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Abstract. A deep-ultraviolet (DUV) laser diode (LD) consisting of specifically designed cladding layers
involving superlattice nitride alloy has been proposed. Simulation studies of different cladding layers were
carried out using Crosslight software. It was found that the proposed structure effectively suppresses the
leakage of the optical field from the active region and the optical confinement coefficient is 1.45 times higher
than that of the conventional structure. The proposed structure has a significant increase in laser power
with a low threshold current. Moreover, the introduction of novel cladding layer suppresses the electron
and hole leakage from the multiple quantum well (MQW) region, which provides an attractive solution
for increasing the stimulated recombination rate in the MQW region leading to the improvement in the

performance of the DUV LD.

1 Introduction

AlGaN-based ultraviolet emitters (light-emitting diode,
laser diode) have attracted widespread attention due
to their application in water purification, bio-chemical
sensing, surfaces disinfection, and medical equipment
sterilization [1]. Since the emergence of humans in
nature, humans have coexisted with a variety of bac-
teria and diseases. The recent global pandemic caused
by the Severe Acute Respiratory Syndrome Coron-
avirus (SARS-CoV-2) has not only posed a great risk
to human life but also caused damage to the world
economy. Therefore, the use of harmless ultraviolet-
C (UVCQC) light technology to inactivate viruses and
bacteria is inevitable in order to solve global prob-
lems such as infectious diseases [2-4]. According to the
investigation of the International Ultraviolet Associa-
tion (IUVA), DUV light sources emitting wavelengths
located at 250-280 nm have an inactivating effect on
SARS-CoV2. Although light-emitting diodes (LEDs)
can also perform some of these functions, their large
size, high cost, and low efficiency limit their widespread
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use in the deep-ultraviolet band [5]. The relative semi-
conductor laser diode has the advantages of small
size, low cost, high conversion efficiency, high power,
and easy integration [6]. Due to its excellent energy
band tuning capability, ternary Al,Ga;_«N alloys with
medium or high aluminum components are among the
most promising optoelectronic materials in the deep-
ultraviolet band [7]. Nevertheless, the realization of
highly efficient AlGaN-based laser diodes in the UV-C
range still faces many challenges. For instance, the high
dislocation density and dot defects in the device during
the growth process will lead to high electron leakage
and inhibit the radiative recombination in the active
region, the high activation energy of the Mg dopant in
p-type AlGaN weakens the conductivity in the p-type
region and the hole injection efficiency in the MQW
region [8-10]. In addition, mobility of electrons is higher
than that of holes, so a large number of electrons in the
active region will leak into the p region [11]. The intense
polarization electric field of AIGaN material with a high
Al component results in the Quantum-confined Stark
effect (QCSE), which leads to the poor overlap of elec-
tron and hole wave functions and affects the optical gain
and laser emission of LD [12]. The existence of these
problems limits the improvement of the optoelectronic
performance of DUV LD.
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Many efforts have been made to develop efficient
AlGaN DUV emitters. For instance, Preparation of
high quality AlGaN layers using freestanding AIN sub-
strates [13]. Late Akasaki et al. have reduce threshold
current density by improving optical confinement fac-
tor and carrier injection efficiency of AlGaN ultraviolet
semiconductor lasers [14, 15]. Various electron-blocking
layers have also been introduced to reduce electron leak-
age and improve hole injection efficiency [16-18]. How-
ever, little research has been done on the cladding layers
of LD.

In this paper, we have proposed novel cladding layers
containing superlattice nitride alloy and compared the
performances with conventional structure with proper
numerical analysis. The light intensity, refractive index,
and stimulated recombination rate are simulated, and
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subsequently optoelectronic performances are rigor-
ously investigated. Simulation results prove that the
introduction of superlattice cladding layers can effec-
tively improve the performance of LD.

2 Device structure

Three different types of DUV LD structures assumed
on (0001)sapphire substrate are considered in this
paper for design, as shown in Fig. 1. The first of
these structures is the conventional DUV LD, which
is considered to be the reference (LD1). It consists
of a 0.5 wm thick Si-doped Alg78Gag2e N cladding
layer (D—CL), 0.1 wm thick Si-doped Alp75Gagos N

