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Abstract: To achieve efficient AlGaN-based Deep Ultraviolet Light-Emitting Diode (DUV LED), the N-
polar LED structure with grading quantum barriers is proposed to manipulate the carrier transport. By
adopting the N-polar structure, the hole injection and the electron overflow issues can be improved due to
the reversed polarization-induced potential barrier for carrier transport in p-type electron blocking layer.
Furthermore, the impacts of different grading directions and schemes on the device performance are
investigated. Simulation results show that grading the Al composition linearly from 0.65 to 0.6 for the
12 nm-thick AlGaN quantum barriers along the (000-1) can well balance the quantum barrier height and
slope, thus resulting in remarkable improvement of hole injection as well as 53.6% enhancement of
optical output power. The proposed design provides a straightforward and effective solution to the
electron overflow and hole injection issues, which shows promise in the pursuit of higher efficiency DUV
LED.

Key words: Deep Ultraviolet Light-Emitting Diode (DUV LED); AlGaN; N-polar; Grading quantum
barrier; Carrier manipulation

OCIS Codes: 230.3670; 250.5590; 160.6000

0 Introduction

UV light sources play an important role in modern life because of extensive applications like water

2] Compared with the

disinfection, bio-medical detection, three-dimensional printer, and UV-curing
traditional UV sources based on mercury, AlGaN-based Deep Ultraviolet Light-Emitting Diodes (DUV
LEDs) are compact, environment-friendly, and long-lasting®®*. However, DUV LEDs are still generally
unsatisfactory for commercial applications due to the low External Quantum Efficiency (EQE) and output
power. So far, the highest EQE can only reach 20.3% in the laboratory” . Amid major EQE constraints,
one is the insufficient carrier concentration in the active region which relies on the carrier injection
efficiency and carrier overflow level. For a typical III-nitride LED, the potential barriers in n/p-type layers
and the Quantum Barriers (QBs) height in Multiple Quantum Wells (MQWSs) crucially affect the electron/
hole injection and overflow.

Specially, first, electrons tend to flow into the p-type layer from the active region and being wasted
due to the high mobility™®. As a result, a p-type Al-rich Electron Blocking Layer (EBL) is conventionally
inserted to reduce the electron overflow except our recent work-"'"". However, the AlGaN EBL also results

[12-13]

in a large valence band barrier that will hinder hole injection . To settle this issue, researchers have

explored various band engineering schemes, including adopting decreased Al-grading EBLM", inverted-V-
shaped EBL™, AlGaN/AlGaN superlattice EBL™' and Graded Superlattice (GSL) EBL™ !, However,
those approaches could inevitably suffer from complex epitaxial conditions or increase in device resistance.
One alternative solution to the valence band barrier issue is to employ the N-polarity instead of the
prevailing I1I-polarity as shown by studies of N-polar GaN/InGaN visible LEDs: due to the opposite

spontaneous polarization, the p-type EBL exhibited higher conduction barrier and lower valence barrier

1[20—22] ;

simultaneously besides, the opposite polarization in MQW s can generate lower injection barriers that

facilitate the carrier injection, as well as higher potential barriers along the carrier flow direction to confine

[23-24]

carriers To achieve high-quality N-polar materials and devices, various research groups have

employed In-surfactants-assisted growth®, varying V/III ratio on SiC™%, or misorientation angles of

[27] [28-29]

substrate'””’. Despite reportedly high oxygen levels as shallow donors , Yan et al. shows that adopting

the N-polar p-AlGaN through polarization-induced hole doping in LEDs can lead to significantly enhanced
hole concentration as well as electroluminescence intensity™=**!.

