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To improve performance of AlGaN-based ultraviolet light-emitting diodes
(UV-LEDs), an LED with a special trapezoidal electron blocking layer (EBL) is
investigated numerically. The results show the optimized structure has better
photoelectric performance than conventional structure. The light output
power of the new structure was enhanced by a factor of 26% compared with
the reference conventional LED. The reasons for these improvements are that
the special trapezoidal EBL can increase the hole injection efficiency and
suppress electron overflow, thus enhancing the radiative recombination rate.
Consequently the light output power and the internal quantum efficiency are

improved.
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INTRODUCTION

With the continuous maturation of blue LED
technology, the high Al content AlGaN-based UV-
LEDs have attracted the attention of researchers
due to their diverse potential applications in fields
of air and water purification, solid-state white
lighting, high-density optical storage, UV curing
and medical photo therapy.'™ Although the UV-
LEDs have made some impressive progress, they
cannot be commercialized yet as extensively as
visible LEDs. The main reason is that the IQE of the
UV-LEDs is far less than that of visible LEDs. In
addition, the UV-LEDs also face the problem of
efficiency droop that the IQE of UV-LEDs decreases
with current injection at high current. There are
many factors leading to the low IQE and the severe
efficiency droop, such as the poor crystalline quality
of AlGaN, the Mg-doping problem in high Al content
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AlGaN, electron leakage, and the strong piezoelec-
tric polarization and spontaneous é)olarization in
multiple quantum wells (MQWSs).*° For the men-
tioned issues above, several methods have been
applied to improve the performance of UV-LEDs.
Including the use of AIN buffer layer to achieve high
quality AlGaN epitaxial layer on Si(111) sub-
strates,” the adoption of polarization doping to
obtain high p-type AlGaN materials,® the design of
special EBL to reduce electronic leakage,’ and the
proposal of special quantum well structure to
improve the polarization effect in the active
region.'® In UV-LEDs, it is important to reduce
the electron leakage because electrons have a small
effective mass and high mobility, which can easily
overflow across quantum barriers and EBL poten-
tial. Additionally, the hole injection efficiency is
poor, due to its low mobility and inhomogeneous
distribution in QWs. These factors eventually lead
to low radiation recombination rates and IQE.
Although the high Al content EBL plays a signifi-
cant role in limiting the electrons, it also hinders the
hole injection, so the content of Al can’t be especially
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high. To improve the performance of UV-LEDs, the
LED with a trapezoidal EBL is designed and the
effect of the trapezoidal EBL is studied in this
paper. It indicates that the values of light output
power and the IQE of LED with trapezoidal EBL are
improved, compared with conventional LED with
stationary Al component EBL. These improvements
are due to the enhancement of hole injection
efficiency and the suppression of electron overflow.

STRUCTURE AND PARAMETERS

The structure of AlGaN based MQWs UV-LED
with a conventional AlGaN EBL (denoted as orig-
inal LED) is used as a reference in this study. The
reference and the modified structures were grown
on c-plane sapphire substrates. The first structure
(labeled as original LED) consisted of a 3-um-thick
Si-doped n-AlO 15Gag g5N layer (2 x 10'® cm3), the
active region including five periods of undoped GaN
(3 nm)/Aly 15GaggsN (10 nm) QWs, then a 20-nm-
thick Mg-doped p-Aly3GagsN EBL layer
(1 x 10'" em™3) followed by a Mg doped 90-nm-
thick p-Aly15GaogsN layer (2 x 1017 em ™) and a
Mg-doped  10-nm-thick p-GaN cap layer
(2 x 10'® cm ™). The device geometry is 300 um x
300 um. To improve the performance, two UV-LED
structures with trapezoidal EBL are proposed. The
two structures (labeled as sample A and sample B)
are similar to the original LED except for the EBL,
and the schematic diagrams are shown in Fig. 1.
For sample A, the EBL is 3 nm Al,Ga;_,N/14 nm
Al 3Gag7N/3 nm Al,Ga;_yN, the value x increases
from 0.15 to 0.3 in the growth direction, and y
decreases from 0.3 to 0.15 along the vertical direc-
tion. The EBL of sample B consists of two 3 nm
Al,Ga;_4N/2.66 nm Al 3Gag7N/3 nm Al;Ga;_,N,
which are separated by 2.66 nm Al 15GaggsN, x
and y are the same as sample A.

