Check for
updates

Vol. 47,No. 23/1 December 2022/ Optics Letters 6229

Optics Letters

Effect of the AIN strain compensation layer on InGaN
quantum well red-light-emitting diodes beyond

epitaxy

ZHIYUAN Liu,

MINGTAO NONG, YI Lu, HAICHENG CAO, SARAVANAN YUVARAJA, NA XiA0,

ZAHRAH ALNAKHLI, RAuL RiIcARDO AGUILETA VAZQUEZ, AND XIAOHANG L1*
King Abdullah University of Science and Technology (KAUST), Advanced Semiconductor Laboratory, Thuwal 23955-6900, Saudi Arabia

*Corresponding author: xiaohang.li@kaust.edu.sa

Received 28 September 2022; revised 20 October 2022; accepted 21 October 2022; posted 26 October 2022; published 28 November 2022

An atomically thick AIN layer is typically used as the
strain compensation layer (SCL) for InGaN-based-red light-
emitting diodes (LEDs). However, its impacts beyond strain
control have not been reported, despite its drastically dif-
ferent electronic properties. In this Letter, we describe the
fabrication and characterization of InGaN-based red LEDs
with a wavelength of 628 nm. A 1-nm AIN layer was inserted
between the InGaN quantum well (QW) and the GaN quan-
tum barrier (QB) as the SCL. The output power of the
fabricated red LED is greater than 1 mW at 100 mA current,
and its peak on-wafer wall plug efficiency (WPE) is approx-
imately 0.3%. Based on the fabricated device, we then used
numerical simulation to systematically study the effect of
the AIN SCL on the LED emission wavelength and oper-
ating voltage. The results show that the AIN SCL enhances
the quantum confinement and modulates the polarization
charges, modifying the device band bending and the sub-
band energy level in the InGaN QW. Thus, the insertion of
the SCL considerably affects the emission wavelength, and
the effect on the emission wavelength varies with the SCL
thickness and the Ga content introduced into the SCL. In
addition, the AIN SCL in this work reduces the LED oper-
ating voltage by modulating the polarization electric field
and energy band, facilitating carrier transport. This implies
that heterojunction polarization and band engineering is an
approach that can be extended to optimize the LED oper-
ating voltage. We believe our study better identifies the role
of the AIN SCL in InGaN-based red LEDs, promoting their
development and commerecialization.

© 2022 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement

https://doi.org/10.1364/0OL.476727

InGaN-based red-light-emitting diodes (LEDs) have attracted
increasing interest for numerous applications, such as displays,
white light sources, and visible light communication [1,2]. Com-
pared with the performance of commercial InGaN-based blue
and green LEDs, that of InGaN-based red LEDs is still poor. The
high-In-content (>30%) quantum well (QW) of the LED results
in a serious lattice mismatch with the GaN template, leading
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to degraded crystal quality with high-density defects and sup-
pressed internal quantum efficiency [3]. Moreover, the large
polarization difference between the InGaN QW and the GaN
quantum barrier (QB) contributes to the quantum-confined Stark
effect (QCSE). This separates the electron-hole wave functions
and leads to a substantial wavelength shift with increasing injec-
tion current [4]. Besides, InGaN-based red LEDs still require
a large operating voltage, even higher than that in InGaN-
based green LEDs at the same current density [5]. This further
decreases the device wall plug efficiency (WPE) and hinders
its application and commercialization. Recently, considerable
progress has been made in regard to the aforementioned issues.
To decrease the QW/template lattice mismatch and improve
the In-incorporation capability, InGaNOS pseudo-substrates,
lattice-matched or relaxed InGaN templates, porous GaN tem-
plates, and a low-In-content InGaN/GaN superlattice (SL) have
been used [6—11]. Besides, a low forward voltage InGaN-based
red LED was demonstrated on the Ga,O; substrate. The V-pits
generated from the InGaN SL region can promote hole injection,
therefore achieving a reduced operating voltage [12].

Since Al(Ga)N has a smaller lattice constant than GaN, a thin
Al(Ga)N layer can be inserted between the QW and the QB as an
interlayer to compensate for the compressive strain during QW
growth. With the help of the strain compensation layer (SCL),
a higher-In-content QW can be achieved with improved mate-
rial quality [13-15]. Besides, Al(Ga)N capping on the InGaN
was demonstrated to prevent indium desorption and composi-
tion fluctuations in the QW during high-temperature GaN QB
growth [16]. However, reports studying the effect of an AIN SCL
beyond epitaxy in InGaN-based red LEDs are rare. The ultra-
wide bandgap of the AIN layer provides a considerably higher
barrier than that obtained using GaN. It also has a considerable
polarization difference with the InGaN QW [17]. Therefore, the
insertion of the SCL may strongly influence the electrical and
optical performance of LEDs, such as the emission wavelength
and operating voltage. Therefore, in this study, we fabricated
and characterized a 628-nm InGaN-based red LED. Taking
the experimental device as a reference, we then conducted a
theoretical study concerning the Al(Ga)N SCL.

