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Polarization Self-Screened Multiple Quantum Wells
for Deep Ultraviolet Light-Emitting Diodes to

Enhance the Optical Power
Chunshuang Chu , Kangkai Tian , Hua Shao , Jiamang Che , Yonghui Zhang , and Zi-Hui Zhang

Abstract—We experimentally and numerically propose a deep
ultraviolet light-emitting diode (DUV LED) possessing the quan-
tum barriers (QBs) with the gradually reduced Al composition
along the [0001] orientation. The induced negative polarization
bulk charges in the graded QBs can screen the positive polarization
sheet charges at the QB/quantum well (QW) interface, i.e., gen-
erating the polarization self-screening effect, which weakens the
electric field in the QWs. The polarization self-screened feature
is important in enhancing the overlap level of the electron and
hole wave functions within the active region and increasing the hole
injection, thus improving the electroluminescence intensity and the
optical power.

Index Terms—DUV LED, polarization self-screening effect,
polarization bulk charge, hole injection.

I. INTRODUCTION

R ECENTLY, AlGaN-based deep ultraviolet light-emitting
diodes (DUV LEDs) have attracted extensive research

attention due to the promising application prospects in water
sterilization, air purification, ultraviolet curing, biological med-
ication, light communication etc., especially in the case of the
global spread of the Corona Virus Disease from the year of 2019
till now (i.e., COVID-19) [1]. However, at the current stage, it
is difficult to make high external quantum efficiency (EQE) for
DUV LEDs as the emission wavelength decreases because of the
poor crystalline-quality epilayers, low carrier injections, current
crowding effect and the strong polarization effect, ect. [2].
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Among them, the polarization effect is the intrinsic characteristic
for III-nitride material with crystal asymmetry, which shows the
significant impact on both the carrier transport and radiative re-
combination processes in the AlGaN/AlGaN multiple quantum
wells (MQWs) grown along the [0001] orientation [3]. On one
hand, the polarization electric field within the MQWs will cause
the tilted energy band and finally lead to a spatial separation
of electron-hole wave functions in the quantum well, which is
known as the quantum-confined Stark effect (QCSE) [4]. On
the other hand, the tilted energy band in the active region will
increase the electron leakage into the p-type hole injection layer,
which may recombine with holes in the p-region and further
suppress the hole injection capability [5]. Proposals to suppress
the QCSE in the active region include using the non-polar and
semipolar substrate [6], [7] and utilizing the AlInGaN/AlInGaN
MQW region [8], [9]. However, the above methods have strict
requirements for epitaxial growth technology. Therefore, a va-
riety of device structural designs are proposed to modulate the
polarization charge density and polarization field intensity at
the AlGaN/AlGaN quantum well (QW)/quantum barrier (QB)
interface to suppress the QCSE. For example, the QWs with the
graded Al composition [10], the staggered QWs [11] and the
very thin QWs [12] are designed to enhance the overlap level of
electron-hole wave functions for DUV LEDs. Moreover, the use
of the Si-doped AlGaN QBs for DUV LEDs is also a relatively
simple way to screen the polarization field in the active region,
which reduces the polarization electric field intensity in the QWs
to 2 × 105 V/cm [13]. However, it can be further found that the
use of the Si-doped QBs will block the hole injection efficiency
into the MQWs. The essence of QCSE suppression by using
Si-doped quantum barriers is that the ionized immobile charges
can screen the polarization interface charges in the active region.
Therefore, the alternative immobile charged particles have to be
proposed. Zhang et al. have ever proposed the polarization self-
screening effect for GaN-based blue and UV LEDs [14], [15],
such that they grade the InN composition in the quantum barriers
so that the polarization induced bulk charges can be produced
[16], and this immobile polarization bulk charges can screen the
polarization interface charges, thus decreasing the polarization
induced electric field in the quantum wells. However, although
the polarization self-screened design can suppress the QCSE, the
optical power for GaN-based UV LED is not enhanced due to the
reduced conduction band barrier height and the stronger electron
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Fig. 1. Conduction band diagrams and charge profiles for (a) Device A and
(b) Device B, respectively. The inset figure shows the generation mechanism of
the polarization induced bulk charges.

