of these papers
reveals that a device grown on the m-plane has a better external quantum efficiency than
a device grown on the c-plane, which yields the polar plane of the wurtzite structure. Strains
in LEDs lead to polarization, and QCSE then is caused by strong internal polarization, which
poses significant challenges to improving the efficiency of LEDs. The piezo-photonic effect,
which is induced by external strain, can be a novel mechanism for improving the efficiency
of an LED. Furthermore, it can also enhance the optical properties of the device. A tensile
strain of 2.04% results in a 183% increase in the relative electroluminescence intensity of an
LED. A device grown on the m-plane has a better external quantum efficiency than a device
grown on the c-plane.
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M.; et al. Impact of the substrate lattice constant on the emission properties of InGaN/GaN short-period superlattices grown by
plasma assisted MBE. Superlattices Microstruct. 2019, 133, 106209. [CrossRef]

85. Lotsari, A.; Dimitrakopulos, G.; Kehagias, T.; Das, A.; Monroy, E.; Komninou, P. Structural properties of semipolar InGaN/GaN
quantum dot superlattices grown by plasma-assisted MBE. Microelectron. Eng. 2012, 90, 108–111. [CrossRef]

86. Gan, C.K.; Srolovitz, D.J. First-principles study of wurtzite InN (0001) and (000 1) surfaces. Phys. Rev. B 2006, 74, 115319. [CrossRef]
87. Wang, X.; Che, S.-B.; Ishitani, Y.; Yoshikawa, A. Step-flow growth of In-polar InN by molecular beam epitaxy. Jpn. J. Appl. Phys.

2006, 45, L730. [CrossRef]
88. Kruse, C.; Einfeldt, S.; Böttcher, T.; Hommel, D.; Rudloff, D.; Christen, J. Spatially modified layer properties related to the

formation of gallium droplets on GaN (0001) surfaces during plasma-assisted molecular-beam epitaxy. Appl. Phys. Lett. 2001, 78,
3827–3829. [CrossRef]

89. Yamaguchi, W.; Che, S.; Kikukawa, N.; Ishitani, Y.; Yoshikawa, A. Towards fabrication of In-polar InN films and InN/GaN MQWs.
Phys. Status Solidi (c) 2006, 3, 1511–1514. [CrossRef]

90. Yamaguchi, T.; Nanishi, Y. Indium droplet elimination by radical beam irradiation for reproducible and high-quality growth of
InN by RF molecular beam epitaxy. Appl. Phys. Express 2009, 2, 51001. [CrossRef]

91. Zhou, R.; Ikeda, M.; Zhang, F.; Liu, J.; Zhang, S.; Tian, A.; Wen, P.; Li, D.; Zhang, L.; Yang, H. Total-InGaN-thickness dependent
Shockley-Read-Hall recombination lifetime in InGaN quantum wells. J. Appl. Phys. 2020, 127, 13103. [CrossRef]
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