An InGaN-based red LED wafer was grown via metalorganic
chemical vapor deposition (MOCVD) on a patterned c-plane
sapphire substrate. The epitaxy structure primarily included
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Fig. 1. (a) Schematic of a grown InGaN-based red LED wafer.
(b) Cross-sectional TEM image of the InGaN/GaN buffer superlat-
tice (SL) and red multi-quantum wells (MQWs). (c) TEM image
of the quantum well (QW) structure with a 1-nm AIN strain
compensation layer (SCL). (d) EDX element distribution in the
GaN/InGaN/AIN/GaN QW structure.

a sputter AIN, an undoped GaN template, an n-GaN electron
injection layer, 3 pairs of InGaN (4 nm)/GaN(40 nm) SLs (PL
emission at around 420 nm), 16 pairs of InGaN (3.6 nm)/GaN
(12nm) red multi-quantum wells (MQWs), a p-AlGaN elec-
tron blocking layer (EBL), and a p-GaN hole injection layer.
Figure 1(a) shows more details concerning the layer thickness
and doping; and Fig. 1(b) presents cross-sectional transmission
electron microscopy (TEM) images of the InGaN/GaN buffer
SL and red MQWs. Significantly, a 4-monolayer (~1-nm) AIN
layer was inserted between the InGaN QW and the GaN QB,
serving as the SCL. The corresponding TEM image and ele-
ment distribution measured by energy-dispersive x-ray (EDX)
are shown in Figs. 1(c) and 1(d), respectively. The device fabri-
cation process and measurement setup are shown in section S1
of Supplement 1.

Figure 2(a) shows the I-V curve of the fabricated red LED.
The operating voltage at 10 A/cm? is approximately 3.25V,
which may be limited by the poor current spreading resulting
from the large mesa size. The reverse leakage current is around
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Fig. 2. LED characterization: (a) I-V curve, (b) EL spectrum
and an optical image, (c) emission wavelength and FWHM under
different currents, and (d) output power and WPE as functions of
the injected current.
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Fig. 3. Simplified LED models with and without an inserted AIN
SCL.

1075 A at a reverse voltage of 5V. The defects from the bulk
material and the sidewall damage induced by plasma etching
contribute to the leakage path, which can be suppressed by
improving the material quality and effective sidewall treatment
[18]. Figure 2(b) shows the electroluminescence (EL) spectrum
for injection currents from 10 to 150 mA. As seen, no parasitic
blue emission is observed, indicating a suppressed phase separa-
tion and In fluctuation effect during high-In-content QW growth
[19]. The inset optical image shows red and orange-red emis-
sions at different currents. The emission wavelength at 45 mA
(at a current density of 14 A/cm?) is approximately 628 nm.
Figure 2(c) shows the change in wavelength and full width at
half-maximum (FWHM) with increasing current. The emission
wavelength shifts from 665 to 616 nm at 5-150 mA. This huge
wavelength shift occurs because of the band-filling effect and
QCSE [20]. Moreover, at a low current, the FWHM decreases
with increasing injection current from 75.8 to 59.8 nm due
to potential fluctuations [21]; at a higher current, the FWHM
increases and reaches 61.3 nm at 150 mA, which is related to heat
generation [22]. Figure 2(d) shows the output power and WPE
under various currents. The output power presents a near-linear
increase and is higher than 1 mW at a current of 100 mA. In addi-
tion, a 0.3% peak WPE is observed at 45 mA. At higher injection
currents, the LED shows a decrease in efficiency. Reports on
theoretical models and simulation studies of InGaN-based red
LEDs are rare. One reason is the large polarization difference
between the high-In-content QW and the GaN QB, which results
in convergence problems and poor simulation accuracy for com-
plex LED structures. Therefore, simplifying the structure is the
most straightforward method to eliminate this issue. Based on
our fabricated device, we built a simplified InGaN-based red
LED model (Fig. 3). The device size was the same as that of the
aforementioned experimental device to ensure they had a similar
current density at the same current. The LED structure contained
a GaN template, a 3-um n-GaN layer with 5 x 10" cm= Si dop-
ing, a 4-nm/12-nm Iny3,Ga, s N/GaN red single QW (SQW), a
20-nm p-Aly;Ga,yN EBL, and a 100-nm p-GaN hole injection
layer. The p-type layers had 5x 10'® and 1 x 10**cm™ Mg dop-
ing, respectively. Two QW structures, those without (sample A)
and with (sample B) the AIN SCL, were investigated. In this
study, we employed the APSYS software from Crosslight for the
numerical study [23]. The Auger recombination coefficient was
setto 1.0 X 10~**cm=, and the Shockley—Read—Hall recombina-
tion lifetime was 50 ns [24]. As a result of defect screening, the
polarization factor used in this study was 0.6 [25]. The device
worked under a temperature of 300 K with an estimated back-
ground loss of 2000 m™' [25]. Other parameters were set to their
default values in the APSYS software, and we list some of them
in section S2 of Supplement 1.
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Fig. 4. (a) LED emission wavelengths under different currents
and (b) [-V characteristics of the simulated devices. Band diagrams
of the simulated InGaN-based red LEDs at 45 mA for (c) sample A
and (d) sample B.

