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Abstract: The electroluminescence (EL) properties of InGaN/AlGaN ultraviolet light-emitting multi-
ple quantum wells (MQWs) with identical average In content but different In gradients (In content
increases linearly, along the growth direction) are investigated numerically. It is found that the lumi-
nescence efficiency is improved, and the EL spectral peak wavelength becomes longer for the MQW
sample with a larger In gradient. Since the influence of In gradient is different for the conduction
and valence bands in InGaN layers, the distribution of electrons and holes in QWs may be changed,
leading to a redshift of EL spectra. In particular, when the In gradient increases, the overlap integral
of electron-hole wavefunction in InGaN QWs increases, resulting in a higher radiative recombination
rate and an enhanced EL intensity.
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o & ) 1. Introduction
Characteristics of Ultraviolet

InGaN/AIGaN Multiple Quantum Group-III nitrides (AIN, GaN, and InN) and their ternary and quaternary alloy ma-
Wells with Different In Gradients. terials have attracted lots of research interest in the field of semiconductor optoelectronic
Crystals 2021, 11,1390. https:// materials because of the wide and tunable direct band-gap structures covering the spectral
doi.org/10.3390/cryst11111390 range from ultraviolet (UV) to infrared [1-3]. Currently, more research focuses on the solid-

state GaN-based UV light-emitting diodes (LEDs) due to the great potential applications
Academic Editor: Claudio Cazorla in ink curing, biomedicine, and water and air purification [4,5]. However, compared with

the extensively used LEDs for displaying and illumination, the GaN-based UV LEDs still
Received: 15 October 2021 suffer from many scientific and technical problems. For example, for UV LEDs based on
Accepted: 12 November 2021 InGaN/GaN multiple quantum wells (MQWs), the In content in InGaN well layers is very
Published: 15 November 2021 small, and correspondingly, the height of the GaN potential barrier is too low to effectively

restrict electrons within QWs, causing a serious leakage of electrons [6]. Therefore, AlGaN
Publisher’s Note: MDPI stays neutral - materials with wider band gaps are generally used as quantum barriers in GaN-based UV
with regard to jurisdictional claims in 1 F)g 0 increase the height of potential barriers and enhance the ability to capture and
published maps and institutional affil- .y fine carriers in the MQW active region, leading to a reduced leakage current, as well as
an enhanced device performance of UV LEDs [7].
However, due to the strong lattice mismatch between AlGaN and InGaN materials,
the misfit dislocations induced by lattice relaxation at the AlIGaN/InGaN interfaces in the
B MQW active region may increase, resulting in the deterioration of MQW crystal quality
Copyright: © 2021 by the authors.  and a reduction in luminescence efficiency [8,9]. On the other hand, for coherently grown
Licensee MDPI, Basel, Switzerland.  MQW layers, the strong lattice mismatch may also generate a large number of polarization
This article is an open access article  charges at the InGaN/AlGaN interfaces due to the piezoelectric polarization effect, which
distributed under the terms and - onhances the polarization-induced electric field in InGaN QWs and leads to a stronger
conditions of the Creative Commons quantum-confined Stark effect (QCSE) [10,11]. It is well known that the luminescence
Attribution (CC BY) license (https:// efficiency of InGaN QWs can be reduced significantly by strong QCSE [12]. Therefore,
to improve the device performance, many research efforts have focused on reducing
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QCSE in AlGaN/InGaN MQWs with large lattice mismatch by adopting optimized barrier
structures, such as GaN/AlGaN/GaN triangular or stepped composite barriers [13,14],
plasma-doped high-quality GaN buffer layers [15], or lattice-matched AllInGaN quaternary
alloy barriers [16]. It was found that when the In content gradually increases along the
epitaxial growth direction in InGaN well layers, QCSE may be weakened and luminescence
efficiency can be improved significantly [17-22]. However, the discussion about the related
physical mechanisms is less sufficient in the literature. Therefore, to gain a deeper insight
into this problem, the effects of linearly increased In content with different gradients on
the luminescence properties of UV AlGaN/InGaN MQWs are investigated numerically
in this paper. It is found that for the MQW sample with larger gradient of In content, the
luminescence intensity is enhanced and the spectrum redshifts, which may be ascribed to
the different variations of conduction and valence bands induced by the linear increase in
In content in InGalN QWs and will be discussed in detail later.