Second, for the active region, the QB bending resulting from the polarization-induced field can
significantly impact the transport of carriers and device performance. One report found that a thicker QB
can increase the conduction-band potential for the electrons while lower the valence-band potential for holes
to improve the quantum efficiency™*. Also, the last QB composed of the superlattice structure with thin
wells and barriers can lead to enhanced hole injection efficiency and output power=*. A symmetric
composition-graded quantum barriers structure was also designed to increase the optical power due to the
superior capability of electron confinement™*. Recently, we have reported that the QBs of III-polar DUV
LEDs can block or enhance the carrier injection into QWs with compositional grading™'".
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While many studies have been carried for the III-polar DUV LEDs and N-polar visible LEDs, few have
focused on the N-polar DUV LEDs. It is therefore important to study the EBL and active region of the N-
polar DUV LEDs to explore opportunities for high device performance. In this study, composition grading
schemes based on N-polar device are numerically investigated to achieve the carrier manipulation and
performance enhancement. We begin with the comparison of the electron blocking and hole injection
capability between III-polar and N-polar structures. With the finding that the N-polar structure possesses
preferable carrier transport in EBL and carrier confinement in MQWs., we conduct detailed studies of the
impact of different QB grading schemes on the carrier injection in MQWs with the N-polar structure.
Eventually, we propose the N-polar DUV LED with grading QBs that manifests the high electron/hole

concentration and exhibits better output performance.

1 Comparison of IlI-polar and N-polar DUV LEDs

To fundamentally investigate the carrier transport capability, the III-polar and N-polar devices are
constructed and simulated separately. Their structures are the same except for the polarity, as shown in
Fig.1. The diode structure on an AIN template begins with an n-type Al,s Ga,, N (3 pm, [Si]=5 X
10" em™®) electron - injection layer , followed by MQW active region consisting of five pairs 3 - nm Aly; Ga,s N
QWs sandwiched by six pairs 12-nm Al ;Ga,,N QBs. The p-type region comprises a p-Al,;Gay,sN (20 nm,
[Mg]=3X10" em™*) EBL layer, a p-AlysGay, N (100 nm, [ Mg] =2X10" ecm™*) hole-injection layer,
and a p-GaN (20 nm, [Mg]=1X10* cm *) contact layer. The designed III-polar and N-polar devices with
a chip size of 300 X 300 pum® and the emission wavelength at 270 nm are set as Samples A and B,

respectively.

p-GaN 20 nm

p-Al, Ga ,N 100 nm

p-Al,,Ga ;N EBL 20 nm

5-pairs MQW

AlysGay sN QW/Al Ga, )N QB
(3 nm/12 nm)

Growth direction

Sample A (I11-polar)
n-Al Gag N 3 um

Sample B (N-polar)
AIN template

Fig.1 The cross-sectional schematics of Samples A and B based on the III-polar and N-polar DUV LED

emitting at ~270 nm

For the device simulation, a commercial TCAD software, APSYS, developed by Crosslight Inc., was
applied to build the simulation model®!. In APSYS simulation, the calculated polarization-induced
(including spontaneous and piezoelectric polarization) interface charges were based on the model
contributed by Bernardini et al**). and Florentini et al®™?. For AlGaN materials, the bowing factor value

[38]

and the band offset ratio were set to 0.94 and 0.58/0.42, respectively"®®'. The electron and hole mobility

values are determined based on the experimental data"**'" and mobility model inside APSYS""'*' The
activation energies of donors and acceptors in AlGaN were set according to the previous reportsH? 44,
Effective mass value of electron and hole were provided by Punya et al'"®’. Moreover, we set the radiative
recombination coefficient, Auger recombination coefficient, Shockley-Read-Hall lifetime, and light
extraction efficiency as 2.13X10 " em®/s, 2.88X 10 * e¢m®/s, 15 ns, and 10%, respectively™®. 50% of
the theoretical polarization charges due to the screening effect of defects were adopted for calculation™™.
Under the bias condition, the self-consistent quantum well models were taken into account.

Fig.2 depicts the energy-band diagrams of the two samples. It is clearly observed that the bending
directions of Sample A (Ill-polar) and Sample B (N-polar) are opposite since the polarization-induced fields
are reversed. In order to show the impact of EBL on the electron blocking and hole injection, we define the
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electron-blocking-barrier (@) and hole-injection-barrier (®@g,), which are corresponding with the energy
difference between conduction/valence band of EBL and quasi-Fermi level in Fig.2. For the electron-
blocking-barrier (@), Sample B appears to have relatively higher value (370 meV) compared with that of
Sample A (264 meV), which means Sample B has stronger electron blocking ability to suppress the
electron overflow to the p-side. For valence band in EBL, holes in Sample A have a higher hole-injection-
barrier (@, =355 meV) to reach the active region from p-type layer while the case in Sample B is lower
(@, =332 meV) ., that will help the holes to be injected into MQWs,