n-CL p-CL
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N-Al 7663, 22N P-Aly7463, ,N
p-Alg 75Gag sN(0.1pm)
P-Alg 54Gag osN(0.015um)
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n-Aly 4Gy ,N(0.0 fmy/ PAl, 1568, ,,N(0.01pmy/
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Fig. 1 Schematic of proposed two DUV LD structures along with reference structure
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Fig. 3 The real refractive index profiles and near field opti-
cal model profiles for LDs with a LD1 (I' = 14.91%), b LD2
(I' = 16.29%) and ¢ LD3 (I' = 21.65%). The horizontal
scale indicates the distribution position of each layer of the
optical field
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waveguide layer (n-WGQG), two-period of multiple quan-
tum well (MQW) (A10_58Ga0.42 N/Alo_ﬁgGaOBQ N), Al-
rich 15 nm Alg94Gagos N Electron blocking layer
(EBL), 0.1 pm Mg-doped Aly75Gagaes N waveguide
layer (p-WG) and 0.5 pm Mg-doped Alg7sGagoe N
cladding layer (p-CL). The thickness of quantum well
and quantum barrier is 3 nm and 10 nm, respec-
tively. The Si doping concentration for n-type and
Mg doping concentration for p-type layers are fixed,
which are 3 x 10" cm™2 and 5 x 10'® cm™3, respec-
tively. The LD structure design is based on AlGaN
UV LD on SiC proposed by Sun et al. [19]. There
are two other modified structures (LD2 and LD3).
In the LD2 structure, the p-CL region in LDI1 is
replaced with a superlattice structure of 5 period
p—A10'78Ga0,22N(0.01 Hm)/p-AlO.gsGao'lg)N(0.0l }Lm)
and 0.4 pm thick p-Al0g5Gag1s N part. LD2 and
LD3 share the same p-CL region, and the n-CL
region of LD3 consists of 5 period n-AlyrsGagae N
(001 LLIH)/H—A1085G&015N (001 um) and 0.4 pm
thick n-Al0 g5Gag 15N region, The Al composition in
the n and p regions are symmetric. All parameters of
the three structures remain the same except for the
cladding layers. The application of five-period super-
lattice materials in other layers of DUV light sources
has been reported by Ramit et al. to improve the car-
rier distribution to enhance the performance of DUV
light sources [20, 21].

PIC3D (Crosslight Software. Inc) was used to sim-
ulate the optical and electrical properties of the DUV
LED structure [22]. The Landsberg model MQW gain
at 267 nm emission wavelength is derived by calculat-
ing the Al composition in the active region, as shown in
Fig. 2, which confirms that there are no recombination
centers except for quantum wells. It is worth mention-
ing that the emission wavelength can be tuned by the
size and composition of the quantum well [23]. In this
simulation, the laser has a width of 4 wm, and both n-
type and p-type electrodes are considered ideal ohmic
contact. The cavity length is 540 wm. Left and right
mirror reflectivity is 30%. The background is 2400. The
simulation environment is set to room temperature. At
the same time, we also assume that 40% of the polar-
ization charge in the interface is blocked [24-29].

3 Results and discussion

To illustrate the effect of novel cladding layers on the
optical properties of DUV LD, the near-field optical
model profiles were calculated by numerical simula-
tions. We calculated the physical quantity I’ (optical
confinement factor) of the active region for three differ-
ent structures,

r— / ETR / Zso%x,y)dx. (1)
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Fig. 4 a Numerically calculated all mode laser power in terms of injection current. b Voltage as a function of injection
current for three different structures, where the insert the graph showing where the scaled I-V curve section is

where d is the width of the active region and ¢(z, y) is
the wave intensity [30]. The contrast between the real
refractive index of the semiconductor and the concen-
tration of electrons and hole carriers in the active region
affect the optical gain. The real refractive index distri-
bution and the near-field optical model profiles can be
seen in Fig. 3. Among them, LD3 has a high I value of
21.65%. The T of the structure increases with introduc-
ing the new cladding layer, and the I" of LD2 and LD3
are 1.09 and 1.45 times that of LD1, respectively. These
results show that replacing the conventional CL region
with novel cladding layers can achieve better optical
field confinement in the active region and effectively
suppress the optical field leakage from the LD struc-
ture. Most of the reported lasers with AlGaN MQW
structures have an optical confinement factor of less
than 3% [31].

We further explored the effect of the novel cladding
layer on the electrical properties of DUV LD. QCSE will
reduce the overlap of the electron and hole wave func-
tions and bend the conduction band edges downward,
which will adversely affect the output power of the laser.
Figure 4a shows the relationship between power and
injection current, and the data shows that the thresh-
old current [y, for LD3 is the lowest, at 32.7 mA. The
corresponding slope efficiency (SE) are 2.26, 2.27, and
2.27, respectively. The slope efficiency of all devices
is extracted from the slope of the power and current.
When the injection current is 65 mA, the laser output
power of LD1, LD2 and LD3 are 76.18 mW, 66.77 mW,
and 63.05 mW, respectively. It can be seen from Fig. 4b
the I-V curves of the three structures are basically the
same, but the threshold voltage of LD3 is the lowest at
4.42 V. The high output power of LD3 at lower thresh-
old currents and voltages proves that the simultaneous
introduction of new cladding layers on both sides can
provide better electrical characteristics for DUV LD.
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Fig. 5 Internal electric fields of LD1, LD2, and LD3. The
higher internal electric field in the MQW adversely affects
the performance of the DUV LD, the inset represents the
scaled electric field section. Higher electric field in the MQW
region can adversely affect the performance of the DUV LD