In this simulation, the Advanced Physical Models
of Semiconductor Devices (APSYS) simulator (de-
veloped by Crosslight Software Inc) is used to

analyze the optical and electrical properties of the
above structures. It includes many advanced phys-
ical models such as hot carrier transport, hetero-
junction models, and thermal analysis. The light
output power, band diagram, carrier concentration
and the electronic current density of these struc-
tures can be obtained by solving Poisson’s equation,
the Schrodinger equation, carrier transport equa-
tions and the current continuity equation self-
consistently with proper boundary conditions.''?
The basic physical models are described as follows:

. On
\4 'Jn - JZRE *Rsp *Rst *Rau + Gopt(t)za_t
O,
+ Np 3, (1)
. 0
v 'Jp + JZRE +Rsp +Rst +Rau - Gopt(t):a_i
0
+NA£a (2)
Oy

V. (?“’qﬂvv> = —n+p+Np(l—fp) — Nafa
*ZNU —fij), (3)

where o, = nu,VE and Jy, = pu,VEyg, denote the
densities of electrons and holes; u, and yx, denote
the electron mobility and hole mobility; E¢, and Ej,
denote the quasi-Fermi levels of electron and hole;
RtJ Ry, Ry, Rau, and Gopi(t) denote the jth SRH
deep level trap recombination rate, spontaneous
radiative recombination rate, stimulated radiative
recombination rate, Auger recombination rate, and
light generation rate, respectively; /b and fa are the
probabilities of electrons occupying donor and hole
acceptor impurity; VV is the electric field; ¢q. is the
relative dielectric constant; n and p are the electron
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Fig. 1. The schematic diagrams of the three ultraviolet light-emitting diodes.
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and hole concentration, respectively; N, is the
shallow donor doping concentration; Np is the
acceptor doping concentration; Ny is the jth SRH
density of deep level traps; f;; is the probability of
electrons occupying the jth deep level trap; and
0 = 1 means donor and 6 = 0 means acceptor. The
operating temperature is set at 300 K, the Shock-
ley—Read—Hall recombination lifetime was assumed
to be 5.0 ns and internal absorption of the LED
device is assumed to be 1000 m ! here.'® The Auger
recombination coefficient is set to be 1 x 1073° cm®/
s. The band-offset ratio, which is defined as the ratio
between the conduction band offset AEc and the
valence band offset AEv, of UV-LED is assumed to
be 0.7/0.3, and the band-offset ratio AEc/AEv is
serving as a default parameter in the simulation.*
The built-in interface polarization charges due to
the spontaneous and piezoelectric polarization were
calculated based on the methods proposed by
Fiorentini et al.'® and scaled down by a fit factor
of 0.4 accounting for the partial compensation of
them by fixed defects. In order to consider the built-
in polarization within the interface, the sponta-
neous polarization of Al,Ga;_ N alloys can be
expressed as:

Py (AliGa1_xN) = —0.090x — 0.034(1 — x)
+0.019x(1 — x), (4)

On the other hand, the piezoelectric polarization
of Al,Ga;_N can be calculated from the following
expression:

P, (Al Gay_<N) = Pp,(AIN)x + P,,(GaN)(1 — x),

where

P, (AIN) = —1.808¢ + 5.624¢> fore<0, (6)
P,,(AIN) = —1.808¢ — 7.888¢%> for >0, (7)

P,,(GaN) = —0.918¢ + 9.541¢? (8)

The discussed basal strain function is

—a(x)l/a(x), 9)

g(x): [asubs

In the case of pseudomorphic growth, basal strain
e can be calculated directly from the lattice con-
stants, which are found to follow Vegard’s law as a
function of composition:

@Al Ga, v = 0.31986 — 0.00891x (10)

Then the net polarization charge at the Al,.
Ga;_xN/Al;Ga;_yN heterointerface is

— Sp PZ
OALGa1-xN/Al,Ga1yN = (P AlyGai_yN +P AlyGal,yN>

Sp PZ
- (P AlGar N T PaLGar N

(11)

where a(x) and ag,,s are the lattice constants of the
unstrained alloy at composition x, and of the
substrate (assumed to be noncompliant), respec-
tively. Other detailed material parameters of semi-
conductors used in this simulation can be found in
Ref. 16.