2. Sample Structure and Simulation Models

The studied UV InGaN/AlGaN MQW sample is composed of the following four
parts: a 3 um-thick n-type GaN layer with doping concentration of 2 x 10'® cm™3,
4-parirs periodic InGaN/Aly gsGaN MQW active region, a 20 nm-thick p-type Aly15GaN
electron-blocking layer (EBL) with doping concentration of 1 x 10%° cm~3, and a 0.3 pm-
thick p-type GaN layer with doping concentration of 1 x 10?° cm~3. In the MQW active
region, the thickness of InGaN well and AlGaN barrier layers are set to be 3 and 10 nm,
respectively. In order to study the electroluminescence (EL) characteristics of UV MQWs,
the vertical electrical injection structure is used, i.e., the anode and cathode of the PN
junction are directly placed on the top of p-type GaN layer and the bottom of n-type GaN
layer, respectively. The In content in InGaN well layer increases linearly along the growth
direction for all samples, but the gradients (or the increase rates) of In content are different
from each other.

The In content in InGaN well layers of sample A increases linearly from 4% to 6%, and
that of sample B increases from 3% to 7%. For samples C and D, the increases of In content
are from 2% to 8% and from 1% to 9%, respectively. To be clear, the conduction and valence
bands of single InGaN QW with different gradients of In content are schematically plotted
in Figure 1, where the polarization electric field is ignored for simplification. For the InGaN
QWs with linearly increased In content, the average In content, ¢, and the gradient, g, of In
content in well layers can be calculated as:

c=(cg+cr)/2 1)

g=(cyg—cp)/w ()

where cy and ¢ represent the highest and lowest In contents in InGaN QW, respectively,
and w represents the QW width. The calculation shows that the average In content in
InGaN QWs of all samples are identical, at 5%. However, from samples A to D, the
gradients of In content are 0.67, 1.33, 2.00, and 2.67%/nm, respectively. In short, the In
gradient increases from samples A to D, although the average In content in QWs is the
same for all samples.
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Figure 1. Schematic diagrams of energy bands of InGaN QW with different In gradients for samples
A, B, C and D. The polarization effect is not considered here for simplification.

We theoretically studied different structures by using the Silvaco simulation program.
In this study, the designed LEDs were simulated by a simulator of light emitters based
on nitride semiconductors software using a three-band wurtzite k-p model. The band
offset ratio, defined as the ratio between the conduction band offset and valence band
offset, was set to be 7:3 for the samples [23,24]. The general radiative recombination rate
issettobe 2 x 10711 ecm3/s. An Auger recombination coefficient of 5 X 10731 cm®/s
and an SRH coefficient of 100 ns are adopted in our simulation [25]. Spontaneous and
piezoelectric polarization charge models were included in the simulation. The polarization
charge density due to spontaneous and piezoelectric polarizations at the interface of
InGaN/AlGaN is calculated by the methods developed by Fiorentini et al. [26]. The total
charge density is the sum of spontaneous and piezoelectric polarization charges at the
interface of different layers. In this study, we used 40% of total calculated polarization
charge for InGaN and AlGaN in the simulation [27]. The coupled solution process of
Poisson-Schrédinger equations, current continuity equations of electrons and holes, and
carrier drift-diffusion transport equations are used in numerical solution methods [27]. The
Poisson-Schrodinger equations relate the electrostatic potential to the space-charge density:

div(eVp) = —p 3)

where Y is the electrostatic potential, ¢ is the local permittivity, and p is the local space-
charge density. The continuity equations for electrons and holes are defined by equations:

on 1, —
Ezadlvln_kcn_Rn (4:)
ap 1..=2
o :—gdzv]p—l-Gp—Rp (5)

— —
where n and p are the electron and hole concentration, respectively, |, and |, are the
electron and hole current densities, respectively, G, and G, are the generation rates for
electrons and holes, respectively, R, and Ry, are the recombination rates for electrons and
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holes, respectively, and q is the magnitude of the charge on an electron. The drift-diffusion
transport equations are defined by equations:

— —
Jw=aqnunEn+qDyVn (6)

— —
I'p=avupEp —aDyVp @)
— —
where E;, and E, are the effective electric fields of electrons and holes, respectively,
and y are the electron and hole mobilities, respectively, and D, and Dy, are the diffusion
coefficient of electrons and holes, respectively.

