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Enhanced Carrier Injection in AlGaN-Based Deep
Ultraviolet Light-Emitting Diodes by Polarization

Engineering at the LQB/p-EBL Interface
Mengran Liu and Chao Liu

Abstract—The external quantum efficiency (EQE) of AlGaN-
based deep ultraviolet light-emitting diodes (DUV LEDs) is still far
from satisfactory due to the main issues of electron leakage and in-
sufficient hole injection. The positive sheet charges generated by po-
larization at the interface between the last quantum barrier (LQB)
and the p-type electron blocking layer (p-EBL) can induce electron
accumulation and hole depletion in the vicinity of this interface,
leading to electron leakage and hindering the hole injection. In
this paper, we propose an Al-composition-increasing AlGaN layer
(ACI-AlGaN) inserted between the LQB and p-EBL to enhance
the carrier injection ability of DUV LEDs via modulating the sheet
charges generated by polarization at the LQB/EBL interface and
the underlying mechanism was analyzed by numerical calculation.
The inserted structure can eliminate the positive sheet charges at
the p-side interface of LQB and induce hole accumulation in the
vicinity of the n-side interface of p-EBL, which can subsequently
reduce electron leakage and favor hole injection respectively. The
proposed DUV LED structure with an ACI-AlGaN layer exhibited
enhanced EQE by 45.7% and its forward voltage maintained
undegraded. This design scheme can provide an alternative way
to promote the performance of DUV LEDs with a variety of
applications.

Index Terms—Carrier injection, DUV LED, polarization-
induced sheet charges.

I. INTRODUCTION

THE need for phototherapy, medical diagnostics, water/air
disinfection and purification, plant cultivation, communi-

cation and lithography in daily life and industrial community has
given rise to increasing demands for high reliability, energy-
efficient, and compact deep ultraviolet (DUV) light sources.
Hitherto, mercury lamps have been the most commonly used
DUV light sources, yet they are delicate, massive, toxic, and need
long warm-up time. By contrast, AlGaN-based deep ultraviolet
light-emitting diodes (DUV LEDs) featured with energy-saving,
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miniaturization, high reliability, and no damage to environment,
exhibit great potential to replace mercury lamps [1]–[4]. In
spite of some outcomes in AlGaN material growth processes
and device structure devise strategies [5]–[13], the performance
of AlGaN-based DUV LEDs still offers reasonable room for
advancement. In most cases, the external quantum efficiency
(EQE) of AlGaN-based DUV LEDs is less than 10% and the
efficiency droop phenomenon is quite severe [14], [15]. It has
been reported that electron leakage and the insufficient hole
injection are two crucial factors hindering the improvement of
the optical and electrical properties of DUV LEDs [1], [16]. In
order to suppress the electron leakage, a p-type electron blocking
layer (p-EBL) is commonly grown between the last quantum
barrier (LQB) and the hole supplier layer [1], [17]. However,
the issue of lattice mismatch is introduced because the Al mole
fractions of LQB and p-EBL are commonly different and thus
induce positive sheet charges by polarization at LQB/p-EBL
interface, which is detrimental to hole injection [18]. Therefore,
the LQB/p-EBL interface needs to be modified for the purpose
of enhancing the EQE and optical power of DUV LEDs. Single
AlN layer [19] and ultrathin AlGaN/AlInN heterojunction [20]
inserted between the LQB and p-EBL were proposed to enhance
hole injection by utilizing intraband tunneling process for holes.
Refs [21]–[23] reported that introducing AlGaN/AlGaN super-
lattice insertion layer at the LQB/p-EBL interface can increase
the effective barrier height for electrons and decrease the ef-
fective barrier height for holes. However, the aforementioned
structures place high demands on precise control of epitaxial
process for AlGaN-based DUV LEDs. Kolbe et al. [24] experi-
mentally demonstrated that an electron blocking heterostructure
(EBH) can effectively boost the luminous efficiency, which was
attributed to the alleviated electron leakage and boosted hole
injection with an Al-rich AlGaN insertion layer between the
LQB and p-EBL. However, the underlying mechanism behind
the enhanced carrier injection and confinement remains to be
explored.

