IEEE PHOTONICS JOURNAL, VOL. 13, NO. 5, OCTOBER 2021

8200106

Enhancing the Luminous Efficiency of Ultraviolet
Light Emitting Diodes By Adjusting the Al
Composition of Pre-Well Superlattice

Yanli Wang

, Peixian Li, Siyu Jiang, Xiaowei Zhou, Jinxing Wu

, Wenkai Yue,

and Yue Hao, Senior Member, IEEE

Abstract—The lower luminous efficiency is a critical issue for
ultraviolet light-emitting diodes (UV-LEDs) owing to the poor
carrier injection efficiency and high dislocation density. Here, we
can improve the luminous efficiency in two avenues by adjusting
the Al composition of the InGaN/Al,Ga;_,N pre-well superlattice.
First, due to the strain-induced piezoelectric and intrinsic spon-
taneous polarization, a large number of electrons gather at the
InGaN/Al,Ga;_xN interface, which improves the electron concen-
tration of the pre-well superlattice and lowers the conduction band
energy of the first quantum barrier layer (FQB), thus enhancing
the electron injection efficiency. Second, the pre-well superlattice
can act as a hole blocking layer to prevent holes from leaking into
the n-type layer and confine them in the quantum well layer. As
the Al composition increases, the hole blocking effect of the pre-
well superlattice is strengthened. However, higher Al composition
decreases the lattice quality, which makes it possible for carrier
loss through defect-related non-radiative recombination. Finally,
the output power of the samples with 5% Al composition in the
pre-well superlattice is 5.9% and 102.5% higher than that of the
samples with 3% and 7% Al composition, respectively.

Index Terms—Ultraviolet light-emitting diodes, hole blocking
layer, superlattice, APSYS.

1. INTRODUCTION

N THE last few years, ultraviolet light-emitting diodes (UV-
I LEDs) have received a lot of attention for their wide applica-
tions [1]-[2]. However, the low luminous efficiency caused by
the strong polarization induced poor carrier injection efficiency
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and mismatch induced high dislocation density limits their
development, for which substantial efforts have been devoted
[3]-[4]. One way to raise the luminous efficiency is to increase
the carrier injection efficiency [5], which includes improving the
hole concentration in the p-type layer and preventing electron
leakage. In the II-nitride UVLEDs, high background carrier
concentration and Mg activation energy result in low hole injec-
tion efficiency in the p-type injection layer [6]. For this reason,
the three-dimensional hole gas (3DHG) and two-dimensional
hole gas (2DHG) have been reported to enhance the hole con-
centration in the p-type layer [7]-[8]. And the hole blocking
layer has also been demonstrated to confine holes in multiple
quantum wells (MQW3s) to facilitate hole injection [9]. It is well
known that the polarization-induced electric field between the
last quantum barrier layer (LQB) in MQWs and the p-type layer
lowers the energy band at the interface, causing electrons to leak
into the p-type, thereby participating in non-radiative recombi-
nation [10]. Various approaches, such as employing high Al
composition AIGaN electron blocking layer (EBL) [11], graded
EBL [12], insertion layer in EBL [13], and multi-quantum
barriers EBL [14], have been put forward to cope with this
problem. Besides, lowering the dislocation density is as well
considered a working way to maximize luminous efficiency. For
example, Using the patterned sapphire substrates (PSSs) tech-
nology [15]-[16], epitaxial lateral overgrown (ELOG) [17]-[18]
and low-temperature deposited buffer layer [19] are capable of
reducing the defect-related non-radiative recombination. In our
previous work, double superlattices structure with 30-period Mg
modulation-doped p-AlGaN/u-GaN superlattice p-type layer
and 4-period p-AlGaN/p-GaN superlattice EBL, and double Al
composition gradient last quantum barrier and p-type hole sup-
ply layer structure were proposed to improve the hole injection
efficiency and suppress electron leakage, resulting in UV-LEDs
with enhanced performance [20]-[21].

In this work, we mainly focus on how to improve the
luminous efficiency by adjusting the Al composition of the
InGaN/Al,Ga; <N pre-well superlattice inserted between the
n-type layer and MQWs. On the one hand, in the simulation anal-
ysis of the advanced physical model of semiconductor devices
(APSYS), we distinctly observe that a large number of elec-
trons clustered at the InGaN/Al,Ga;_« N heterojunction interface
improve the electron concentration of the pre-well superlattice
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Fig. 1. Schematic structures of sample A, sample B and sample C.

and pull down the conduction band energy of the first quantum
barrier layer (FQB) in MQWs to boost the electron injection effi-
ciency. On the other hand, as a hole blocking layer, the pre-well
superlattice contributes to prevent holes from leaking into the
n-type layer and confine them in MQW:s to participate in radia-
tion recombination. Although the higher the Al composition, the
greater the ability of the pre-well superlattice to improve carrier
injection efficiency, which nevertheless also leads to a lower
lattice quality. As a result, the enhanced optical output power is
achieved when the Al composition of the pre-well superlattice is
5%. Compared to our previously reported samples with double
superlattices and Si modulation-doped AlGaN/GaN, the optical
power of UV-LEDs with the pre-well superlattice is increased
by 62% and 72.7% at 120 mA, respectively.