RESULTS AND DISCUSSION

Figure 2 shows the light output power and IQE as
a function of the injection current for the three
samples. From Fig. 2a, it can be seen that there is
little difference between three samples at low
injection currents (0—20 mA). As the injection cur-
rent further increases, the difference between the
three samples increases (20-180 mA). When the
conventional EBL of original LED is replaced by the
trapezoidal EBL, the output power is enhanced
obviously. Sample B with double trapezoidal EBLs
possesses the highest output power. It is worth
noting that the output powers of the three samples
increase linearly as the forward current increases to
180 mA. When the injection current is 180 mA, the
values of output power of original LED, sample A
and sample B are 73 mW, 78 mW and 90 mW,
respectively. Figure 2b plotted the IQE of three
samples at the same current. It is evident that the
IQE of sample A and B are higher than that of the
original LED. At the peak value position, the
maximum IQE of the original LED is 36.7%, while
sample A and B are 40.1% and 44.1%. On the other
hand, the efficiency drops of three samples are 8.3%,
7.2% and 4.6%, respectively. All these data indicate
that the optical performance of sample B is the
optimal among three samples.

In order to explain the reasons for the improve-
ment of optical performance, these three structures
are investigated by APSYS simulation to compare
the electrostatic fields, energy band diagrams and
carrier distributions as functions of the injection
current. Figure 3 plots the energy band diagrams
and the electron current densities of these three
samples. As depicted in Fig. 3a, we can see that
there is a clearly band downward sloped at the last
barrier and EBL, it brings about that electrons
overflow from the active region to the p-side layer
and makes holes more difficult to inject into MQWs.
In comparison, the downward band-bending of
sample A and sample B become much smoother
due to the decrease of electrostatic field at last
quantum barrier (LQB)/EBL interface (shown in
Fig. 4b). Figure 3a shows that the effective electron
and hole barrier height of original LED are
262.5 meV and 270.4 meV. Additionally, when the
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Fig. 2. (a) The light output power and (b) internal quantum efficiency as a function of current for the three samples.
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Fig. 3. Energy band diagrams of (a) original LED, (b) Sample A, (c) Sample B and the electron current density diagram (d) for the three samples

at 180 mA.

traditional EBL is replaced by the trapezoidal EBL
as shown in Fig. 3b and c, the barrier effective
height for electron is increased from 269.5 meV
(sample A) to 305.2 meV (sample B) and the height
for hole is fall from 254.2 meV (sample A) to
239.8 meV (sample B). Obviously, sample B has
higher effective electron barrier height and lower
effective hole barrier height than the other two
samples. This means that the specially designed

trapezoidal EBL can efficiently reduce the leakage
of electron and improve the injection of hole. The
electron current densities of the three samples are
plotted in Fig. 3d. In sample B, the electron current
density in p-type side is 32 A/cm?, which is much
smaller than that of sample A (157 A/cm?) and
original LED (212 A/em?). As previously shown,'”
the electron overflow from the active region into the
p-type region is viewed as leakage current.
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Fig. 4. (a) The electrostatic field around the EBL for the three samples and (b) enlarged electrostatic field in the active region for the three

samples at 180 mA.

Therefore, the electron leakage current is severe in
original LED, and it obviously decreases in sample
B. So in sample B with double trapezoidal EBL, just
a small amount of electrons escape out of active
region, and most of the electrons contribute to
radiative recombination, which leads to high output
power and internal quantum efficiency. According
to the above data, it can be found that when the
current is injected at both ends of the LED, sample
B with double trapezoidal EBL can effectively
increase the capability of electron restriction and
enhance the hole injection efficiency in MQWs
compared with sample A and original LED, thereby
increasing the radiative recombination rate.

