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It is well known that the p-type AlGaN electron blocking layer (p-EBL) can block hole injection for deep ultra-
violet light-emitting diodes (DUV LEDs). The polarization induced electric field in the p-EBL for [0001] oriented
DUV LEDs makes the holes less mobile and thus further decreases the hole injection capability. Fortunately,
enhanced hole injection is doable by making holes lose less energy, and this is enabled by a specifically designed
p-EBL structure that has a graded AlN composition. The proposed p-EBL can screen the polarization induced
electric field in the p-EBL. As a result, holes will lose less energy after going through the proposed p-EBL, which
correspondingly leads to the enhanced hole injection. Thus, an external quantum efficiency of 7.6% for the
275 nm DUV LED structure is obtained. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.0000B1

1. INTRODUCTION

A deep ultraviolet (DUV) light source possesses wide applica-
tions in, e.g., air purification, water sterilization, and biosensing.
At the current stage, DUV photons are generated by mercury-
based fluorescent light emitters. Mercury threatens the health of
human organs, such as the nervous system and kidneys. The
MinamataConvention onMercurywas initiated in 2017, which
requires the elimination of the usage of mercury by the end of
2020 [1]. Therefore, the AlGaN-based DUV light-emitting
diode (LED) is emerging as an alternative. One of the very im-
portant benchmarks for evaluating DUV LED performance is
external quantum efficiency (EQE), which is currently still low
[1–4]. The low EQE partly arises from the low hole injection
efficiency for DUV LEDs. On one hand, the p-type AlGaN
layer has a Mg activation energy from 170 up to 630 meV de-
pending on the AlN composition [5]. TheMg doping efficiency
and the corresponding free hole concentration can be remark-
ably reduced in the Al-rich p-AlGaN layer, i.e., the Mg ioniza-
tion efficiency can be as low as ∼10−9 [6]. The low Mg doping
efficiency further increases the surface depletion width for the

p-type contact nitride layer, and this gives rise to the very low
hole tunneling efficiency and hinders the hole injection capabil-
ity [7]. On the other hand, the energy band discontinuity be-
tween the p-AlGaN electron blocking layer (p-EBL) and the
p-AlGaN layer generates another barrier for hole injection
[8]. Note that the AlN composition for the p-EBL is larger than
that for the p-AlGaN layer. Accordingly, hole injection can be
improved by enhancing the hole tunneling efficiency at the in-
terface of the p-contact/p-type nitride layer, which is doable by
optimizing the alloyed metal and/or utilizing the metal/insula-
tor/semiconductor structure [7,9,10]. When the holes arrive at
the p-type hole injection layer, hole injection can be improved
by enhancing the hole injection, and this can be enabled by
adopting the three-dimensional hole gas (3DHG) [11–15].
The hole injection across the p-type hole injection layer can also
be promoted, as long as the holes are accelerated such that “hot”
holes are generated [8]. The next obstacle for hole transport orig-
inates from the p-EBL, and therefore, the valence band barrier
height shall be reduced for reducing the hole blocking effect
[16–19]. We also report that the [0001] oriented last quantum
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barrier/p-EBL interface features polarization induced positive
charges, which can deplete the holes in the p-EBL. We suggest
properly increasing the AlN composition in the AlGaN-based
last quantum barrier so that the polarization charge density
at the last quantum barrier/p-EBL interface can be decreased,
and by doing so, the hole depletion effect in the p-EBL can
be suppressed [20].Meanwhile, the [0001] oriented p-EBL pos-
sesses a polarization induced electric field that is opposite to the
electric field produced by the external bias, thus decelerating the
hole drift velocity, which further hinders hole injection [see
Fig. 1(a)]. Therefore, it is very important to screen the polari-
zation induced electric field in the p-EBL and make holes lose
less energy.

