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Abstract: Separated multiple quantum barrier electron blocking layer (EBL) have been investigated to improve
the performance of AlGaN-based deep ultraviolet light-emitting diodes (DUV-LEDs) with the wavelength shorter than
250 nm. It is confirmed that the DUV-LEDs with separated multi-quantum barriers EBL contribute to a much higher
hole concentration and radiative recombination rate than the conventional block EBL configuration. Due to the forma-
tion of a hole acceleration zone by the separation interlayer in the EBL, the hole injection efficiency is significantly in-
creased. Meanwhile, the multi-quantum barrier sample suppresses the electron leakage through raised electron barri-

er, thus significantly improves the device performance.
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1 Introduction

In recent years, AlGaN-based deep ultraviolet
light-emitting diodes (DUV-LEDs) with short wave-
lengths™ (<260 nm) have received increasing atten-
tion”, due to their significant advantages of high effi-
ciency, environment friendly™, and portability and
tunable wavelength. Besides, from the perspective
of environmental protection functions, shorter wave-
length DUV-LEDs can effectively expand the appli-
cation of ultraviolet light in the detection of toxic and
harmful gases such as SO,, NO, NHj, etc”, especial-
ly in the detection of NO and heavy metals such as
Pb, Ni, Cd in soil, which have important application
value'. Therefore, short wavelength DUV-LEDs
have important application value and urgent demand
in fields of public health, environmental protection,
healthcare, and biochemical analysis.

In order to achieve high-performance short
wavelength DUV-LED devices, it is crucial to inject
a sufficient number of holes into the active region
and effectively suppress electron leakage. However,
as the emission wavelength of DUV-LEDs becomes
shorter, the required Al composition of AlGaN will
increase, making p-type doping more difficult, result-
ing in serious unbalance between n-type and p-type
carriers and conductivity”. Lower hole concentra-
tions and mobility will hinder hole injection into the
quantum well region. Therefore, it has become cru-
cial to improve the efficiency of hole injection while
reducing electronic leakage™. To address the afore-
mentioned issues, a series of solutions have been
proposed, such as utilizing polarization effect to pro-
mote carrier injection®, improving hole tunneling ef-
fect by introducing superlattice electron blocking
layer (EBL) sample"”, and using polarization modu-
lated electron blocking layer to prevent electron

leakage"".

Alternatively, hole injection can be im-
proved by using the last layer of quantum barrier
with an un-doped sample"™ or non-uniform doped
sample”. In addition, some ideas for device sam-
ples in the broader wavelength range can also be ad-
opted, such as polarization modulation at last quan-

tum barrier and a step-graded n-type AllnGaN

EBL"™. However, with effective suppression of elec-
tron leakage, the potential barrier for hole injection
always increases. Therefore, seeking novel samples
that can balance electron and hole injection is of spe-
cial importance.

In this study, a separated multi quantum barrier
EBL sample is proposed to achieve high-perfor-
mance short wavelength DUV-LEDs. This sample
can reduce the effective barrier for holes, significant-
ly improve the hole injection efficiency in the active
region and reduce the impact of electron leakage,
thus effectively improving the performance and effi-

ciency of DUV-LEDs with shorter wavelength.

2 Structure and Parameters

The DUV-LEDs with emission wavelength of
250 nm in this study is schematically shown in
Fig. 1. sample A is designed to grow on a c-plane
sapphire substrate with a 1-pm-thick AIN buffer lay-
er and a 2-pm-thick Si-doped n-Aly 7,Gag 9N with a
n-type carrier concentration of 2x10" cm™ layer.
The active area is made up of four pairs of 10-nm-
thick Al 71Gag 20N quantum barriers with a n-type
carrier concentration of 1X10" ¢m™ and the additional
quantum barrier of undoped 20-nm-thick Alj ;,Gag 20N
(no doped), whereas the quantum well is made up of
four pairs of l-nm-thick Aly 4Gag 5)N. Then, a 45
nm-thick Mg-doped p-type Aly 3Gay ,N EBL with a p-
type carrier concentration of 1x10" e¢m™ followed by
a 50-nm-thick p-type Aly 72Gag N with a p-type car-
rier concentration of 1X10" ¢m™. Finally, as the con-
tact layer, a 10-nm-thick p-type GaN layer with a p-
type carrier concentration of 1X10" ¢m™ is adopted.