Figure 4(a) shows the emission wavelengths of samples A and
B under different currents. Sample B shows a similar wavelength
and wavelength shift from 10 to 100 mA compared with those
of the experimental device. Compared with that of sample B,
sample A without the SCL exhibits a longer wavelength at the
same current (~633 and 637 nm, respectively, at 45 mA). To
explain this, we investigated the band diagrams of samples A
and B shown in Figs. 4(c) and 4(d), respectively. Because of the
QCSE, the band of the InGaN QW suffers from severe tilting.
The bottom and top energies of the QW conduction band are
labeled E, and E,,, respectively. The first conduction subband
level resulting from the quantum confinement is labeled E,. E,
— E, represents the degree of band tilting; E, — E, and E, —
E, reflect the transition energies of the recombined electrons.

Table 1 lists the E, — Ey,, E;, — Ey, and E,, — E, values
of samples A and B at 45mA. The E, — E,, value of sample
B (981.34 meV) is greater than that of sample A (906.86 meV)
due to the huge polarization difference between InGaN and AIN.
Therefore, compared with that of sample A, sample B suffers
from a stronger band tilting. However, the AIN layer provides
another high barrier for InGaN, which is contributed by its ultra-
wide bandgap (around 6.1 eV) and results in a deep QW. Based
on quantum mechanics, the first subband level E; will therefore
be raised. Compared with sample A, sample B increases the
value of E; — Ey, (from 398.44 to 485.24 meV) and reduces
the value of E, — E, (from 508.42 to 496.10 meV). Therefore,
electrons in sample B have a higher transition energy and a
shorter emission wavelength than those in sample A.

Figure 4(b) shows the I-V curves of samples A, B, and
C. Sample C has the same structure as sample A, but the
polarization charge was not considered in the calculation. The
knee voltage of sample B is similar to that of the experimental

Table 1. E¢ — Eqp, E4
and B at 45 mA

— Ecp, and E¢; — E; of Samples A

Ei — Eo, (meV) E; — Eg (meV) Ei — E; (meV)

906.86 398.44 508.42
981.34 485.24 496.10

Sample A
Sample B
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device (~3 V), suggesting a high-accuracy setting for the polar-
ization charge and the QW structure in our simulation model.
The results reveal that sample C has a much lower operating
voltage than those of samples A or B (~2.4V at 45mA). The
band diagram of sample A [Fig. 4(c)] shows that the conduction
bands in the first and second GaN QBs tilt upward due to the
effect of the polarization charges. This leads to extra electron
effective barriers @, (~1219.92 meV); therefore, high energy
and voltage are required to flow through the GaN layers. Simi-
larly, the valence band is bent toward high energy, leading to a
514.42-meV effective hole barrier @, at the InGaN/GaN inter-
face, indicating poor hole injection. Therefore, we can conclude
that the polarization charge negatively affects the operating volt-
age, thus decreasing the device efficiency. After inserting an
AIN layer into sample B, the operating voltage is significantly
decreased compared with that of sample A (from 3.53 to 3.07 V
at 45 mA). The band diagram of sample B is shown in Fig. 4(d).
The inserted thin AIN layer modulates the polarization electric
field in the second GaN QB and makes the valence band bend
in the opposite way to that of sample A. Therefore, the effective
hole barrier at the AIN/GaN interface is diminished from 514.42
to 209.45 meV. Thus, the obstacle is essentially diminished for
holes transported in the GaN. As shown in the band diagram, the
AIN layer has a large valence band offset with GaN, resulting in
a huge barrier for holes. However, the SCL layer is sufficiently
thin that holes can pass through the AIN layer via tunneling,
not only by thermal excitation. Therefore, the SCL will not limit
hole injection into the QW. Similarly, electrons can also pass
through the AIN barrier utilizing the tunneling effect. In addi-
tion, the conduction band energy decreases along the ¢ axis in
the second GaN QB, which can help electrons move to the next
QW if the LED has an MQW structure. Besides, no obvious IQE
change was observed after the AIN insertion, which is discussed
in section S3 of Supplement 1.