3. Results and Discussion

Figure 2 shows the numerical EL spectra of all samples simulated at a forward-injection
current of 100 mA (200A/cm?). It is found that the peak wavelengths of EL spectrum
increase from samples A to D, i.e., the sample’s EL spectrum redshifts with increasing In
gradient. Generally, for InGaN QWs, the QCSE-induced redshift of EL spectrum often
accompanies a decrease in luminescence efficiency. However, it is surprising to notice that
the EL spectral intensities increase with an increase in In gradient from samples A to D, as
seen in Figure 2.
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Figure 2. EL spectra of samples A, B, C and D under 100-mA injection current.

In order to analyze this abnormal spectral change, the calculated structures of conduc-
tion and valence bands of all samples’ active regions at the forward-injection current of
100 mA are depicted in Figures 3 and 4. It is clear to see that the structures of conduction
and valence bands of samples A, B, C, and D are different from each other when the
gradient of In content increases. It is well known that when the In content in InGaN QWs
is constant, both the conduction and valence bands of InGaN QWs are tilted downward
along the epitaxial growth direction because of the piezoelectric polarization electric field
in InGaN layers [27,28]. However, in Figure 4, when the In content in InGaN QW increases
linearly along the growth direction, the variations of valence and conduction bands are
different. For the valence bands, the tilt directions of valence bands in InGaN QWs of sam-
ples A and B with small In gradient are generally downward along the growth direction,
whereas the QWs’ valence bands of sample C are almost flat, and those of sample D even
slightly tilt upward along the growth direction. In other words, the valence band in QWs
of sample D with the largest In gradient shows the opposite tilt direction compared with
the small-In-gradient samples A and B. For the case of conduction bands, the tilt directions
in InGaN QWs are the same for all samples, i.e., they all tilt downward along the growth
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direction. The only difference is that the tilt degree increases with increasing In gradient
from samples A to D.
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Figure 3. Energy-band structures of samples A, B, C and D.
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Figure 4. Energy band of the last well of samples A, B, C and D.

On the one hand, it is known that the polarization electric field can tilt the energy band
in InGaN QWs downward along the growth direction. On the other hand, due to the linear
increase in In content along the growth direction, the band gap in InGaN QWs gradually
narrows along the growth direction. As a result, the bottom of the conduction band and
the top of the valence band move toward the center of the forbidden band in QWs along
the growth direction. Thus, in InGaN QWs along the growth direction, the bottom of the
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conduction band is pulled down, while the top of the valence band is raised up. It turns out
to be that the increase in In content in InGaN QWs can strengthen the polarization-induced
tilt of the conduction band but counteract that of the valence band. Since the energy bands
of InGaN QWs are jointly influenced by the polarization field and the linearly varied In
content in InGaN layers, the tilt of the conduction band in InGaN QWs becomes more
serious, while that of the valence band is weakened. Therefore, as shown in Figure 4,
with increased In gradient from samples A to D, the conduction band tilts more seriously,
while the valence band becomes less tilted. In particular, for samples C and D, with larger
gradient of In content in InGaN QWs, the band gap narrows significantly along the growth
direction, which may overwhelm the influence of the polarization electric field on the
energy bands. As a result, the QWSs’ valence band of sample C is almost flattened, and
that of sample D even tilts upward slightly along the growth direction. In addition, we
also found that the spectrum shows shoulders around 370 nm, and the main cause may be
the small quantum wells in the interface of the last quantum barrier and EBL, as shown
in Figure 3.

It is considered that the changed tilt status of energy bands may impact the carrier
distribution in InGaN QWs. Therefore, the concentration product of injected electrons
and holes at 100mA injection current are plotted and compared in Figure 5 for all sam-
ples. Since the radiative recombination rate is proportional to the product of electron-
hole concentration [29], the peak position of electron-hole concentration product corre-
sponds to the position where the radiative recombination rate of carriers is the highest in
InGaN QWs.

T T T T
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Figure 5. Comparison of electron-hole concentration product in InNGaN QWs for samples A, B, C and D.