II. EXPERIMENTAL DETAILS

As shown in Fig. 1, three InGaN/AlGaN UV-LEDs (sam-
ple A, sample B and sample C) are initiated on a c-plane
(0001) 2-inch patterned sapphire substrate (PSS) by AIXTRON
CRUIS I commercial metal-organic chemical vapor deposition
system (MOCVD). Trimethyl-gallium, trimethyl-aluminium,
trimethyl-indium and ammonia are used as source compounds.
Hydrogen and nitrogen gas are carrier gas. First of all, a 25
nm AIN buffer layer is sputtered on PSS. The temperature and
pressure of the reaction chamber are maintained at 1020°C
and 400 mbar, respectively. A 4 pm unintentionally doped
n-type Al g2GaggsN layer and a 3.3 pum Si-doped n-type
Alp.02Gag 9sN layer are grown sequentially. Then, we grow
eight-pair the Ing. g1 Gag.g9N/n-Al,Ga; N (0.02<x<0.08) pre-
well superlattice, of which the well and barrier thickness is 1
nm and 8 nm, respectively. The x values in samples A, B and
C are 3%, 5% and 7%, respectively. The ultraviolet photons
are generated by MQWs with eight 2 nm Ing ¢; Gag 99N wells
embedded in nine 10 nm n-Alg 0sGag 92N barriers. During the
growth process, the growing pressure of the well and barrier
layer in the pre-well superlattice and MQWs are respectively
350 mbar and 200 mbar, and their temperatures are 750°C
and 850°C, respectively. On the top of the MQWs, a 15 nm
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TABLE I
THE ®1¢, P11, P2e AND P2}, VALUES FOR THREE SAMPLES

Al Pre P P2e Pzn
(meV) (meV) (meV) (meV)
3% 91.53 138.82 243.37 277.43
5% 89.2 166.31 242.73 277.38
7% 85.23 191.7 241.6 277.22

AlGaN-based p-EBL and 30-period 3 nm p-Alg.16Gag.s4N/2 nm
u-GaN superlattice acting as the hole injection layer are grown
at 150 mbar and 940°C, followed by the 10 nm thick heavily
Mg-doped p+-type GaN layer. Lastly, the mesa structures with a
size of 325 pum x 300 pm are obtained by conducting inductively
coupled plasma etching.

The energy band profiles, carrier concentration, radiation co-
incidence rate and electron current are numerically investigated
with a finite element approach by APSYS [22], which includes
many sophisticated models such as tunnelling, heterojunctions,
thermal analysis, and self-consistent quantum well models.
The operating temperature, theoretical polarization charge, and
Shockley-Read-Hall (SRH) recombination life are set to 300 K,
40%, and 20 ns, respectively.

III. RESULTS AND DISCUSSION

In order to investigate the effect of the Al composition of the
pre-well superlattice on the energy band. Numerically computed
band energy profiles for three samples at 120 mA are shown
in Fig. 2(a-c). we define ¢, and ®; as the potential differ-
ence between the conduction/valence band and the quasi-Fermi
level. Table I presents the @ ., @5, Po. and Py, values for
three samples. As indicated in Fig. 2(a-c), the energy bands
of the first quantum barrier (FQB) in MQWs are pulled down
from~91.53 meV for sample A to~89.2 meV for sample B
and then to~85.23 meV for sample C. The lower ® ;. allows
more electrons into the quantum well to participate in radiative
recombination. Moreover, as the Al composition increases, the
bandgap of the potential barrier layer in the pre-well superlattice
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Fig. 2.
induced charge distribution in the pre-well superlattice.