EBL MQWs EBL MQWs
@, =264 meV Electron flow @, =370 meV Electron flow
5.0 - - 8.0f W — e e
| ’:’\JI\‘T\/’\J\}ﬁW . NN D= ——]
45| - @, ~54 meV [ Py~125 meV
> Be >
L L 70
&>ﬁ 4'O;= = &>6 = =
2 2
e 4 357 @, ~311 meV
05F &, ~235 meV - - o~ —— —
- — —— A A A A A 3.0
O .........
e ?Eh':"i's"SlmeV l:lole ﬂO\:v ) ) 25k ?)Eh:332.meV IHole ﬂo.w ) .
' 012 0.14 016 0.18 020 022 024 012 0.14 016 0.18 020 022 024
Relative distance/pum Relative distance/um
(a) Energy-band diagram of Sample A (b) Energy-band diagram of Sample B

Fig.2 Energy-band diagrams of EBL and MQWs parts in Sample A and B at 180 mA

After injection into the QWs, the electrons and holes are accumulated towards different directions
determinated by the polarization field both in the III-polar/N-polar QWs, i.e. the Quantum-Confined Stark
Effect (QCSE). In the Ill-polar device, injected electrons are accumulated near the p-side and holes are
accumulated near the n-side, that are also corresponding to the directions of electron and hole flow. To
confine the carriers in QWs, conduction/valence band offsets relative to quasi-Fermi level form the
electron-flow-barriers(®y.) and hole-flow-barriers (®y,) along the direction of carrier flow, which are
averagely 54 meV for electron and 235 meV for hole in Fig.2 (a). Nevertheless, in the N-polar case, the
carrier flow barriers come from both the band offsets and polarization-induced bending in QWs, which
show 125 meV for electron (@) and 311 meV for hole (®y,). Moreover, the injected electrons and holes
in Fig.2(b) are confined near the n-side and p-side, respectively, being kept away from the carrier flow
barriers. It is clear that, in the N-polar case, the higher carrier flow barriers and being away from the
barriers for carriers in QWs can reduce the likelihood of overflowing and significantly help the enhancement
of quantum confinement %,

Fig.3(a) and (b) show the carrier concentration [ N qw ] and [ Pqw] in the QWs. It can be found that
the relative positions of the [ Nqw ] and [ Pqw ] peak are consistent with the different bending direction of
band diagram. For comparison of electron and hole concentration, [ Nqw] in QWs is totally larger than
[Pqw ] due to the active energy of Mg for p-doping is much higher than Si for n-doping in AlGaNM,
Specifically, Sample B exhibits higher [N qw ] and [ P qw ] than Sample A. In terms of electrons, the higher
@y of EBL in Sample B can effectively hinder the electron leakage into p-type region. The higher electron-
flow-barriers @, in MQWs also reinforce the electron confinement. Then, more localized electrons of
Sample B in QWs show higher average [ Nqw]. The effect of the aforementioned process also works for
holes except that the lower @, of EBL in Sample B benefits the hole injection into QWs. Despite that
Sample B has higher @ and ®@y., electrons which have large mobility can still overcome those barriers.
Then, the [ Nqw] of Sample B just increase slightly compared with that of Sample A in Fig.3(a). Fig.3(c)
shows that Sample B has higher R, than Sample A, resulting from the enhanced carrier concentration,

especially holes which dominate the radiative recombination.
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(c) Radiative recombination rate
Fig.3 Carrier distribution and radiative recombination rate in MQWs of Samples A and B at 180 mA