In this paper, we numerically analyzed the physical mech-
anism behind the enhancement of the carrier injection effi-
ciency from the aspect of interface polarization to pave a way
towards devising an elaborate device structure and achieving
DUV LEDs with excellent performance. Furthermore, we pro-
pose an Al-composition-increasing AlGaN layer (ACI-AlGaN)
inserted between the LQB and p-EBL to improve the carrier
injection capability of DUV LEDs via modulating the interface
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Fig. 1. Schematic structures and different polarization profiles between the
LQB and p-EBL of Sample A, Sample B, and Sample C. Note that σ1, σ2, σ3,
andσ4 represent different densities of sheet charges at the LQB/p-EBL interface
(I1), LQB/Al0.75Ga0.25N interface (I2), Al0.75Ga0.25N/p-EBL interface (I3)
and ACI AlGaN/p-EBL interface (I4), respectively.

sheet charges between the LQB and p-EBL, which can avoid
introducing the issue of abrupt lattice mismatch between the
LQB and the inserted structure and sustain undegraded forward
voltage. Besides, the growth of the Al-graded AlGaN insertion
layer is a well-developed epitaxy procedure by MOCVD [25],
[26], and it will not bring extra complexity to the epitaxial
process of the proposed structures. The proposed DUV LED
with an ACI-AlGaN layer exhibited enhanced EQE by 45.7%
at an injection current density of 120 A/cm2, and the efficiency
droop has also been alleviated significantly. The proposed device
structure design strategy holds reasonable promise for achieving
high efficiency and non-toxic DUV light sources to be applied
in medical and biological fields, and disinfection/purification
applications in everyday life.

II. DEVICE STRUCTURE AND PARAMETERS

The AlGaN-based DUV LED structure reported by Zhang et
al. [27] was used as the reference device (denoted as Sample
A) in this study. Fig. 1 displays the schematic structures of the
reference DUV LED and the proposed DUV LEDs (Sample B
and Sample C). The reference device consists of a 4 μm-thick
n-Al0.6Ga0.4N, whose electron concentration is 8 × 1018 cm−3,
followed by multiple quantum wells (MQWs), including five
3 nm-thick Al0.45Ga0.55N quantum wells separated by six 10
nm- thick Al0.57Ga0.43N quantum barriers. On the top of the
MQW region is a 10 nm-thick p-type Al0.6Ga0.4N electron
blocking layer followed by a 50 nm-thick p-Al0.4Ga0.6N hole
supplier layer and a 50 nm-thick p-GaN. The effective hole
concentrations of the p-type layers are set to ∼1 × 10 17 cm−3.
Except for the identical epitaxial structure to Sample A, Sample
B and Sample C possess a 10 nm-thick unintentionally doped
Al0.75Ga0.25N layer and ACI-AlxGa1-xN (x= 0.57∼0.75) layer
between the LQB and p-EBL, respectively, as shown in Fig. 1.
All the investigated DUV LEDs have a mesa size of 350 μm ×
350 μm.

We conducted the numerical investigations on the optical and
electrical properties of DUV LEDs by utilizing the Advanced
Physical Models of Semiconductor Devices (APSYS) software,
which can self-consistently solve Schrödinger equation, Pois-
son’s equation, current continuity equation, and drift-diffusion

Fig. 2. (a) Calculated EQE and optical power as a function of the injection
current density for Sample A. Measured EQE and optical power are also
displayed. Calculated (b) EQE, (c) optical power, and (d) I-V characteristics for
all the studied samples. Note that the values of efficiency droop of all samples
are marked in Fig. 2(b).

equation [28], [29]. In the simulation procedure, the Shockley-
Read-Hall (SRH) recombination lifetime, Auger recombination
coefficient and light extraction efficiency (LEE) were set to 14
ns [30], 1.7 × 10−30 cm6/s [30], [31], and 6% [27], [32], respec-
tively. These three parameters were determined by the fitting
process of the calculated and measured EQE and optical power
of the reference device, as shown in Fig. 2(a). The band offset
ratio of AlGaN/AlGaN heterojunctions was set to be 0.5/0.5 [33]
for the purpose of characterizing energy band diagrams of the
studied DUV LEDs.