2. DEVICE STRUCTURES AND PARAMETERS

To achieve that goal, we design and grow two DUV LED
structures [LEDs A and B in Figs. 1(a) and 1(b), respectively].
Both structures are grown on a 4 μm thick AlN template,
which is deposited on the (0001) planed sapphire substrate.
Then, we subsequently grow 20-period AlN∕Al0.50Ga0.50N
superlattice structures, on which a 2 μm thick n-type
Al0.60Ga0.40N layer with the Si doping concentration of
1 × 1018 cm−3 is grown. The DUV photons are produced by
five-period Al0.45Ga0.55N∕Al0.56Ga0.44N multiple quantum
wells (MQWs), which produces the peak emission wavelength
of 275 nm. The thicknesses for the quantum wells and the
quantum barriers are ∼2 nm and ∼12 nm, respectively.
Then, two different types of p-EBLs are designed for LEDs
A and B. LED A employs a 10 nm thick Al0.60Ga0.40N
p-EBL, and the proposed p-EBL that enables the holes to lose
less energy is a 40 nm thick Al0.56→0.70Ga0.44→0.30N p-EBL,
such that the AlN composition is linearly increased from
0.56 to 0.70 along the [0001] growth orientation within the
40 nm range. Next, the same p-type hole injection structure
comprising the 50 nm p-Al0.40Ga0.60N∕40 nm p-GaN archi-
tecture is grown for the two structures. The hole concentration
levels for the p-AlGaN layer and the p-GaN layer are estimated

to be 1 × 1017 cm−3 and 3 × 1017 cm−3, respectively. Note that
we also numerically study LEDs R1 and R2 with a 40 nm thick
p-Al0.60Ga0.40N EBL and a 40 nm thick p-Al0.70Ga0.30N EBL,
respectively, which can be found in Appendix A.

After the epitaxial growth, flip-chip DUV LED devices are
fabricated, and the fabrication processes have been reported in
our previous publications [16,21]. The device mesa is fabri-
cated by using inductively coupled plasma etching. We have
the mesa size of 650 μm × 320 μm. Ti/Al/Ti/Au is deposited
as the n-type ohmic contact, which is then annealed in the N2

for 1 min at the temperature of 900°C. We use a very thin
Ni/Au alloy as the current spreading layer, which is then
annealed for 5 min at the temperature of 550°C. Next, we de-
posit a reflective mirror on the current spreading layer, i.e.,
Ni/Au/Al/Ti/Au is formed. The electroluminescence is col-
lected from the sapphire side of the DUV LED chip by using
an integrating sphere.

To reveal the in-depth origin for the carrier transport, we
also conduct numerical calculations by using the advanced
physical models of semiconductor devices (APSYS) [2–5,7].
Parameters regarding the non-radiative recombinations include
the Shockley–Read–Hall recombination lifetime of 10 ns and
Auger recombination coefficient of 1 × 10−30 cm6 · s−1 [22].
The carrier transport is modeled by using the drift-diffusion
equations in the non-active layers and the mean-free-path
model in the MQW region [23]. The carrier transport in
the MQWs is also associated with the energy band offset ratio
that is set to 50/50 for AlGaN/AlGaN junctions [24]. We also
consider the polarization charge density that is calculated
according to Ref. [25], and the polarization level is set to
40%. Specifically, when the p-EBL is compositionally graded
for the proposed p-EBL, the polarization induced bulk charges
will be generated that can be calculated by referring to the
method in Ref. [11]. In our case, the polarization induced bulk
charge density is 8.84 × 1017 cm−3. The light extraction effi-
ciency is set to 9% in our models [26].

3. RESULTS AND DISCUSSION

The underlying device physics for LEDs A and B is demon-
strated in Figs. 1(a) and 1(b), respectively. For both LEDs A
and B, the AlN compositions for the quantum barriers and
the p-AlGaN hole injection layer are 0.56 and 0.40, respec-
tively. Therefore, the holes experience a barrier height of
ΔEv1 when they enter the p-EBL from the p-AlGaN hole
injection layer. The arrival of holes at the last quantum barrier
after leaving the p-EBL grants the holes with the energy of
ΔEv2. Besides, the coupled effect of the polarization induced
electric field (Epz�sp) and the external bias induced electric field
(E ex) in the p-EBL also affects the energy of the holes, and it
can be expressed by

R
l
0 E · dx, for which E denotes the coupled

electric field in the p-EBL, and l represents the thickness for the
p-EBL. The net energy (ΔE) that the holes receive during the
transport in the p-EBL can be formulated by ΔE � ΔEv2−
ΔEv1 �

R
l
0 E · dx. It is known that ΔEv2 − ΔEv1 equals

−165.2 meV, meaning that the holes are losing the energy of
165.2 meV. Hence, it is essentially important to “speed up” the
holes by using the third term in the equation of ΔE . Note,
Epz�sp is opposite to E ex according to Fig. 1(a), and therefore,

Fig. 1. Schematic energy band diagrams for (a) LED A and
(b) LED B. Epz�sp and E ex denote the polarization induced electric
field and the electric field that is generated by the external bias, respec-
tively. ΔEv1 and ΔEv2 present the energy barriers/valence band offsets
at the p-EBL/p-AlGaN and the last quantum barrier/p-EBL interfaces,
respectively.

