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Abstract The AlGaN-based deep-UV LEDs with specific
design of varied superlattice barrier electron blocking layer
(EBL) has been investigated numerically by APSYS soft-
ware. The proposed structure exhibits significant
improvement in the light output power, internal quantum
efficiency, current—voltage curve and electroluminescence
intensity. After analyzing the profiles of energy band dia-
grams, carriers concentration and radiative recombination
rate, we find the main advantages of proposed structure are
ascribed to higher barrier suppressing electron leakage and
reduced barrier for hole injection. Thus, compared with
reference sample, the proposed EBL design may be a good
method for improving the whole performance of UV LEDs.

1 Introduction

In recent decades, direct-gap III-V nitride semiconductor
has been widely used in optoelectronic devices. As high-
brightness blue LEDs continue to mature, much attention
riveted on high-aluminum component UV LEDs because of
their wide range of potential applications like air and water
purification [1], germicidal and biomedical instrumentation
systems [2], full color display, optical data storage [3] and
white emission lighting [4]. However, the EQEs of reported
Al,Ga;_,N deep-UV LEDs with emission wavelengths
from 227 to 280 nm are typically less than 10 % [5, 6].

< Shuping Li
Isp@xmu.edu.cn

Fujian Provincial Key Laboratory of Semiconductors and
Applications, Collaborative Innovation Center for
Optoelectronic Semiconductors and Efficient Devices,
Department of Physics, Xiamen University, Xiamen 361005,
People’s Republic of China

Wei Lin'! -

26 April 2016

Multiple causes are responsible for the low efficiency. The
high dislocation density in AlGaN materials grown on
sapphire substrate will lead to non-radiative recombination
in the active region; large spontaneous and piezoelectric
polarization charges generated in the heterointerfaces can
largely influence the mobile carriers injection and band
structure; high ionization energy of Mg acceptor and strong
electron leakage phenomenon is also regarded as an
important factor decreasing the internal quantum efficiency
(IQE). To overcome the block, some methods have been
developed, for instance, nano-patterned substrate has been
adopted to reduce dislocation densities in AIN and epi-
layers above [7]. As for the latter two problems,
researchers often try to modulate energy band structure to
improve the performance of LEDs, for instance, passivat-
ing graphene oxide on top of the fully fabricated LED [8],
graded-composition multiple quantum barriers [9], stag-
gered QWs [10] and polarization-induced hole doping [11].
Through these processes, the radiative recombination rate
can be enhanced owing to increased electron—hole wave
function overlap and carriers injection rate.

Actually, the region between multiple quantum wells
and p-type layer plays a very important role in the whole
performance of LEDs as carriers tend to accumulate in this
region and holes inject through the barrier height from
p-type layer. People has paid much attention to optimize
the structure here; Yang et al. found that Al content graded
AlGaN electron blocking layer inserted between multiple
quantum wells and p-type layer can improve the overall
device performance [12]. Jun et al. pointed out that
inserting a p-AlGaN layer between the electron blocking
layer and the last barriers of the MQWSs can be a good
solution [13]. In our previous work, we also proposed
structures achieving remarkable improvement in UV LEDs
like using p-type and thickened last quantum barrier [14].
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In this study, we seek to find a preferable designing
approach of superlattice EBL with varied barrier compo-
nent, while the overall performance improves tremen-
dously compared to the samples with traditional
superlattice EBL design reported by researchers earlier [15,
16].

The properties of referenced structure and proposed
structure are investigated numerically in detail with the
Advance Physical Model of Semiconductor Devices sim-
ulation program developed by Crosslight Software, Inc. To
explain the mechanism, we have simulated optical and
electrical properties, band diagram and carriers concen-
tration by solving the Poisson’s equation, the Schrodinger
equation, the carrier transport equations and the current
continuity equation self-consistently [17, 18].

2 Model and parameters

As shown in Fig. 1, the reference sample with a superlat-
tice EBL is marked as Sample A, which is designed to be
grown on c-sapphire substrate, followed by a 1-pm-thick
AIN buffer and 1.4-um-thick n-doped AlysGagsN layer.
The active region consists of six 10-nm-thick undoped
Alg45GagssN  barriers and five 3-nm-thick undoped
Al 35Gag¢sN wells. Then a superlattice EBL containing
six 2-nm-thick p-doped AlygsGag sN barriers and five
2-nm-thick undoped Aly¢Gag 4N wells is employed on the
top of active region in order to decrease the electron
leakage. A 10-nm-thick p-type AlysGag sN layer and a 1.4-
pm-thick p-type GaN contact layer are eventually grown.
Although the use of high-Al component in the barriers of
EBL will cause increased resistance, the advantages such
as quantum effect [19] and carrier tunneling [20] brought
by superlattice EBL may reduce the negative effect, while

Fig. 1 Schematic diagrams of

in structure B, the Al component of superlattice EBL
barrier is linearly varied from 90 to 65 % (as depicted in
Fig. 1). Except for that, the other regions are kept identical
between structure A and structure B. The process of
selecting the optimized proposed structure will be dis-
cussed in detail below.