leakage level [15]. Therefore, it is worth investigating whether
such polarization self-screened active region can help to increase
the optical power for AlGaN-based DUV LEDs with unique
valence band profiles for heavy hole (HH), light hole (LH) and
crystal-field split-off hole (CH) [17], which, besides the QCSE
in the active region, have the even lower hole concentration in
the p-type region.

II. DEVICE ARCHITECTURES

To investigate the impact of the polarization self-screening
effect for the proposed device on the electron-hole recombina-
tion and the carrier transport processes, two DUV LEDs (i.e.,
Device A and Device B) are grown on the [0001]-orientated
sapphire substrate in the metal organic chemical vapor deposi-
tion (MOCVD) technology and the calculated models are shown
in Figs. 1(a) and 1(b). The studied two DUV LEDs possess
a 4 μm thick n-Al0.60Ga0.40N layer (n-doping = 5 × 1018

cm−3) as the electron injection layer (i.e., n-region). The MQW
region is composed of 3-pair 3 nm thick Al0.45Ga0.55N/10 nm
thick AlxGa1-xN MQW stacks. The structures of Devices A
and B differ only in the AlxGa1-xN QBs. For Device A, the
constant Al composition x of four AlxGa1-xN QBs is set to
58%. For Device B, the Al composition linearly decreases along
the [0001] orientation from 58% to 53% for the two QBs in
the middle of the MQW region, while the Al composition in
the other two QBs is 58%. The negative polarization-induced
bulk charge density in the two middle QBs for Device B is∼1.44
× 1018 cm−3. Then, a 10 nm thick p-Al0.60Ga0.40N EBL, a 50
nm thick p-Al0.40Ga0.60N layer and a 50 nm thick p-GaN layer

Fig. 2. Measured EL spectra for (a) Device A and (b) Device B in terms
of different injection current density levels, and (c) measured peak emission
wavelengths in terms of different injection current density levels for Device A
and Device B, respectively.

are successively capped on top of the MQW region. According
to the high activation energy of Mg dopant [18], [19], the hole
concentration for the p-type layers is ∼3 × 1017 cm−3.

Then, the standard chip fabrications are implemented by using
the photolithography, the inductively coupled plasma etch (ICP),
the electron beam evaporation and the rapid thermal annealing
(RTA) technology after the epitaxial growth. For Devices A and
B, the 20 nm/60 nm/30 nm/100 nm thick Ti/Al/Ti/Au metal
stack layer is deposited on the exposed n-Al0.60Ga0.40N electron
injection layer as the n-electrode. Next, the 10 nm/10 nm thick
Ni/Au current spreading layer is deposited on the p-GaN layer
as the p-contact. The n-type and p-type Ohmic contact are
respectively achieved by annealing in the nitrogen ambient for 60
seconds at 650 °C and in the oxygen atmosphere for 3 minutes at
450 °C. Finally, the 800 nm/20 nm/100 nm thick Al/Ti/Au metal
stack layer is deposited on the current spreading layer as the
reflective p-electrode. After the device fabrication, the calibrated
integrating sphere is used to measure the electroluminescence
(EL) spectra from bottom of Device A and Device B chips.

In addition, the device physics for Devices A and B are
further discussed by using APSYS software, which is able to
calculate the overlap level of electron-hole wave functions, the
electric field profiles, and the energy band, etc. [20]. In the
calculation models, the energy band offset ratio is assumed to be
50/50 for AlGaN/AlGaN material systems [21]. The values of
Auger recombination coefficient and the Shockley-Read-Hall
(SRH) recombination lifetime are 1.0 × 10−30 cm6/s and 10
ns, respectively [20], [22]. The spontaneous and piezoelectric
polarization effects at each lattice-mismatched heterojunction
have been taken into account. However, considering the strain
relaxation by generating dislocations, a 40% polarization level is
assumed, such that the other 60% of the theoretical polarization
chargers are not considered [23]. The bulk polarization charge
density that is used for the AlxGa1-xN QBs with the graded
Al composition has also been considered [14]. Besides, other
important parameters of semiconductors used in this calculated
model can be found elsewhere [24].