The analyses of carrier concentration between Samples A and B demonstrate that the polarity of the
device structure can considerably affect the EBL barriers (@g. and @) and MQWs barriers (@y. and
@y, that in turn can significantly manipulate the carrier transport and recombination process. To obtain
the straightforward evidence of suppressing electron overflow, the electron concentrations in the p-Aly;
Gao 4N layer, p-EBL, and last two QWs of the two samples are showed in Fig.4 (a). Notably, Sample B

has much lower electron concentration from Last Quantum Barrier ( LQB ) to p - Alys Ga,, N layer than

p-Al, Ga, N layer EBL  MQWs 0.40

q ---- Sample A A
18 3 035 |
E’ — Sample B i
Eﬁ 030 | e
z 16 o2s |/ TTTTTeeeeell .
s -
g m
8 | < 020
5 14
2 0.15
8 0.10
: .
g 12 ---- Sample A
3 0.05 —— Sample B
m
10 , X , X ! | . 0 i . . . ] . . i
0.02 0.04 006 0.08 0.10 0.12 0.14 0.16 0.18 0 20 40 60 80 100 120 140 160 180
Relative distance/Hm Current/mA
(a) Electron concentration in p-Al,,Ga,,N, p-EBL (b) IQE versus current

and last two QWs

Fig.4 Electron concentration and IQE curve of Sample A and B
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Sample A. The lower electron concentration clearly shows that the improved electron blocking ability of
Sample B due to the applicable EBL barriers and higher MQWs barrier can well suppress the electrons into
p-type region. It should also be noted that considerable electrons are accumulated on the interface of p-EBL
and L.QB in Sample A due to larger interface polarization charge and could become wasted. Fig.4 (b) shows
the IQE curve of the two samples. Sample B has both higher IQE value and lower droop effect compared to
Sample A, resulting from the enhanced R, in MQWs and the lower droop effect can be attributed to the

[8.49]

. The proposed N-polar method can be applied in visible light emitting

24, 31]

improved electron overflow"

devices to show the advantages of improving carrier injection and output performance* . However, this
idea is more extensive in DUV region with Al-rich n-type and p-type AlGaN layers, which are suffering

more from the doping difficulties.

2 N-polar DUV LED with composition-graded QB

Although the N-polar device can form desired barriers to confine more carriersin QWs, the steeper
QBs can also block the carrier transport along the directions of carrier flow to some extent!'', especially
for the holes which have much lower mobility than electrons. That means the barrier height for confining
carriers and barrier slope for transporting carriers should be balanced. To further optimize the MQW s band
diagram and improve the device performance, two types of QB grading schemes (increase or decrease Al-
content) based on Sample B are constructed, as shown in Fig.5. The designed Samples have the same
structures and settings in n-side and p-side but just differ in MQWs. One type of QB grading scheme has
the linear composition grading from 0.6—>x (x>>0.6) along the growth direction while another one features
on the linearly grading from y—>0.6 (y>>0.6) along the growth direction. It should be noted that all
samples comprise five pairs 3-nm Al;;Ga,; N QWs sandwiched by six pairs 12-nm AlGaN QBs. Specially,
two Samples, denoted as Sample C (x=0.65) and Sample D (y=0.65) are built to detailedly analyze the
carrier manipulation in MQWs in the following part.

—— E—— :
(000-1) (000-1)

p-GaN 20 nm € —

p-Al, Ga, ;N 100 nm
Sample B I QB=Al,Ga, N |

p-Aly,Ga, ;N EBL 20 nm

I

(000-1) | 5-pairs MQW 0.65
I Al,;Ga, N QW/AIGaN QB =) Sample C 6
| (3 nm/12 nm) QB=Al,¢sGaN

0.65

0.6
Sample D
QB=Al, ¢5.0sGaN

Fig.5 The cross-sectional schematic of N-polar DUV LED, Al-content profiles of designed samples