R
l
0 E · dx reflects the energy that the holes obtain when

transporting through the p-EBL. E and l mean the coupled electric
field and the thickness for the p-EBL, respectively. Besides the labeled
polarization induced interface charges, the polarization induced bulk
charges are also symbolized in the p-EBL for LED B.
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the magnitude of the Epz�sp shall be decreased. This is enabled
by reducing the polarization effect in the p-EBL, which can be
realized by using the polarization self-screening effect [27], such
that the polarization induced positive bulk charges in the
p-EBL can partially compensate the polarization induced neg-
ative interface charges at the p-EBL/p-AlGaN interface. By
doing so, the magnitude of Epz�sp can be decreased, which
correspondingly makes holes less “cold” and promotes hole
injection into the MQWs.

To probe the effectiveness of the proposed p-EBL in
improving the hole injection and the EQE for DUV LEDs,
we measure and present the relationship between the current
density and the applied bias in Fig. 2(a), which shows that the
forward operation voltage for LED B decreases when compared
with LED A. Figure 2(b) presents the measured EQE and
the optical power density for our devices, and we can see that
a very high EQE of 7.6% is produced by LED B, which trans-
lates to an EQE enhancement of 1.5 times. Moreover, we nu-
merically reproduce the experimentally measured optical power
density in Fig. 2(b). By using the low-temperature photolumi-
nescence method, the internal quantum efficiency (IQE) is
measured to be ∼60% for LED B, and the calculated IQE
is ∼65% by using our models. As a result, the excellent agree-
ment between the measured and the calculated results further
indicates that the employed models are convincing for our de-
vices. Figure 2(c) shows the normalized electroluminescent
(EL) spectra for LEDs A and B, and the peak emission wave-
length for the two devices is ∼275 nm. The parasitic emission
wavelength of 425 nm is found in the p-type hole injection
layers. Nevertheless, the parasitic emission intensity for LED
B is lower than that for LED A, which is likely due to the sup-
pressed electron leakage for LED B with the proposed p-EBL.

To reveal the origin for the observations in Figs. 2(a)–2(c),
we calculate the hole concentration in Fig. 3(a), which demon-
strates that the hole concentration in the MQWs for LED B
increases when compared to that for LED A. Figure 3(b) shows
the electron concentration profiles in the p-type hole injection
layer, and we can see that the leakage electrons for LED B have
been significantly decreased. The reduced concentration for the
leakage electrons in the p-type hole injection layers suppresses
the parasitic recombination between the electrons and the holes

therein, and this interprets the smaller parasitic emission inten-
sity for LED B in Fig. 2(c). The numerically computed radi-
ative recombination rate profiles in the MQWs for LEDs A and
B are shown in Fig. 3(c), which illustrates that the radiative
recombination rate for LED B has been remarkably improved.
The substantially promoted radiative recombination rate for
LED B is well ascribed to the enhanced hole injection efficiency
[see Fig. 3(a)]. Moreover, the improved hole injection and the
enhanced radiative recombination rate in the MQWs help to
generate more electrical current, thus reducing the forward
operation voltage for LED B according to Fig. 2(a).

Lastly, in order to show the in-depth origin for the enhanced
hole concentration in the MQWs and the suppressed electron
leakage level in the p-type hole injection layers for LED B, we
show the energy band profiles of the p-EBL and the p-type hole
injection layers for LEDs A and B in Figs. 4(a) and 4(b),
respectively. Here, we define the effective barrier height for
carriers, i.e., the energy difference between the quasi-Fermi
level for electrons/holes and the conduction band/valence
band, which are shown as ϕe and ϕh in Figs. 4(a) and 4(b). The
effective energy band barrier height here is different from the
previously defined energy barrier [i.e., ΔEv1 and ΔEv2 in

Fig. 2. (a) Measured current–voltage characteristics, (b) measured
EQE and optical power density in terms of the injection current,
where the optical power density is also numerically calculated, and
(c) measured EL spectra with the intensity normalized to one for
LEDs A and B. Calculated optical power for LEDs R1 and R2
with the 40 nm thick p-Al0.60Ga0.40N EBL and the 40 nm thick
p-Al0.70Ga0.30N EBL, respectively, can be found in Appendix A.