III. RESULTS AND DISCUSSION

Firstly, we show the measured electroluminescence (EL)
spectra in terms of different injection current density levels
for Device A and Device B in Figs. 2(a) and (b), respectively.
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Fig. 3. (a) Experimentally measured and (b) numerically calculated optical
power density in terms of the current injection density for Device A and Device
B, respectively.

It is obvious that the EL intensity for Device A and Device
B increases as the current density increases from 5 A/cm2 to
35 A/cm2. In addition, the emission intensity for Device B is
significantly stronger than that for Device A at the same current,
which indicates that the QBs with the graded Al composition are
helpful to improve the performance for DUV LEDs. Fig. 2(c)
further summarizes the peak emission wavelengths in terms of
different injection current density levels for Device A and Device
B. It can be found that the peak emission wavelengths for Device
B are all shorter than that for Device A and the blueshift is
up to ∼6 nm for Device B, which indirectly shows that the
polarization electric field in the QW for Device B is mitigated,
thus significantly suppressing the QCSE.

Figs. 3(a) and (b) present the experimentally measured and
calculated optical power for Device A and Device B, respec-
tively. The calculated optical power has the same trendline with
the measured optical power, i.e., the optical power for Device
B is higher than that for Device A both numerically and exper-
imentally. It can be seen that the optical power for DUV LEDs
can be greatly enhanced when the polarization self-screening
active region is utilized. In order to further analyze the effect of
such design on the performance for DUV LEDs, it is necessary
to investigate the electric field profiles, the energy band distri-
bution, the carrier distribution and the radiative recombination
rate in the active region, which will be discussed in an in-depth
level subsequently.

Fig. 4(a) shows the electric field distribution profiles in the
active region for Devices A and B at the injection current density
of 25 A/cm2. It can be seen that the electric field intensity in the
QBs and QWs for Device B is significantly lower than that for
Device A. This is mainly because the negative bulk polarization
charges of∼1.44× 1018 cm−3 can be generated in the QBs when
the Al composition of the QBs linearly decreases, which can
effectively screen the positive interface polarization charges at
the interface of the QBs and the QWs. According to the formula∫ Lb

0 Ebdx = Ew × Lw, we can find that Ew is closely related
to Eb, Lb and Lw [17]. Here, Eb and Ew represent the electric
field intensity in the QBs and the QWs, respectively; Lb and Lw

represent the thickness of the QBs and the QWs, respectively.
Therefore, as the electric field intensity of the QBs decreases,
the electric field in the QWs for Device B gradually decreases.

Fig. 4. (a) Calculated electric field profiles for Devices A and B at the
injection current density of 25 A/cm2, (b) spatial overlap levels (Γe-ch) of
electron wave functions and the crystal-field split-off hole wave functions in
QW2 for Devices A and B, (c) conduction band profiles and (d) valence band
profiles for Device A and Device B at the injection current density of 25 A/cm2.

As shown in Fig. 4(b), we further investigate the overlap level
(Гe-ch) of the electron wave function in the conduction band and
hole wave function in the CH band of the intermediate quantum
well (QW2) for Devices A and B. It can be seen that the Гe-ch for
Device B is significantly higher than that for Device A, which
once again proves that the QCSE in Device B can be effectively
suppressed. In addition, with the increase of injection current,
the Гe-ch for Devices A and B tends to slightly increase, which
is because the excessive carrier injection can effectively screen
the interface polarization charge at the interface of the QW2,
leading to the further reduction for the polarization electric field
in the QW2. Moreover, by comparing the conduction band and
the valence band for Devices A and B in Figs. 4(c) and (d), we
can find that the energy band distribution for Device B tends to
be flattened due to the decrease of the polarization electric field.
The calculation results show that, for Device B, the conduction
band and valence band respectively move up and down (i.e.,
Δφc and Δφv) by ∼20 meV, respectively, which explains the
observations in Fig. 4(b), such that the carrier wave functions in
the QW for Device B has a larger overlap level.