n-Al sGay N 3pm

AIN template

with increase/decrease QB grading schemes

Fig.6(a) shows the output power of all structures designed in Fig.5. For the increasing composition
grading scheme (0.6 — x ), the output performance keeps worse as x varies from 0. 61 to 0. 71.
Nevertheless, when changing the beginning composition of y from 0.61 to 0.71, the output power shows
an increasing tendency at first and then drops. The peak optical power happens at y =0.65 (Sample D's
position). To investigate the influence of QBs grading on the carrier distribution and device performance,
we take the band diagrams of Sample B, C, and D as a comparison, which are shown in Fig.6(b). Sample
B is the reference structure without grading. Sample C (grading from 0.6—0.65) and Sample D (grading
from 0.65—>0.6) are specially designed structures. The three samples just differ in the MQWSs part of the
band diagram. The middle part in MQWs is zoomed in in Fig.6 (¢). The tilting degree of QBs can be
assumed as the slope of QBs. For the conduction band, it can be observed that, with the compositional
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grading along the growth direction, Sample C's QBs become flatter, and the electron-flow-barriers (@)
are slightly higher than that of Sample B. Although Sample D's @y, show even higher value, the slope of
Sample D's QBs are also very large, which are determined by the dual effects of compositional grading and
polarization-induced charge. For the valence band, both Sample C and Sample D show the opposite
behavior of the conduction band. Sample C's hole-flow-barriers (®y,) are the highest but the QBs slope are
the steepest, while the Sample D's @y, are moderate, but its QBs are the flattest. According to the
previous analysis, if we just consider the impact of MQW barriers (@, and @y,) , it can be easily predicted
that Sample C and Sample D would have the largest hole and electron concentration in MQWs, respectively
due to that the higher potential barriers can enhance the carrier confinement. However, the carrier
distribution may not follow the predicted results because QBs slope (viewed as the tilting degree of QBs)
also powerfully affects the carrier transport.

Beginning composition of y—0.6 grading

0.61 063 065 067 069 071
= 28 4 ; Sample D VS
E oo N
§ Sample B
g 24¢ T
2 »t Sample C
= ~y
.
© 2} L
N
18 : : : . : :
0.61 063 065 0.67 069 0.71
End composition of 0.6—x grading
(a) Output power of different grading schemes
8.4 F —— Sample B Sample C=-= Sample D 8.0} Sample B Sample C =-=Sample D
Electron flow I S
80 e o —— O N
= AU AR Z
76--—-’ .—'—m"’k‘!\(‘—/"’"— - 78
> i 1 1 2 <~ J "7
572k ' : 3
8457 : : ——————— £ L“ué 7.6‘:: ___________________ T
0 I . 32F
32F -t ITT AT T I TR TR T
-7 AN AN A
28 ___/. _»L - "1 T 30 B --‘—._. @
Hole flow | i ITiT= =
24 1 1 1 1 1 1 28 1 1
012 014 016 0.18 020 022 024 0.17 0.18
Relative distance/pm Relative distance/pm
(b) Band diagrams of MQWs and EBLs (¢) Zoomed-in band diagrams of different samples
Fig.6 Output power of samples with different grading schemes, band diagrams of Sample B, C, and D

The simulated electron concentration [ N qw | and the hole concentration [ Pqy | in the active region of
Samples B, C and D are shown in Fig.7(a) ~ (b). Interestingly, Among the three samples, Sample C
possesses the highest electron concentration while Sample D shows the highest hole concentration, which
are totally inverse of the prediction above. Sample B always appears the intermediate behavior. In
particular, for electrons, although Sample D has the highest electron-flow-barriers (®.) for confining the
electrons, the steeper QBs of Sample D can inevitably block the electron transport in MQWs, resulting in
slightly lower [ N qw ] of Sample D in comparison to Sample B. As for Sample C, owing to the moderate
@y, and flatter QB that can facilitate the electron confinement and electron injection in QWs, Sample C's
[ Nqw | is much higher. For holes, they are basically a similar situation with electrons. Sample D possesses
the highest [ P qw ] due to the preferable balance between flatter QBs and moderate @g.. As for Sample C,
the slightly lower [ P qw ] than that of Sample B is attributed to the reason that the higher potential barriers
(®y,) are compensated by the steeper QBs. Eventually, Sample D shows the highest R, due to the much
higher [ P qw] than that of Sample B and C, as shown in Fig.7(c). Therefore, as the end composition x
increases in Fig.6 (a), the higher and higher QB valence slopes will block the hole injection, thereby
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keeping deteriorating the device performance. In another case when y increasing from 0.61 to 0.65, the
improved hole injection facilitates the output power, but when y exceeds 0.65, the electron may turn to the

minority carrier in the radiative recombination process due to the impact of steeper conduction of QBs.

p-side n-side
—_—

e Sample B eeseees Sample C @= o e Sample D

[Nowl/(x10"-cm )
[} (3] +~ (o)} [o<] [}

Relative distance/pum

(a) Electron concentration

o
=]
]