Figure 4 presents the electrostatic field of the
three devices and the detailed view at the (LQB)/
EBL interface. As shown in Fig. 4a, it is evident
that the original LED possesses a much stronger
electrostatic field in the LQB/EBL interface because
of the high surface charge density. Because of the
smaller electrostatic fields, the situations of down-
ward band-bending at the interfaces near the EBL
of two redesigned structures are slighter than that
of the original one, which is not only enlarging the
spatial overlap of electron and hole wave functions,
but also enhancing the hole injection efficiency and
suppressing the electron leakage, which coincides
with the result of Ref. 10. Large electrostatic field in
EBL region will increase the band edge of the
electron blocking layer, which will contribute to
electron leakage suppression. Therefore, compared
with the other two structures, sample B can sup-
press electron leakage more effectively. Figure 4b
shows enlarged electrostatic field of three samples
in the active region. The electrostatic field in the
active region of sample B is smallest, which can
reduce quantum-confined Stark effect and improve
the radiative recombination rate in active region.
Thus, sample B has an advantage over the other two
samples in radiative recombination.

Figure 5 shows the distribution of electron and
hole concentrations in the three structures. Note

that the horizontal positions of samples A and B in
Fig. 5 are shifted slightly for better observation.
According to Fig. 5a, it can be seen that electron
concentration of sample A does not change signifi-
cantly compared with the original LED. However,
the electron concentration of sample B in the MQW
region is larger than that of original LED and
sample A. At the same time, the hole concentration
in the active region is also increased apparently
from original LED to sample B, which is plotted in
Fig. 5b. In addition, it’s clear that the electron
concentration around the LQB/EBL interface of
sample B is the lowest among three samples, which
indicates sample B has better electron blocking
capability compared with the original LED and
sample A. Moreover, it is worth noting that the hole
concentration around the top of the EBL of sample B
is the lowest, which illustrates sample B possesses
the best hole injection efficiency. The improvement
of electron concentration in MQWs is due to the use
of the double trapezoidal EBL, which enhances the
capability of electron confinement in UV-LED.
Because we adopted the trapezoidal EBL structure,
the effective barriers of hole in the valence band
become lower, thereby the hole concentration in the
active area of the UV-LED is increased.

In order to make sure the double trapezoidal EBL
contributes to light emission, the radiative recom-
bination rates and spontaneous emission rates in
three samples are researched, which are shown in
Fig. 6. According to the analysis above, with the
reduction of electron leakage and the enhancement
of hole injection, more carriers in active region
contribute to the radiative recombination. As a
result, the radiative recombination rate in sample
B is higher than that of the other two samples,
which is plotted in Fig. 6a. The spontaneous emis-
sion rates of the three samples are shown in Fig. 6b.
It is worth noting that the peak wavelength of the
three samples are the same and it is about 352 nm,
illustrating that the optimized structures does not
change the emission wavelength of the UV-LED. In
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addition, it can be seen that the spontaneous
emission spectrum peak of sample B is significantly
stronger than that of original LED and sample A,
which results from its enhanced radiative recombi-
nation rate.

According to a series of analysis about the phys-
ical properties of the three samples, it is believed
that the application of the trapezoidal EBL prompts
the enhancement of effective potential barriers of
electron and the fall of effective potential barriers of
hole. These cause more electrons and holes to exist
and accumulate in the active region of sample B,
which contributes to the radiative recombination
directly. Consequently, the performance of sample B
is better than that of the other two samples.

CONCLUSIONS

In summary, we have investigated the perfor-
mance of AlGaN-based UV-LEDs with trapezoidal
EBL. The output power, IQE, energy band, carrier
concentration and radiative recombination have
been simulated by APSYS software. The results
show that the trapezoidal EBL of optimized samples

play a significant role in affecting electron leakage
and hole injection efficiency. The optimized struc-
ture can not only alleviate the polarization fields
between the active region and EBL, but also cause
the decrease of potential height for hole and the
increase of potential height for electron, which led to
higher radiative recombination rates. The electron
leakage current markedly reduces. Furthermore,
the efficiency droop of the optimized structure also
improves. So the UV-LEDs with trapezoidal EBL
can significantly improve optical and electrical
performance.
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