becomes larger, which leads to a gradual increase in ® ;. The
® 45, for three samples is 138.82 meV, 166.31 meV and 191.7
meV, respectively. The increased @ ;;, makes the pre-well super-
lattice act as a hole blocking layer (HBL), preventing holes from
leaking to the n-type region. Then the charge distribution in the
pre-well superlattice is illustrated in Fig. 2(d), where P,,, and Py,
represent the strain-induced piezoelectric and intrinsic sponta-
neous polarizations, respectively. Both the Al,Ga; N barrier
and InGaN well layer endure intrinsic spontaneous polarization
opposite to the growth direction. The piezoelectric polarization
in the barrier layer is caused by the tensile strain from the
n-Alg.02Gag 9sN layer and has the same direction as the spon-
taneous polarization [23]. While the piezoelectric polarization
in the well layer is driven by the stress-strain, whose direction
is opposite to the spontaneous polarization. As a result, the
barrier layer with the same polarization direction generates more
charge than the well layer, which results in net positive charges
at the InGaN/Al,Ga;_«N interface, thus inducing electrons to
accumulate here. Accumulated electrons not only pull down
the conduction band of the InGaN/FQB interface, as shown in
Table I, which lowers @ ;. and consequently improves electron
injection efficiency, but also boost the electron concentration of
the pre-well superlattice. In addition, the conduction band and
valence band barrier heights (®». and $y;,) of EBL are also
calculated to study the influence of the pre-well superlattice
on electron leakage and hole injection efficiency. As seen in
Table I, there are only slight changes in 5, and @y, of the
three samples.

The higher electron concentration observed among the pre-
well superlattice and MQWs of sample C in Fig. 3(a) is
presumably caused by the more net positive charges at the

0.05 0.10 0.15 0.20
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Numerically computed band energy profiles (a): sample A, (b): sample B, (c): sample C at 120 mA, respectively. (d) The Schematic of the polarization

InGaN/Al,Ga;_«N interface due to the increased Al composi-
tion of the potential barrier layer. As mentioned in Fig. 2(d),
on one hand, accumulated electrons at the InGaN/Al,Ga;_\N
interface significantly raise the electron concentration of the
pre-well superlattice. On the other hand, a reduced ®,. in
the InGaN/FQB interface promotes electron injection efficiency
and consequently lead to higher electron concentrations among
MQWs. It is noteworthy that there is less hole concentration in
the pre-well superlattice for sample C compared to samples A
and B, in Fig. 3(b). This indicates that the pre-well superlattice
acts as an HBL to prevent holes from leaking to the n-type
region, which allows more holes to participate in radiative
recombination in MQWs. Hence, the decreased and increased
recombination rates appear in the pre-well superlattices and
MQWs of sample C with higher Al composition, respectively,
as displayed in Fig. 3(c). Moreover, the almost constant ® o, in
Table I implies that the elevated hole concentration in MQW's
is entirely attributable to the blocking effect of the pre-well
superlattice. Although @, has slightly decreased, the leakage
current of sample C in Fig. 3(d) is minimal, which may be due
to abundant electrons being recombined in MQWs.

As demonstrated above, the enhanced performance of sam-
ple C can be ascribed to the increased Al composition in the
Al,Gaj_«N barrier layer of the pre-well superlattice. Yet, epi-
taxial wafers are subject to numerous unavoidable factors in the
growth process, resulting in discrepancies between experimental
results and simulation analysis. In order to investigate the influ-
ence of Al composition on the performance of samples in specific
experiments, the lattice quality, stress state and luminescence
properties for three samples are displayed in the following
diagrams.
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Fig. 3. (a) Electron concentration distributions, (b) hole concentration distributions, and (c) radiative recombination rate among pre-well superlattice and MQW's

at 120mA. (d) Normalized electron current for three samples at 120mA.
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of the E2 (high) mode peaks). (d) PL spectrum at room temperature.

The HRXRD w-scan rocking curves of the (002)/(102) re-
flections for three samples are obtained by D8 DISCOVER
in Fig. 4(a-b). The symmetric (002) rocking curve full width
at half maximums (FWHM) of sample A, B and C are 181.4
arcsec, 120.4 arcsec and 210.2 arcsec, respectively, while the
FWHMs of asymmetric (102) reflection are 171.1 arcsec, 169.9
arcsec and 230.5 arcsec, respectively. The FWHM of the crystal

plane parallel to the c-axis can be used to characterize the
screw dislocation density, while the edge dislocation leads to a
broadening of the diffraction curve perpendicular to the c-axis.
So the FWHM of the (002)/(102) reflections can characterize the
screw/ edge dislocation density, respectively [24]. The formula
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Fig. 5.
simulated optical power of three samples.