Fig. 3. Numerically computed (a) hole concentration profiles in the
MQWs, (b) electron concentration profiles in the last three quantum
wells and the p-type hole injection layers, and (c) radiative recombi-
nation rate profiles in the MQWs for LEDs A and B, respectively. The
data are calculated at the current density of 50 A∕cm2. Calculated hole
concentration, electron concentration, and radiative recombination
rate for LEDs R1 and R2 with the 40 nm thick p-Al0.60Ga0.40N
EBL and the 40 nm thick p-Al0.70Ga0.30N EBL, respectively, can
be found in Appendix A.

Fig. 4. Calculated energy band profiles of the p-EBLs and the
p-type hole injection layers for (a) LED A and (b) LED B, and (c) cal-
culated electric field profiles in the p-EBLs for LEDs A and B. The
data are calculated at the current density of 50 A∕cm2. Calculated en-
ergy bands for LEDs R1 and R2 with the 40 nm thick p-Al0.60Ga0.40N
EBL and the 40 nm thick p-Al0.70Ga0.30N EBL, respectively, can be
found in Appendix A.
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Fig. 1]. Figures 4(a) and 4(b) show that the values of ϕe of the
p-EBLs are 386 and 682 meV for LEDs A and B, respectively.
The larger ϕe for the proposed p-EBL well explains the reduced
electron leakage level for LED B, as shown in Fig. 3(b). The
increased ϕe for the proposed p-EBL originates from
the improved hole concentration level across the MQWs for
LED B, which enables the formation of more electron–hole
pairs for the better radiative recombination [see Fig. 3(c)].
Correspondingly, the electrons will be less accumulated in
the last quantum barrier, which helps to pull the quasi-
Fermi level for electrons apart from the conduction band, thus
increasing the effective conduction band barrier height for the
proposed p-EBL [27].

Surprisingly, when we look at Figs. 4(a) and 4(b), we can
find that the effective valence band barrier height of ϕh for
LED B is larger than that for LED A, i.e., the values of ϕh
for the two different p-EBLs are 200 and 300 meV, respec-
tively. Therefore, by merely using ϕh, the enhanced hole
concentration level in the MQWs for LED B cannot be under-
stood. Therefore, we further calculate and present the electric
field profiles in the p-EBLs for LEDs A and B in Fig. 4(a),
which shows that the polarization self-screening effect reduces
the electric field intensity in the proposed p-EBL for LED B
[27]. The mesh distributions for the p-EBLs have been prop-
erly optimized, and, by using the equation of

R
l
0 E · dx, we are

able to get the integration values of 169.12 and 128.87 meV for
LEDs A and B, respectively. Therefore, the polarization in-
duced electric field in the proposed p-EBL for LED B can
decelerate the hole transport less. By combining the aforemen-
tioned ΔE of ΔEv2 − ΔEv1 that is 165.2 meV for both LEDs,
during the hole transport from the p-EBL/p-AlGaN interface
to the last quantum barrier/p-EBL interface, the energy loss of
the holes is 334.32 and 294.07 meV for LEDs A and B, re-
spectively. Therefore, the holes for LED B are less decelerated
than the holes for LED A. Hence, those holes that climb over
the barrier of ϕh can be more effectively injected into the
MQWs, and we believe the hole injection capability can be
further promoted if the effective valence band barrier height
of the p-EBL for LED B can be reduced more.