In comparison to the conventional sample A,
samples B—C primarily differ in the design of the
EBL. The EBL of sample B consists of three layers:
9-nm-thick Al 3Gag ,N, 28-nm-thick Aly ;Gag 3N,
and 8-nm-thick Aly §Gay 2N in order. The EBL in
sample C consists of 7 layers, comprising 4-nm-thick
Al sGag oN, 3-nm-thick Aly ,Gag 2sN, 2-nm-thick
Al sGag ,N, 28-nm-thick Aly ;Gay 3N, 2-nm-thick
Aly sGag ,N, 3-nm-thick Alj 7,Gag 5N, and 3-nm-thick
Aly sGay ,N. All EBL layers in both samples B and C

are Mg-doped at a concentration of 1X10" ¢cm™.
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Fig.1

In our numerical simulations, we employed the
APSYS software to solve the self-consistent Poisson
equation, continuity equation, and Schrodinger equa-
tion with appropriate boundary conditions"”. The op-
erating temperature was chosen as 300 K, and a
Shockley-Read-Hall lifetime of 5 ns per quantum
well was assumed, with an internal loss of 2 000 m™'.
The polarization effects were accounted for by incor-
porating polarization interface charges at each het-
erojunction"”.

Taking crystal relaxation induced by threading
dislocations into consideration, we assumed a polar-
ization level of 40% in our calculations. The Auger
recombination coefficient was taken as 1.0x10™
em’+s™', which is similar to reported values". The
energy band offsets of the AlGaN-based DUV-LED
were assumed to be AEJAE, = 0.7/0.3". The

[20],

bandgap of AlGaN is represented as
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Schematic diagrams of samples A-C

E,(Al,Ga,_ N)=
xE,(AIN) + (1 - x)E,(GaN) - bx(1 - x), (1)
where the bandgaps of (AIN) and (GaN) at 300 K are
6.25 eV and 3.42 eV, respectively. x represents
the aluminum composition, and b is the bowing coef-

ficient, which is set to 0. 7 in this study.

3 Results and Discussion

Fig. 2 (a) shows the radiative recombination
rate of the samples A—C for comparison firstly at a
current density of 100 mA/em®. Tt can be clearly
seen that the radiative recombination rate of samples
B-C is significantly higher than that of sample A.
After integrating the three samples, the sample A is
only about 2.3 (E17 em™+s™'), however, sample B is
10.3 (E17 em™+s™) and sample C is 10.6 (E17
cm™+s™"). The recombination rate of the sample B—C
is severally about 4. 47 and 4. 61 times of sample A.
Fig. 2(b) displays the I-V curves for samples A—C.
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Fig.2  The radiative recombination rates(a) in the multiple quantum wells for samples A—C under current density of 100 mA/cm® and

the I-V curves(b) of samples A—C
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The operating voltages of samples B and C are slightly
elevated compared to sample A, presumably due to the
introduction of quantum barriers, which introduce nov-
el bandgap barriers. Furthermore, as elaborated in the
subsequent text, sample C has effectively improved the
transportation of charge carriers, leading to a reduction
in partial pressure. Consequently, the operating volt-
age of sample C is lower than that of sample B.