In the simulation, the equilibrium temperature was
assumed to be 350 K, and the band-offset ratio was
assumed to be 0.5 for AlGaN materials [21]. The Auger
recombination coefficient was set to 1 x 10°°cm® to fit the
experiment [20]. The Shockley—Read—Hall (SRH) recom-
bination time was set to 1.5 ns [22]. The polarization effect
of Al,Ga,_,N alloy with wurtzite structure was considered
using the same model as Fiorentini et al., with 50 %
interface charge density in calculated value. The other
detailed material parameters can be found in [23].

3 Results and discussions

Firstly, we try to find out the optimized multiple Al com-
ponent of superlattice barrier in EBL. Table 1 summarizes
the values of the Al component of superlattice well and
barrier of EBL, along with efficiency droop and maximum
power. As we know, higher Al component will lower the
conductivity but increase effective barrier height of EBL,
both of which will influence the emitting efficiency of
LEDs. Column 1 matches well with Sample A; we,
respectively, increase and decrease the barrier component
to 0.9 and 0.8 that can be seen clearly in Column 2 and 3,
but the performance becomes worse than Column 1. It can
be found that conductivity and barrier height may be in a
competitive mechanism that influences the performance of
LEDs; thus, we should find out the best match situation.
After that, we introduce new designs of multi-superlattice

Sample A

original UV LED with a o A Al
superlattice EBL (Sample A) p-GaN(140nm) 85%
and proposed UV LED with 60%
varied superlattice barrier EBL p-AlgsGag sN(10nm)
(Sample B)

Al,Ga,N/Al,Ga 4N

superlattice EBL

) .

5 periods  10nm-Alg 4sGag ssN
MQWSs 3nm-Alg 35Gag 65N

2nmXx 11

Sample B

n-Aly 5Gag sN(1400nm)

AIN buffer(1000nm)
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Table 1 Values of Al component of superlattice well and barrier of EBL, along with efficiency droop and maximum power

Column Well (x5) Barrier (along the growth direction) Efficiency drop (%) Maximum power (mW)
1 0.6 0.85 0.85 0.85 0.85 0.85 0.85 80.8 159
2 0.6 0.90 0.90 0.90 0.90 0.90 0.90 89.2 79.5
3 0.6 0.80 0.80 0.80 0.80 0.80 0.80 82.1 138
4 0.6 0.90 0.85 0.80 0.75 0.70 0.65 28.8 637.5
5 0.6 0.65 0.70 0.75 0.80 0.85 0.90 98.2 7.7
6 0.6 0.80 0.85 0.90 0.85 0.80 0.75 64.6 292.5
7 0.6 0.95 0.85 0.80 0.75 0.70 0.65 40.8 510
8 0.6 0.92 0.87 0.82 0.77 0.72 0.67 37.5 540
9 0.6 0.88 0.83 0.78 0.73 0.68 0.63 49.3 435
barrier EBL, and the Al component varied from 0.90 to 700

0.65 in Column 4, 0.65 to 0.90 in Column 5, stepwise from 650 4 Sample A

0.80 to 0.9 and decreases to 0.75 in Column 6. Column 4 is 500': Sample B

the corresponding structure of Sample B, which shows the :gg'.

best performance (efficiency droop = 28.8 %, maximum 4502

power = 637.5 mW) among all. We believe that higher Al % 400

component in the first barrier of EBL will enhance the T 350

electron blocking effect because of higher effective barrier 5 Zgg'.

height. In order to confirm whether the main factor is it or 200:

not, we increase the component of first barrier to 95 % in 150 ]

Column 7 (the rest remains consistent with Column 4), but 1004

the results were not in the expected. Lastly, we increase 50

and decrease the component of each barrier by 2 % as g s &0 10D 10 200 S50 500
shown in Column 8 and 9, and the output results both Exrrentin)

dropped. So far, we have found an optimized EBL structure
owning linearly varied barrier component as shown in
Column 4, while the conductivity and effective barrier
height of EBL reached a balance improving the perfor-
mance of UV LEDs.

In order to make a comparison of Sample A and Sample
B, we have carried out APSYS simulation on light output
power, internal quantum efficiency (IQE), current—voltage
curve (IV), electroluminescence intensity (EL), band dia-
grams, carrier concentration and radiative recombination
rate for discussion.

Figures 2 and 3 show the light output power and IQE as
functions of the injection current for the two samples. As
shown in Fig. 2, the simulated output power of Sample A
and Sample B both increases with injection current, but
Sample B increases faster than Sample A, especially under
higher injection current. The specific values are, respec-
tively, 159 and 637.5 mW at 300 mA. The higher output
power may ascribe to increased carriers confinement in the
active region and increased hole injection from p-type
layer, which will be clarified in next pages. In Fig. 3, we
can find that along with the increase in injection current,
Sample B exhibits lower efficiency droop than Sample A.
In the whole injection current range, the efficiency droop in
Sample B is 28.8 %, while Sample A is 80.8 %, when the

Fig. 2 Light output power as a function of injection current for
Sample A and Sample B
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Fig. 3 Internal quantum efficiency as a function of injection current
for Sample A and Sample B

efficiency is defined as (IQE .« — IQE3p0ma)/IQE nax-
Figure 3 corresponds well with Fig. 2, indicating that such
a treatment in superlattice electron blocking layer is
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Fig. 4 Forward current—voltage curve for Sample A and Sample B

important to obtain superior performance of nitride-based
UV LEDs.