During the MOCVD process, the AIN SCL was achieved via
the Al-source short-time purge after QW growth. The thickness
of the grown AIN layer can be difficult to precisely control.
Accordingly, we investigated the influence of the thickness of
the AIN layer on the emission wavelength and operating volt-
age of the device. Four samples with two- to six-monolayer
(0.5-1.5nm) SCLs were simulated. In addition, during AIN
growth, residual Ga in the MOCVD chamber may form AlGaN
with different Ga contents instead of pure AIN. Therefore, we
also examined the effect of the Ga content introduced into the
SCL.

Figures 5(a)-5(d) show the changes in wavelength and voltage
as a function of the thickness and composition of the SCL. The
emission wavelength increases with an increase in the AIN layer
thickness, especially beyond 1 nm, even though the confinement
on the InGaN QW becomes stronger with thicker AIN. It is
well known that the intensity of the polarization electric field
in a QW increases with an increase in the QB thickness [26].
Therefore, the transition energy decreases because the polar-
ization effect is more dominant than the quantum confinement,
leading to more serious band tilting and displacement of the
subband level downward. The dominance of the quantum con-
finement and polarization effect determines the trend in the LED
wavelength. Meanwhile, a thicker AIN layer results in a more
intense modulation of the polarization electric field and band
bending in GaN QBs. As discussed above, this modulation may
facilitate carrier transport. Therefore, the operating voltage is
reduced with a thicker AIN layer. However, a thicker AIN SCL
would suppress the carrier tunneling possibility [27]. The rate of
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Fig. 5. (a) Emission wavelength and (b) operating voltage at
45 mA for samples with 0.5-nm to 1.5-nm AIN layers. (c) Emission
wavelength and (d) operating voltage at 45 mA for 1-nm AlGaN
layers with different Al compositions ranging from 0% to 100%.

decrease in the operating voltage gradually reduces with increas-
ing AIN thickness. As shown in the inset figure in Fig. 5(b), the
voltage even has a rising trend for the AIN thickness beyond
1.4 nm. Therefore, a thick AIN SCL could be harmful to the
device’s capabilities, e.g., leading to more heat generation and
suppressed device efficiency, although it can compensate for
more strain during QW growth.

Similarly, a lower-Al-content SCL results in the quantum con-
finement being undermined, achieving a lower subband energy
level, a smaller transition energy, and a longer wavelength
[Fig. 5(c)]. In addition, a lower-Al-content SCL has a smaller
polarization difference with InGaN and GaN, contributing to less
polarization and band modulation. Accordingly, in Fig. 5(d), we
observe an increased operating voltage when the SCL has a low
Al content.

In summary, we fabricated and characterized a 628-nm
InGaN-based red LED and conducted a series of numerical
studies concerning the AIN SCL. The results show that an SCL
considerably influences the emission wavelength. Depending
on the dominance of the quantum confinement and polarization
effect, the emission wavelength varies according to the layer
thickness and Ga content introduced into the SCL. In addition,
we found that the large polarization electric field inside the LED
is the primary reason for the large operating voltage in current
InGaN-based red LEDs. Furthermore, the AIN SCL in our study
can substantially reduce the operating voltage via polarization
and band modulation. Our study indicates that reducing the
polarization of the electric field is essential to achieve InGaN-
based red LEDs with a low operating voltage; and heterojunction
polarization engineering is a promising path for future device
optimization. For example, we employed an AIN SCL in this
study, a polarization-matched MQW in our previous study, and
a staggered InGaN QW in Zhao ef al.’s work [28,29]. We hope
that this paper will increase interest in this topic and aid in
the development and commercialization of high-performance
InGaN-based red LEDs.
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