As shown in Figs. 5(a), (b) and (c), we show the hole con-
centration, the electron concentration and the radiative recom-
bination rate profiles in the MQW region for Devices A and B
at the injection current density of 25 A/cm2, respectively. From
Fig. 5(a), we can see that the hole concentration in the active
region for Device B is significantly higher than that for Device
A. This is mainly because that the reduced valence band barrier
height of the QBs promotes the hole injection into the active
region when the average Al composition of the QBs decreases
for Device B. However, the QBs with the graded Al composition
will also reduce the conduction band barrier height, which will
weaken the electrons confinement ability of the QWs and cause
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Fig. 5. (a) Hole concentration profiles, (b) electron concentration profiles and
(c) radiative recombination rate profiles in the MQW region for Device A and
Device B, respectively. Data are calculated at the injection current density of
25 A/cm2.

Fig. 6. Measured the current-voltage characteristic curves in (a) linear scale
and (b) semi-log scale for Devices A and B. The inset in Figure (b) shows the
calculated current-voltage characteristic curves in semi-log scale for Devices A
and B.

more electrons to be transported to the QW near the p-EBL
side. Therefore, Fig. 5(b) shows the poor electron concentration
in the first two QWs for Device B. Nevertheless, as shown in
Fig. 5(c), the radiative recombination rate for Device B is higher
than that for Device A in all the quantum wells, and this is
due to the increased hole injection efficiency and the decreased
QCSE in the QW. Thus the optical power and EL intensity can
be increased significantly [see Figs. 2 and 3].

Lastly, we present the current-voltage (I-V) characteristics
which are measured by Keithley 2400 for Devices A and B
in Fig. 6(a). We can find that Device B possesses the reduced
forward voltage, which is attributed to the better hole injection
efficiency. The specific resistance for the two devices are 0.030
and 0.028 Ω·cm2 for Devices A and B, respectively. Moreover,
it can be also seen that the measured leakage current is increased
before the devices reach the turn-on voltage as presented in
Fig. 6(b). The increased leakage current can be caused by
the reduced conduction band barrier height for Device B with
the graded quantum barriers. The inset of Fig. 6(b) shows the
numerically calculated I-V characteristics and the conclusion
is consistent with measured results in Fig. 6(b), such that we
observe more leakage current for Device B before the devices
are turned on.

IV. CONCLUSION

To conclude, we have demonstrated two DUV LEDs that have
different quantum barriers. The impact of the different quantum
barriers on the carrier injection and the overlap level for the
electron-hole wave functions has been studied. By gradually
decreasing the Al composition along the [0001] direction within

the quantum barriers, the negative bulk polarization charges can
be formed, which can effectively screen the positive interface
polarization charges at the interface of the quantum barriers
and the quantum wells, thereby alleviating the QCSE. Thus,
the energy band becomes flattened in the quantum well for the
proposed device, which is beneficial to increase the overlap rate
of electron-CH wave functions and results in the blueshift of the
peak wavelength. Moreover, the valence band barrier heights
of the quantum barriers are reduced because of the decreased
average Al composition of the quantum barriers, which enhances
the hole injection efficiency. As a result, the radiative recom-
bination rate, the optical power and EL intensity are signifi-
cantly enhanced for the proposed DUV LED with polarization
self-screening effect in the MQWs. We strongly believe the
proposed structure is promising to develop the high-efficiency
DUV LEDs. The findings here also provide additional physical
understanding for AlGaN-based DUV LEDs.
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