III. RESULTS AND DISCUSSION

The calculated EQE and optical power of all the devices are
presented in Fig. 2(b) and (c), respectively. Sample B exhibits ob-
viously enhanced EQE and light output optical power compared
to Sample A. The efficiency droop is reduced from 30.67% for
Sample A to 7.06% for Sample B. As for Sample C, both the EQE
and optical power are further improved in contrast to Sample
B. In addition, the efficiency droop of Sample C is reduced
to 5.92%. Fig. 2(d) displays the I-V characteristics of all the
investigated samples. It can be observed that the forward voltage
of Sample B is 0.42 V larger than that of Sample A, while Sample
C exhibits nearly identical forward voltage as Sample A under an
injection current density of 10 A/cm2. The increment of forward
voltage for Sample B can be attributed to the extra electrical
resistance of the AlGaN insertion layer with a reasonably high Al
composition, as experimentally demonstrated in [24]. Therefore,
the implementation of an Al-rich and linearly-increasing AlGaN
layer between the LQB and the EBL can obtain enhanced EQE
and optical power of DUV LEDs, meanwhile not degrading the
forward voltage.

To illustrate the physical mechanism behind the performance
enhancement of the proposed devices, we plotted the calculated
energy band diagrams of Sample A, Sample B, and Sample
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Fig. 3. Calculated energy band diagrams of (a) Sample A, (b) Sample B, and
(c) Sample C under an injection current density of 120 A/cm2. Note that “+”, “-”,
gray solid balls and gray circles represent positive sheet charges, negative sheet
charges, electrons, and holes, respectively, as shown in Fig. 3(a), (b) and (c). And
process P1, P2, and P3 denote electron overflowing, electron being reflected,
and hole traveling from p-type region into the MQW region. Besides, ΔΦe,
ΔΦh, and Φ0 represent the effective barrier height for electrons, the effective
barrier height for holes and the barrier height at the inserted AlxGa1-xN/p-EBL
interface, respectively. (d) The hole concentration in p-EBL of all samples at 120
A/cm2. Note that the hole concentration of Sample A is artificially shifted by
10 nm to make a clear comparison as the relative distance of p-EBL in Sample
A is 10 nm lower than that in the proposed devices.

C, as shown in Fig. 3(a), (b) and (c). The introduction of the
AlGaN insertion layer for Sample B and Sample C will induce
the generation of the sheet charges at heterointerfaces related
to the insertion layer because of the existence of spontaneous
polarization and piezoelectric polarization in AlGaN alloys.
The density of sheet charges can be calculated through the
approach reported by Fiorentini et al. [34] in the simulation
process. According to the method, the spontaneous polarization
of AlxGa1-xN ternary alloy, in C/m2, can be expressed as

Psp = −0.09x− 0.034 (1− x) + 0.019x (1)

in which x is the Al mole fraction of AlxGa1-xN ternary alloy. As
for the piezoelectric polarization of AlxGa1-xN layer, the strain
needs to be considered under the circumstance of pseudomor-
phic growth. And the piezoelectric polarization can be expressed
as a Vegard interpolation of the bulk piezoelectric polarization
of AlN and GaN binary alloy (PAlN

pz and PGaN
pz ) in terms of

strain ε(x), in C/m2:

Ppz = xPAlN
pz [ε (x)] + (1− x)PGaN

pz [ε (x)] (2)

in which PAlN
pz [ε(x)] and PGaN

pz [ε(x)] can be derived from the
following equations:

PAlN
pz = −1.808ε (x) + 5.624ε(x)2 for ε (x) < 0, (3)

PAlN
pz = −1.808ε (x)− 7.888ε(x)2 for ε (x) > 0

PGaN
pz = −0.918ε (x) + 9.541ε(x)2 (4)

ε (x) = [a0 − a (x)] /a (x) (5)

TABLE I
DENSITIES (σ) OF SHEET CHARGES AT INTERFACES I1, I2, I3, AND I4, THE

EFFECTIVE BARRIER HEIGHTS FOR ELECTRONS (ΔΦe), THE EFFECTIVE

BARRIER HEIGHTS FOR HOLES (ΔΦh), AND THE BARRIER HEIGHT AT THE

INSERTED ALxGA1-xN/P-EBL INTERFACE (Φ0) FOR SAMPLES A, B, AND C

In equation (5), a0 and a(x) are the lattice constant of the
substrate and the AlxGa1-xN layer, respectively. The relevant
material parameters of AlN and GaN can be found in Refs [35],
[36]. The density of sheet charges at the heterointerface can be
calculated by:

σ =

{Psp (bottom)+Ppz (bottom)}−{Psp (top)+Ppz (top)}
q

∗ α
(6)

where q is the elementary charge and α is the polarization level
of AlGaN ternary alloy, which is set to be 0.4 in the simulation
process to account for the screening effect on the polarization by
the defects and dislocations [27], [37]. The values of calculated
σ are marked in Table I. And the values of the effective barrier
heights for electrons, the effective barrier heights for holes, and
the barrier height at the inserted AlxGa1-xN/p-EBL interface are
also displayed in Table I.

Fig. 3(a) displays the calculated energy band of Sample A.
The positive sheet charges at interface I1 will attract electrons
to accumulate in the vicinity of the interface and give rise to
the electron leakage. In addition, ΔΦe and ΔΦh are 368.9 meV
and 470.3 meV for Sample A (see Table I), respectively. From
Fig. 3(b) and Table I, we can see that the density of the positive
sheet charges at interface I2 for Sample B is larger than that at
interface I1 for Sample A. This can be attributed to the larger dis-
crepancy of Al composition between the inserted Al0.75Ga0.25N
layer and the LQB than that between the p-EBL and the LQB.
Thus, the positive sheet charges at interface I2 will bend the
energy band downwards to a greater extent for Sample B in
contrast with Sample A. Therefore, more electrons are attracted
and accumulated in the vicinity of interface I2 and more electrons
subsequently tend to overflow to p-type region. However, the
effective barrier height for electrons for Sample B is increased to
388.2 meV, which will help to hinder electrons from overflowing
into p-type region. Besides, the negative sheet charges generated
at interface I3 can reflect the overflowed electrons back to the
active region and simultaneously attract more holes into p-EBL
from p-type hole supplier. Fig. 3(c) shows the energy band
of Sample C with an Al0.57∼0.75Ga0.43∼0.25N layer inserted
between the LQB and p-EBL. There exist the same amount of
negative sheet charges at interface I4 of Sample C as Sample B,
and thus the overflowed electrons will be reflected to the MQW
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Fig. 4. (a) Electron concentration and (b) Hole concentration in MQW region
at an injection current density of 120 A/cm2 of Samples A, B, and C. (c)
Horizontal electron concentration distribution profiles in the p-Al0.4Ga0.6N
layer of Samples A, B and C under 120 A/cm2. The inset figure displays the
position along which the electron distribution profile is captured. (d) Radiative
recombination rates in MQW region under 120 A/cm2 of Samples A, B, and C.
Note that the horizontal positions of electron concentration, hole concentration,
and radiative recombination rates in MQW region are shifted 2 nm and 4 nm for
Sample B and Sample C, respectively, to make a clearer comparison.

region and holes can be accumulated in the vicinity of interface
I4. Nevertheless, no positive sheet charges are generated at
the LQB/Al0.57∼0.75Ga0.43∼0.25N interface because the LQB
and the beginning of Al0.57∼0.75Ga0.43∼0.25N layer possess the
same Al composition. Hence, the energy band in the vicinity
of the LQB/Al0.57∼0.75Ga0.43∼0.25N interface is bent upwards,
resulting in electron depletion, which is unfavorable for electron
overflow. Moreover, the effective barrier height for electrons is
significantly increased from 388.2 meV for Sample B to 830.5
meV for Sample C (see Table I). Due to these advantages,
the electron leakage of Sample C can be further suppressed,
compared with Sample B. Fig. 3(d) shows the hole concentration
in p-EBL of the three samples. The positive sheet charges will
deplete the holes near interface I1, and this depletion effect leads
to a low hole concentration in p-EBL of Sample A, which is
detrimental to the hole injection efficiency into MQW region.
Besides, it can be observed that the hole concentration profiles
in p-EBL for Sample B and Sample C are nearly identical, which
can be attributed to the same amount of negative sheet charges
at interface I3 and I4, respectively.