It can be seen from Figure 5 that as the In gradient increases from samples A to D,
the peak position of the electron-hole concentration product approaches the left side of
InGaN QWs. In fact, it can be seen from the energy band diagrams in Figure 4 that when
the In gradient is small, e.g., sample A, the tilt directions of conduction and valence bands
are basically the same. This means that the electrons and holes are distributed on the left
and right sides of InGaN QWs, respectively, and the electron-hole concentration product
is almost uniform in QWs. As the In gradient increases, the tilt of the conduction band
becomes more serious, making the accumulation of electrons on the left side of InGaN QWs
more significant. On the contrary, the valence band is less tilted and even becomes flat or
tilts reversely with increasing In gradient, which makes more holes move from the right to
the left side of InGaN QWs. Therefore, it can be seen in Figure 5 that from samples A to D,
the peak position of the electron-hole concentration product gradually approaches the left
side of QWs, since both the electrons and holes concentrate on the left side of InGaN QWs.
In fact, because the In content increases linearly along the growth direction, the In content
on the left side of InGaN QWs is the highest, which forms the region with the deepest
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potential well in InGaN layers. Therefore, the peak position of electron-hole concentration
product moves to the left side of QWs where the In content is the highest in the InGaN
QWs, as both electrons and holes tend to fill the deep potential well. On the other hand,
the values of the highest In content in QWs of samples A, B, C, and D are 6%, 7%, 8%s
and 9%, respectively, i.e., the highest In content increases with increased In gradient. As
a consequence, the EL spectra redshift from samples A to D, as shown in Figure 2, since
more carriers may concentrate on the left side of InGaN layers where the highest In content
increases with increased In gradient.

To further explore the reason responsible for the variation of samples” EL intensities,
the wavefunctions of electrons and holes in the last InGalN QW, which is close to the
EBL, are studied and depicted at the injection current of 100 mA in Figure 6. It is seen
that as the In gradient increases, the overlap of wavefunctions of electrons and holes in
InGaN QWs increases. For example, the overlap ratio of wavefunctions in sample A is
66.86%, whereas that of D increases to 73.43%. In fact, from the energy-band structures in
Figure 4, it is noted that for sample A, the tilt directions of conduction and valence bands
are basically the same. Thus, the electrons and holes mainly distribute on the left and right
sides of InGaN QWs, respectively, leading to a small wavefunction overlap ratio. As the In
gradient increases for samples C and D, the tilt of the conduction band is promoted, while
the valence band becomes flattened or even reversely tilted. Since the effective mass of
electrons is very small, the distribution of electron wavefunction in QWs is less impacted
by the promoted tilt of the conduction band. However, the distribution of holes may be
affected significantly by the varied valence band, for the effective mass of hole is much
larger than that of electron. Therefore, the hole wavefunction may move toward the left
side of QWs due to the flatted and even reversely tilted valence band in samples C and D.
In short, from samples A to D, the variation of electron wavefunction is less significant,
whereas the hole wavefunction shows obvious movement to the left side of InGaN QWs,
giving rise to the increase in overlap ratio of electron-hole wavefunctions. Thus, when the
In gradient increases, the electron-hole wavefunction overlap becomes large, leading to an
enhanced radiative recombination rate and an improved EL intensity from samples A to D.

B

p-side | 69.42%

Wavefunction (lnm"®)

71.77%

73.43%

Wavefunction (/nm®®)

6 9 12 15 6 9 12 15
Depth(nm) Depth(nm)

Figure 6. The wavefunctions of electrons (e) and holes (h) in the last QW for samples A, B, C and D.
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4. Conclusions

In summary, the effects of a linear increase in In content along the growth direction
in InGaN QWs on the EL characteristics of 4 InGaN/AlGaN UV MQWs with the same
average In content are investigated numerically. It is found that as the In gradient increases,
the samples’ EL intensities are enhanced and the spectral peak wavelength increases, which
may be ascribed to the different variations of conduction and valance bands influenced
jointly by the polarization field and the gradually increased In content along the growth
direction. As a consequence, the overlap of electron and hole wavefunctions increases, and
more carriers concentrate on the left side of InGaN layers, where the depth of potential
well is the lowest in InGaN QWs, leading to enhanced radiative recombination rate and
spectral redshift, respectively.
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