To find out the reasons for the improved perfor-
mance of samples B and C, we investigate the band
samples. In Fig. 3, the band samples at a current
density of 100 mA/cm’ are shown, and the effective
barrier heights of the three samples are calculated.
From the perspective of the electronic effective barri-
er of EBL, the values of sample A are only 225.9
meV and 609.5 meV, respectively. However, for
sample B, the values are 587 meV and 672. 92 meV.
For sample C, the values are 609. 8 meV and 694. 82
meV. The effective electronic potential barriers of
samples B and C are higher than those of sample A,

which prevents electrons from leaking into the P re-

gion to a certain extent. And from the perspective of
the effective hole potential barrier of EBL, the height
of effective hole barrier in sample A is 498.8 meV,
while the height in sample B is 461. 6 meV and the
one in sample C is 459. 7 meV. It can be clearly seen
that the effective hole barrier height of samples B-C
is relatively low, making it easier for holes to enter the
active region from the P region. In the active region,
the electron concentration is usually greater than the
hole concentration. Therefore, as the hole concentra-
tion in the active region increases, these increased
holes will recombine with the electrons in the active
region, thereby improving the radiation recombination
rate. Specifically, the difference between the electron
concentration and hole concentration in the active re-
gion significantly affects the radiation recombination
rate. For the reasons mentioned above, it can be in-
ferred that the reason for the increase in radiation re-
combination rate of samples B-C is the increase in
hole concentration in the active region and the con-

straint on electron leakage in the P region.
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Fig.3 Energy band diagrams of sample A(a), sample B(b), sample C(c)

We further compare the electron concentration
and the hole concentration in the active region as
shown in Fig. 4. Tt is clear that the electron concen-
tration of the P region in sample B—C is lower than
that in sample A in Fig. 4(a). The hole concentra-
tion in the QWs region in Fig. 4(b) can also be ob-
tained, and the hole concentration in samples B-C is
higher than that in sample A. This observation is con-
sistent with previous speculation that the improved ra-
diative recombination rate of samples B—C is due to
increased hole concentration in the active region and
the constraint on electron leakage in the P region.

The increase in hole concentration in the active

region can be explained by the EBL interlayer in
Fig. 5. Due to the opposite polarization-induced
sheet charges (- and +0) on the sides of the EBL
depression, there is a polarization field along the
[0001] direction, and when holes pass through the
EBL interlayer, they are subjected to an accelerating
electric field. This electric field allows holes to ob-
tain greater energy, thereby reducing the difficulty of
holes injection into the active region.

Due to the acceleration effect of this sample on
both holes and electrons, so when the acceleration
electric field is too large, electron leakage will be

more pronounced. Especially when the interlayer of
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Fig.5 Schematic representation of the electric field and carri-

er flow within the intermediate layer of the EBL region

the accelerating electric field increases to a certain
extent, the electron concentration in the P region sig-
nificantly increases. Although electron phonon scat-
tering consumes some of the energy of electrons, but
some electrons still burst out of the active region.

Therefore, in order to solve the problem of elec-
tronic leakage, we further optimize the sample to
achieve balanced injection of electrons and holes,
such as sample C. As mentioned in Fig. 3, the effec-
tive potential barrier for electrons in the EBL of sam-
ple C is higher than that of sample B. Additionally,
the electron concentration in the P region of sample
C is also lower than that of sample B as shown in
Fig. 4(a). These further indicate that the EBL with a
multi-quantum barrier sample in sample C can en-
hance its capability to block electron leakage.

We also elaborate on the electron blocking ef-
fect based on the aforementioned physical model.
As can be observed from Fig. 5, in most cases, the
transport of electrons is from path 1 to 2, and then to
3 due to the presence of L2 layer. Since the thick-
ness of L1 layer is relatively thick in sample C, the

possibility of the electron tunneling through L1 layer

is very low. The electron path of 1-2-3 necessitates
two transitions and consumes more energy. So the
sample with the multi-quantum barriers, to some ex-
tent, prevents electronic leakage. Furthermore, the
thickness of the EBL must be meticulously evaluat-
ed. Excessive thickness can lead to challenges in
light emission, while insufficient thickness may hin-
der the establishment of a stronger negative electric
field. As a result, numerous calculations are neces-
sary to pinpoint the ideal thickness that optimizes
performance. It must be pointed out that from the
distribution of electric fields in the interlayer area,
there is no negative electric field in the EBL region
of sample A. However, it can be observed that a
large negative electric field in the [0001] direction is
formed in the depression area of samples B-C,
which can provide energy for the holes. As shown in
Fig. 6, the energy of the sample B obtained by the

hole here is:

E=yq f dedl, (2)
among them, F is the energy, ¢ is the charge of the
hole, f@'dl represents the integral of potential dif-

ference, representing the potential difference along
the path (1)(®), and path(l) represents the negative
electric field component of the EBL region. The inte-
grated E within the EBL region of sample B is ap-
proximately —=1. 056 9 eV. However, the E of sample
Cis —=0.715 6 eV. After the holes gain energy in
this accelerating electric field, it will be easier to
reach the active region.

Overall, the negative electric field integral of

sample C in the EBL is lower than that of sample B,
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Fig.6  Electric field map of samples A=C in the EBL region
but its radiative recombination rate is higher, possi-
bly because it has a stronger control over electrons.
In addition, the novel structure also alleviates partly
the negative effect of the polarization. That can be
reflected from the electric field near the last layer
quantum barrier. As shown in Fig. 6, the electric
field bending degree of sample C in this place is sig-
nificantly lower than that of samples A and B, which
indicates that the electric field bending caused by
electron stacking in sample C is alleviated to a cer-
tain extent. Additionally, in Fig. 2(b), the insertion
of structures such as quantum barriers within the
EBL of samples B and C introduces additional band-
gap barriers, thereby elevating their operating voltag-

es. Nevertheless, sample C exhibits superior carrier
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transportation characteristics and reduces the partial
pressure, ultimately resulting in a lower operating
voltage than sample B. In the future, we aim to fur-
ther optimize the EBL structure, aiming to boost car-
rier injection rates while simultaneously minimizing

operating voltage.

4  Conclusion

In this work, separated multiple quantum barri-
er EBL has been investigated to improve the perfor-
mance of AlGaN-based DUV-LEDs with the wave-
length shorter than 250 nm. It is confirmed that the
DUV-LEDs with separated multi-quantum barriers
EBL gives rise to a much higher hole concentration
and radiative recombination rate than the conven-
tional EBL configuration. Due to the formation of a
hole acceleration zone by the separated interlayer in
the EBL and simultaneously raises the effective elec-
tron barrier, the hole injection efficiency is signifi-
cantly increased and multi-quantum barrier sample
reduces the electron leakage, thus significantly im-

proving the device performance.

Response Letter is available for this paper at: http://
cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.
20240045.

[ 1 ]CHENY X, BENJW, XUF J, et al. Review on the progress of AlGaN-based ultraviolet light-emitting diodes [J]. Fun-

dam. Res. , 2021, 1(6): 717-734.

[ 2 ] YAOYF, ZOLLNER CJ, WANG M, et al. Polarization-enhanced p-AlGaN superlattice optimization for GUV LED [J].

IEEE J. Quant. Electron. , 2022, 58(4): 3300409.

[ 3 ] KHAN A, BALAKRISHNAN K, KATONA T. Ultraviolet light-emitting diodes based on group three nitrides [J]. Nat.

Photon. , 2008, 2(2): 77-84.

[ 4 ] HRAYAMA H, MAEDA N, FUJIKAWA S, et al. Recent progress and future prospects of AlGaN-based high-efficiency
deep-ultraviolet light-emitting diodes [J]. Jpn. J. Appl. Phys. , 2014, 53(10): 100209.

[ 5] MELLQVIST J, ROSEN A. DOAS for flue gas monitoring—II. Deviations from the Beer-Lambert law for the U. V. /visi-
ble absorption spectra of NO, NO,, SO, and NHy [J]. J. Quantitat. Spectrosc. Radiat. Transfer, 1996, 56 (2) :

209-224.

[ 6 ] YAMAN M, BAKIRDERE S. Identification of chemical forms of lead, cadmium and nickel in sewage sludge of waste wa-
ter treatment facilities [ J|. Microchim. Acta, 2003, 141(1-2): 47-54.