~ 10 Sample B eeeeee Sample C @ o e Sample D
5
z A
L]
z :.o' \
= R o
F3
Q;J .. L ]
) A Y
Relative distance/pm
(b) Hole concentration
~ 0.08 =
o [ Sample B seseeee Sample C e o am Sample D
T 006 |
5 [ o I|
L 004 = B s
E‘/ o
S 3

(=]

0.18 0.19 0.21 022
Relative distance/pum

(c) Radiative recombination rate

Fig.7 Carrier distribution and radiative recombination rate in MQWs of Samples B, C and D at 180 mA. The relative

positions of Sample C and D are shifted 2 nm and 4 nm, respectively towards n-side for clear comparison

Fig.8 (a) depicts the spontaneous emission rate of Samples A, B, C., and D. Those spontaneous
emission rate spectra are integrated over all emission wavelengths from the quantum well. The peak
emission wavelengths of the four samples are located at around 270 nm. But the peak wavelength of Sample
B, C, and D with N-polar device shifts a little due to its reversed polarization-induced field that affecting
the interband transition energy. Obviously, Sample D exhibits the highest spontaneous emission rate with
respect to the other three samples due to the improved radiative recombination rate R,,. For the output
power versus injection current in Fig.8(b), Sample D shows the highest optical power among all samples,
which coincides with the spontaneous emission rate in Fig.8(a). Eventually, due to the improved electron
blocking and hole injection abilities, 53.6 % higher output power is achieved for the designed N-polar DUV
LED with decreased compositional grading structure (Sample D) than that of the conventional structure

(Sample A), showing the promise of the N-polar structure with composition-graded QBs.
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Fig.8 Spontaneous emission rate and output power of Sample A, B, C, and D

The compositional grading QBs in the N-polar structure reflects different characteristic and tendency

L as well as showing emphasis of

when varying grading schemes in comparison to that of Ill-polar case
the balance between carrier {flow barriers and QBs slope. It should be noted that, despite that the electron-
containing-ability of grading QBs may contribute to the EBL-free devices''""'"', the N-polar EBL shows
huge superiority on the carrier manipulation, and it is one of the key points in this work.

Although the proposed solutions have been theoretically proved to be straightforward, it should be
noted that some potential problems and obstacles of N-polar structure may exsit and are waiting to be
overcome during the process of experimental implementation. First, the surface roughness and dislocation
density of N-polar IIl-nitride film should be improved, which has been shown through misoriented

50-51] 52-53]

substrate’ , substrate nitridation , and epitaxial lateral overgrowth (ELOG)®*. Mowever, it is

essential to control the nitrogen polarity with reduced inversion domains during the initial growth"”°*_ In
addition, the optimizations of novel metal system and annealing condition are required for ohmic contact in

57591 " To promote the hole concentration in N-polar film,

31]

N-polar film compared with mature Ga-polar case

the studies of controlling oxygen incorporation"®! and polarization-doping"*"’ show the promise. This work
may stop at the structure design, however, in practice people can take advantage of this carrier

manipulation property based on the optimized growth technologies for higher performance LED.

3 Conclusions

To address the issues related to the carrier concentration including poor carrier injection, overflown
carriers, and carrier confinement., we propose the N-polar grading AlGaN QBs DUV LED aiming at the
polarization engineering in p-type EBL and MQWs. By employing the N-polar structure, the injected hole
concentration in the active region can be significantly improved and electron leakage into p-type layer can be
suppressed due to the reversed polarization-induced potential barrier for carrier transport in p-type EBL.
Meanwhile, the quantum confinement of accumulated carriers in MQWs is also strengthened, stemming
from the formed higher potential barriers along the carrier flow direction. In addition, with decreased Al-
content grading along the growth direction in QBs, the injected hole concentration is further enhanced due
to the preferable balance between flatter QBs and potential barriers in valence band, that can lead to the
53.6% higher output power as opposed to the conventional DUV LED. Through the systematic study, we
have revealed the mechanism and impact of the N-polar structure and QB grading on the carrier
manipulation. The proposed design in this work is effective and promising, that can direct the DUV
research community to solve the inefficient carrier concentration issue and realize highly efficient DUV
LEDs.
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