for calculating dislocation density is as follows [25]:

p = B*/(4.360%) (1)

where (3 is the FWHM value of the HRXRD w-scan rocking
curves, and b represents the Burgers vector of the dislocation.
The Burgers vectors of screw and edge dislocation are 0.5185 nm
and 0.3189 nm, respectively. According to the HRXRD results,
the screw (edge) dislocation density of sample B is 2.91x 107
em? (1.53x10% cm™), lower than sample A and C whose
values are 6.61x107 cm? (1.56x10% cm™) and 8.88x 107 cm™
(2.82x10%cm2), respectively. This implies that sample B has the
best lattice quality. To explore the stress states of three samples,
the confocal Jobin Yvon LabRam HR800 is utilized to obtain the
Raman spectra as shown in Fig. 4(c). There is a strong E?(high)
mode peak and a weak E'(LO) peak in the Raman spectrum,
located at approximately 568 cm™! and 750 cm™!, respectively
[26]. The E?(high) mode peak is rather sensitive to the stress
state, so its peak position can be used to reflect the stress state of
materials [27]. As you can see from the inserted enlarged image,
the mode peaks E?(high) of samples A, B and C are positioned at
570.7cm™,571.9cm ! and 571.3 cm™', larger than the strain-free
568 cm™!, which means three samples are under compressive
strain [28]. It is well known that dislocations can release stress
and higher Al composition may introduce new stresses in the
pre-well superlattice [29]. These two factors combine to give
sample B a lower dislocation density and higher stress. And
the higher intensity of sample B in the Raman spectra indicates
the best lattice quality, which is in agreement with the HRXRD
results. Apart from that, the PL spectrum of three samples is
measured by the 325 nm laser diode at room temperature to
investigate the luminescence performances. As illustrated in
Fig. 4(d), the quantum well band edge peaks of three samples are

(a-c) Electroluminescence spectra for three samples at 50 mA, 100 mA,

150 mA, 200 mA, 250 mA, and 300 mA respectively. (d) The experimental and

located at 364.86 nm, 362.72 nm and 362.72 nm, respectively.
While the weak peak (at~370nm) is speculated to be caused by
the pre-well superlattice. The observed blue shifts are caused
by the compressive stress in MQWs as shown in Fig. 4(c).
Furthermore, the luminescence intensity of sample B is stronger
than that of samples A and C.

Electroluminescence (EL) spectra for three samples at differ-
ent injection currents are obtained by Everfine ATA-500UV in
Fig. 5(a-c). As the injection current increases from 50 mA to
200 mA, the peak wavelengths of samples A, B and C are all
red-shifted by 2.3 nm, 1.6 nm and 1.9 nm respectively. However,
Niu et al. reported that when the injection current increases,
the peak wavelength of the devices should be blue shifted [30].
This is because the radiative recombination rate of the pre-well
superlattice gradually increases with current, which broadens the
El spectral curve and results in a red-shift of the peak wavelength.
In sample A with low Al composition, the hole blocking effect
is the smallest, so that a large number of holes flow into the
pre-well superlattice to participate in radiative recombination.
Therefore, sample A has no obvious peak wavelength of the
pre-well superlattice and exhibits a maximum redshift. The EL
intensity of MQWs in samples B and C, which have a higher
hole blocking effect, is significantly stronger than that of the
pre-well superlattice. And the redshift of sample B is lower
than that of sample C with high dislocation density. Fig. 5(d)
demonstrates the experimental and simulated optical power of
three samples. It can be seen that the simulated results of samples
A and B are in line with the experimental results. The high
dislocation density makes it impossible to fit the experimental
and simulation results for sample C. Compared to sample A and
C, the optical power for sample B is enhanced by 5.9% and
102.5% at 120 mA, respectively. From the above discussion,
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the enhanced performance originates from the promoted carrier
injection efficiency (lower hole leakage and higher electron
injection) and the decreased dislocation density.

IV. CONCLUSION

In conclusion, we have proposed a method to promote lu-
minous efficiency by adjusting the Al composition of the pre-
well superlattice inserted between the n-type layer and MQWs.
Simulation analysis shows that a large number of electrons
accumulate at the InGaN/Al,Ga;_ (N heterojunction interface
due to polarization effects. Accumulated electrons pull down the
energy bands of FQB from~91.53 meV for sample A to~89.2
meV for sample B and then to~85.23 meV for sample C, which
allows more electrons to be injected into MQWs to participate in
radiative recombination. Moreover, the electron concentration in
the pre-well superlattice is greatly increased, making it a viable
method for obtaining high electron concentration in n-AlGaN
with a high Al composition. As the hole blocking layer, the va-
lence band barrier of the pre-well superlattice is improved from
138.82 meV to 191.7 meV with the Al composition increase,
making MQW s more effective in confining the holes. However,
the higher Al composition deteriorates the lattice quality. As a
result, the enhanced optical output power is achieved when the
Al composition of the pre-well superlattice is 5%.
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