[ 7 JJIXL, YANJC, GUO Y N, et al. Tailoring of energy band in electron-blocking structure enhancing the efficiency of Al-
GaN-based deep ultraviolet light-emitting diodes [J]. IEEE Photon. ]. , 2016, 8(3): 1600607.

[ 8 ]LUL, DING G G, ZHANG Y, et al. Improved performance of AlGaN-based deep ultraviolet light-emitting diode using
modulated-taper design for p-AlGaN layer [J]. Semicond. Sci. Technol. , 2018, 33(3): 035008.



1162 % Jt 2% Eivd %45 %

[ 9 ] SIMON J, PROTASENKO V, LIAN C X, et al. Polarization-induced hole doping in wide-band-gap uniaxial semiconduc-
tor heterostructures [ J]. Science, 2010, 327(5961) : 60-64.

[10] TAOH C, XU SR, ZHANG J C, et al. Numerical investigation on the enhanced performance of N-polar AlGaN-based ul-
traviolet light-emitting diodes with superlattice p-type doping [ J]. IEEE Trans. Electron Dev. , 2019, 66(1): 478-484.

[11 ] LANG J, XU F J, GE W K, et al. Greatly enhanced performance of AlGaN-based deep ultraviolet light emitting diodes
by introducing a polarization modulated electron blocking layer [J]. Opt. Express, 2019, 27(20) : A1458-A1466.

[12] LU L, WAN Z, XU F J, et al. Performance improvement of AlGaN-based deep-ultraviolet light-emitting diodes via Si-
doping design of quantum barriers [ J]. Superlatt. Microstruct. , 2017, 109: 687-692.

[ 13 ] MOHAMED H, SENGOUGA N, MEFTAH A. Enhancing GaN/AlGaN MQW micro LED optical and electrical perfor-
mance with a non-uniform LQB [J]. Trans. Electr. Electron. Mater. , 2023, 24(5): 469-478.

[14] LIUZY, LUY, WANG Y, et al. Polarization modulation at last quantum barrier for high efficiency AlGaN-based UV
LED [J]. IEEE Photon. J. , 2022, 14(1): 8210208.

[ 15] DASS, LENKA T R, TALUKDAR F A, et al. High-performance DUV AlGaN multi-quantum well LED with step-graded
n-type AllnGaN electron blocking layer [J]. J. Optoelectron. Adv. Mater. , 2023, 25(7-8) : 311-320.

[ 16 ] Crosslight Software Inc. Crosslight APSYS software [ EB/OL]. (2020-03-10). http://crosslight. com/products/apsys/.

[17 ] ZHANG Z H, LIUW, JU Z G, et al. Polarization self-screening in [0001] oriented InGaN/GaN light-emitting diodes for
improving the electron injection efficiency [J]. Appl. Phys. Lett. , 2014, 104(25): 251108.

[ 18 ] FIORENTINI V, BERNARDINI F, AMBACHER 0. Evidence for nonlinear macroscopic polarization in I1I-V nitride al-
loy heterostructures [ J]. Appl. Phys. Lett. , 2002, 80(7): 1204-1206.

[19] GUOW W, XUFJ, SUNY H, et al. Performance improvement of AlGaN-based deep-ultraviolet light-emitting diodes by
inserting single spike barriers [Jl. Superlatt. Microstruct. , 2016, 100: 941-946.

[20] VURGAFTMAN I, MEYER J R, RAM-MOHAN L R. Band parameters for I11-V compound semiconductors and their al-
loys [Jl. 7 Appl. Phys. , 2001, 89(11): 5815-5875.

BRE(1997-), 9, 2R , it £ (1980-), 9, ZROGEMI N+,
+ g A, 2021 4F T B T AR K2R3k oz M S, 2000 4F F AL k2
2, N FH O TR K : A A2, EENH M-V ik v 2%
AR 9T . ' el A T R SR Y
E-mail: 1877610696@qq. com @ E-mail: llu-wh@qq. com

\