Figure 4 shows the I-V curve of Sample A and Sample
B. The turn-on voltage of Sample A and Sample B is nearly
the same at about 4.7 V. But the forward voltage of the two
samples at 150 mA is 23.2 and 21.5 V, demonstrating that
Sample A owning higher resistance, which is likely
attributed to higher activation energy of Mg and higher
average Al component. The electroluminescence spectra
are illustrated in Fig. 5. It can be seen that both samples
show one emission peak around 298 nm, indicating that
there was no radiative recombination occurred in other
region. We can calculate that the electroluminescence
density of Sample B is 175.7 % higher than Sample A,
which suggests that Sample B owns better optical perfor-
mance using varied superlattice barrier electron blocking
layer.

After presenting the simulation results of light output
power, internal quantum efficiency (IQE), current—voltage
curve (IV) and electroluminescence density (EL) of Sam-
ple A and Sample B, we should try to shed light on the
mechanism as clearly as possible. Figure 6 plots the energy
band diagrams and quasi-Fermi levels for Sample A and
Sample B. As we know, energy band bending makes
electron wave function and hole wave function more dis-
persed. In addition, due to large difference in polarization
between the last Aly45Gag 55N barrier and the EBL layer,
high density of positive polarization charges exist at their
interface, which attracts electrons from the n-type side and
repel holes from the p-type [12]. So it is easy to understand
the difficulty of carriers confinement in active region and
hole injection from p-type layer. As marked in Fig. 6a, we
can find out that a potential barrier height of 568 meV is
present between last quantum barrier and p-type layer in
Sample A; the corresponding value in Sample B is
699 meV. It means that Sample B can suppress electron
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Fig. 5 Electroluminescence spectra for Sample A and Sample B

overflow more effectively, thus increasing the radiative
recombination rate in the active region. At the same time,
the effective potential height for holes in valence band
reduces from 506 to 487 meV as marked in Fig. 6b, which
can be beneficial for hole injection from p-type layer.
Consequently, when the Al component of superlattice EBL
barrier is linearly varied from 90 to 65 %, it can not only
increase the effective barrier height of the conduction band
but also decrease obstacle barrier height for hole injection
in the valence band. Moreover, the conductivity of EBL is
improved undoubtedly due to lower Al component on the
whole, which is beneficial for the output performance.

The explanation can be confirmed by the profiles of
carriers concentration across active region and p-type
region in Fig. 7. As shown in Fig. 7a, the electron con-
centration in active region is nearly the same, but compared
to Sample A, electron concentration of Sample B in
p-AlpsGagsN layer is much lower, indicating that the
specially designed EBL is helpful to reduce electron
leakage into p-type layer. In Fig. 7b, the hole concentration
of Sample B is higher than Sample A across the active
region, which may be ascribed to lower barrier for holes
injection in the valence band. Apparently, the design of
varied superlattice barrier electron blocking layer increased
both electrons and holes concentrations in the active region
of Sample B.

At last, Fig. 8 plots the corresponding radiative recom-
bination rates of Sample A and Sample B. Due to the
increment of electrons and holes concentrations in the
active region, the radiative recombination rates across five
quantum wells are significantly enhanced when the super-
lattice EBL is replaced by varied barrier superlattice EBL.

According to the analysis above, energy band diagrams,
carriers concentration and radiative recombination rates
have been presented. It is believed that due to optimization
of EBL structure, more electrons and holes survived and
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Fig. 8 Radiative recombination rates of a Sample A and b Sample B

accumulated in the active region, which contributes to

higher radiative recombination rate; thus, the whole per-
formance improved in Sample B.

4 Conclusions

In this paper, design and characterization of deep-UV
LEDs with varied superlattice barrier electron blocking
layer was investigated. Light output power, internal quan-
tum efficiency, current—voltage curve and electrolumines-
cence intensity, band diagrams, carrier concentration and
radiative recombination rate were analyzed. Simulation
results show that varied superlattice barrier electron
blocking layer has a greater advantage than common
superlattice electron blocking layer (the output power
improved about 301 % at 300 mA, IQE droop decreased
from 80.8 to 28.8 %, and EL intensity improved about
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175.7 %), which we attribute to three main factors: (1)
higher effective barrier in the conduction band suppressing
the spillover of electrons out of active region; (2) holes
injection improvement due to lower potential height in the
in valence band; and (3) lower resistivity of the structure
due to lower Al component on the whole. To conclude, the
design presented here could be a useful reference to pro-

duce high-Al component UV LEDs owning better
performance.
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