4. CONCLUSIONS

To summarize, this work has proposed a p-EBLwith the graded
AlN composition to improve the DUV LED performance. The
EQE and the optical power density for the DUV LED with the
proposed p-EBL have been significantly boosted by 1.5 times.
The experimental observations are further verified by numerical
calculations. We find that the proposed p-EBL enables highly
efficient hole injection, and suppressed electron leakage is si-
multaneously obtained. The enhanced hole injection is attrib-
uted to the fact that the polarization self-screened feature for
the proposed p-EBL screens the polarization induced electric
field, and as a result, the holes will be made less decelerated
after traveling through the proposed p-EBL. The enhanced
hole concentration in the MQW region favors the very pro-
nounced radiative recombination rate. The hole drift current
and the current that is caused by the radiative recombination
in the MQWs account for the reduced forward voltage for the
proposed DUV LED. Our findings indicate that the EQE and

the optical power density can be even further promoted once
the valence band barrier height for the proposed p-EBL is
reduced, e.g., a composition-graded junction is adopted for
the p-EBL/p-AlGaN architecture. We believe the proposed
approach and the reported device physics in this work are very
useful for the DUV LED community.

APPENDIX A

In order to probe the impact of the thickness and the Al com-
position of the p-EBL on the emission properties for DUV
LEDs, we further study LEDs R1 and R2. The device archi-
tectures for LEDs R1 and R2 are identical to LEDs A and B
except for the p-EBL. LEDs R1 and R2 employ a 40 nm thick
p-Al0.60Ga0.40N EBL and a 40 nm thick p-Al0.70Ga0.30N EBL,
respectively.

We numerically calculate the optical power density in terms
of the injection current density for the four investigated
DUV LEDs [see Fig. 5]. We can see that when the thickness
for the p-EBL increases, the optical power density increases.
Further comparison between LEDs R1 and R2 indicates that
the p-Al0.70Ga0.30N EBL degrades the optical power density.
Nevertheless, LED B generates the strongest optical power
density among the studied devices.

We then calculate and show the hole concentration profiles,
the electron concentration profiles, and the radiative recombi-
nation rates for LEDs A, B, R1, and R2 in Figs. 6(a), 6(b), and
6(c), respectively. Figure 6(a) presents that the hole concentra-
tion levels in the MQW regions for LEDs R1 and R2 increase
when compared to LED A. LED B shows the highest hole con-
centration level in the active region. Figure 6(b) demonstrates
the electron leakage level for the four devices. We can see that,
for the current device architectures, making the p-EBL thick
and/or increasing the Al composition for the p-EBL does
not reduce the electron leakage according to the comparison
among LEDs A, R1, and R2. Figure 6(c) shows the radiative
recombination rate profiles across the MQW regions for the
four DUV LEDs. We can get the lowest radiative recombina-
tion rate from LED A. The improved hole concentration
enhances the radiative recombination rate for LEDs R1 and
R2. LED B yields the strongest radiative recombination rate.
Figure 6(c) agrees well with Fig. 5.

Fig. 5. Numerically calculated optical power density for LEDs A, B,
R1, and R2. LEDs R1 and R2 have a 40 nm thick p-Al0.60Ga0.40N
EBL and a 40 nm thick p-Al0.70Ga0.30N EBL, respectively.
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To interpret Figs. 6(a) and 6(b) at an in-depth level, we
calculate and show the energy band diagrams of the p-EBLs
for LEDs A, B, R1, and R2 in Figs. 7(a), 7(b), 7(c), and 7(d),
respectively. We can see that the energy bands of the last quan-
tum barriers for LEDs R1 and R2 are both bent upwards, such
that the energy level for point A is higher than that for point B,
which favors the hole transport. On the contrary, the energy
level for point A is lower than that for point B for LEDs A
and B, which retards the hole injection. As a result, the hole
concentrations in the MQWs for LEDs R1 and R2 are larger

than that for LED A. The even better hole injection for LED
R1 than that for LED R2 arises from the smaller blocking effect
by the p-Al0.60Ga0.40N EBL. It is worth noting that, although
the hole blocking effect is encountered in the last quantum
barrier, the hole concentration level is most promoted for
LED B, and such interesting observations have been explained
in detail in the main text for this work.

The last quantum barriers for Figs. 7(c) and 7(d) indicate
that the conduction band is closely approaching the quasi-
Fermi level, which means that electron accumulation occurs
at the last quantum barrier/p-EBL interface [see Fig. 6(b)].
The very strong electron accumulation at the last quantum
barrier/p-EBL interface causes significant electron leakage for
LEDs R1 and R2 [27,28]. Therefore, without specific design,
it is of less contribution in suppressing the electron leakage
merely by increasing the thickness or/and the Al composition
for the p-EBL.
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