For the purpose of verifying the effects of the inserted
structure on the performance of DUV LEDs, we plotted the
electron and hole distribution profiles in MQW region of all
the investigated devices at an injection current density of 120
A/cm2, as presented in Fig. 4(a) and (b). To make a clearer
comparison, the horizontal positions of electron and hole con-
centration are shifted 2 nm and 4 nm severally for Sample B
and Sample C. It can be observed that the electron concen-
tration in MQW region of Sample B and Sample C is higher
than that of Sample A. The enhanced electron confinement of
the active region can be attributed to the increased ΔΦe of
Sample B and Sample C (see Table I) and the reflection of the

negative sheet charges at the inserted AlxGa1-xN/p-EBL inter-
face. The relatively larger ΔΦe and the electron depletion near
the LQB/Al0.57∼0.75Ga0.43∼0.25N interface due to the vanish-
ment of positive sheet charges together lead to a better electron
confinement of Sample C than Sample B. It is notable that
the electron concentration in the last quantum well of Sample
B is the highest, which arises from the electron accumulation
caused by the positive sheet charges at the LQB/Al0.75Ga0.25N
interface. Similarly, the decreased ΔΦh and increased hole con-
centration in p-EBL contribute to the boosted hole concentration
in the active region of Sample B and Sample C, which can be
observed in Fig. 4(b). Because the ΔΦh and Φ0 of Sample C are
smaller than those of Sample B, holes can be injected more easily
from p-type region into the MQW region and consequently
Sample C possesses higher hole concentration in the MQW
region. Furthermore, the electron and hole distribution profiles
in the active region of Sample C are both more uniform than
those of Sample A and Sample B, which is beneficial to radiative
recombination.

Fig. 4(c) shows the horizontal electron distribution profiles
in the p-Al0.4Ga0.6N layer for all the studied devices at 120
A/cm2. It can be seen that the overall electron leakage of
Sample B is suppressed due to its higher ΔΦe than Sample
A, yet Sample C exhibits a further alleviated electron leakage
because of its significantly higher ΔΦe than Sample B and the
electron depletion due to the absence of positive sheet charges
at the LQB/Al0.57∼0.75Ga0.43∼0.25N interface. The significantly
suppressed electron leakage can contribute to the obviously
mitigated efficiency droop for the proposed DUV LEDs [16],
[38], [39], as shown in Fig. 2(b). The enhanced electron and hole
concentration in MQW region and suppressed electron leakage
lead to nearly twice radiative recombination rates for Sample B
compared to Sample A, as shown in Fig. 4(d). Moreover, Sample
C exhibits nearly threefold radiative recombination rates than
Sample A, benefiting from its highest electron concentration,
hole concentration, and the lowest electron leakage.

IV. CONCLUSION

To conclude, we propose a DUV LED with an Al-
composition-increasing AlGaN layer inserted at the LQB/p-
EBL interface to promote the carrier injection efficiency, ob-
taining undamaged forward voltage at the same time. Besides,
we numerically analyzed the mechanism of boosting the carrier
injection by inserting an Al-rich AlGaN layer or an ACI-AlGaN
layer between the LQB and the p-EBL. On the one hand,
DUV LED with an ACI-AlGaN layer can eliminate the positive
sheet charges at the LQB/ACI-AlGaN interface, which can form
electron depletion in the vicinity of this interface, reducing the
electron leakage into p-type region. On the other hand, this
inserted structure can introduce negative sheet charges at the
ACI-AlGaN/p-EBL interface, which will help to reflect over-
flowed electrons back into MQW region and induce hole accu-
mulation in p-EBL simultaneously. The comparison of carrier
concentration, EQE, optical power, and radiative recombination
rates among the three devices suggested that the DUV LED with
an ACI-AlGaN layer inserted at the LQB/p-EBL interface can
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obtain boosted and homogenized carrier (including electron and
hole) concentration in the MQW region and thus outstanding
performance among the three devices. Therefore, the inserted
ACI-AlGaN layer provides an alternative approach to enhance
the carrier injection and confinement and achieve DUV LEDs
with high EQE and optical power.
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