To identify the above phenomenon, we have stud-
ied the internal electric field caused by polarization in
the MQW region during laser operation, as shown in
Fig. 5. Among the three cladding structures, the elec-
tric field inside the quantum well near the p-side of
LD3 is the smallest. Specifically, the internal electric
fields of LD1, LD2, and LD3 are 25,772, 25,387, and
23,837 V cm ™!, respectively. Thus, with the introduc-
tion of the cladding layer containing the superlattice
structure, the polarization field of the quantum well
near the p-side layer is reduced, which leads to a more
minor bending of the second quantum well in LD3 due
to polarization charge induction and a valence band
edge closer to the hole Fermi level, thus increasing the
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Fig. 6 a Electron concentration distributions in the p-Cl region. b Hole distributions in the n-Cl region. ¢ Stimulated

recombination rate in the MQW region

Table 1 Summary of calculated characteristics for LD1, LD2, and LD3

DUV LD names OCF (%) Itn (mA) S.E(W/A) Stimulated recombination rate (E28 cm™3/s)
LD1 14.91 36.3 2.26 2.08
LD2 16.29 35.4 2.27 2.19
LD3 21.65 324 2.27 2.45

hole injection efficiency and improving the carrier dis-
tribution.

Figure 6a illustrates the calculated electron concen-
tration distribution in the p-CL region. A large lat-
tice mismatch induced polarization electric field will
attracts large electron concentration at the last bar-
rier/EBL heterogeneous interface, and large electron
concentration at the last barrier/EBL interface will
result in a lower effective barrier height for electrons,
leading to poor electron confinement in the MQW
region. We can assess the extent of electron leakage by
observing the electron concentration in the p-CL region.
Electrons leaking in the p-region force holes to recom-
bine non-radiatively in the p-region before entering the

multiple quantum well region, and LD3 effectively con-
fines electrons to the multiple quantum well region.
Similarly, it can be seen from Fig. 6b that the n-region
hole leakage of LD3 is minimal, so the injected holes
can have a greater chance of compounding in the MQW
region. As shown in Fig. 6¢, The stimulated recombi-
nation rate is significantly increased in LD3 due to the
new cladding structure in the n and p regions, which
well suppresses carrier leakage and improves the uti-
lization of electrons and holes moreover providing bet-
ter overlapping of electron—hole wave functions. Thus,
an excellent stimulated recombination rate ensures low
threshold current, voltage, high output power, and high
optical confinement factor.

@ Springer



183 Page 6 of 8

Electron concentration(E 18/cm?)

Fig

C))

Energy (eV)

Energy (eV)

Eur. Phys. J. D (2022) 76:183

T T T T T T T T T T T T T T
ot (a) ey s (b) m—1
—LD3 | o —— Lp4
=
25 e o 25 E
[+ e}
N w
N . = L 4
20 M _5 20 ﬁ
B
15 | 1 5 15F
o
=
3
10 | 4 o 10F B
°
T
5k . 5} R
0 1 i i 1 1 0 ,__:—-’/1 1 1 L 1 1
0600 0605 0610 0615 0620 0625 0630 0635 0600 0605 0610 0615 0620 0625 0630 0.635
Distance(um) Distance(pm)
2500 . - T T
——LD3 a
2000 | ]
(c)
3
S
= 1500 | g
=
'®
o
S 1000 } 4
(s}
-l
500 |- i
0 1 1 ' 1
0.56 0.58 0.60 0.62 0.64

Distance (um)

. 7 Numerically calculated a electron distribution profiles in MQW, b hole distribution profiles in MQW, ¢ Local optical
gain in MQW at calculated carrier density for LDO and LD3 respectively, LD3 provides a high gain value for active medium

6 T T T T T T T T T b 1
LDO (b)
726meV <
5} 67mev l | i3
------ Tt >
—— conduction band L o
4 | |- -- Electron quasi-Fermi energy level i uc’
L
n-side MQW p-side
3 1 1 1 1 1 1 1
8.50 052 054 056 058 060 062 064 066 0.68 0.70
I T T T T T T T T
LD3
725meV <
>
5t 34meV 4 @
= — T -
—— conduction band T T %
4 | |- -- Electron quasi-Fermi energy level i L|:J
n-side MQw p-side
3 1 1 1 1 1 1 1
050 052 054 056 058 060 062 064 066 068 0.70

Distance (um)

LDO

[— valence band
- - - - Hole quasi-Fermi energy level

I—
218meV
n-side MQw p-side
_1 1 1 1 1 1 1 1 1
950 052 054 056 0.58 060 062 0.64 066 068 0.70
T T T T T T T T T
LD3

— valence band
- ==~ Hole quasi-Fermi energy level

n-side
1

232meV

MQW p-side

0.50 0.52

054 056 058 060 062

Distance (um)

064 066 068 0.70

Fig. 8 a Conduction band and Electron quasi-Fermi energy level. b Valence band and Hole quasi-Fermi energy level

@ Springer



Eur. Phys. J. D (2022) 76:183

To compare and illustrate which cladding structure
contributes more to the DUV LD performance, Table 1
summarizes the calculated characteristics of the three
different LDs.

To further investigate the effect of superlattice
cladding on LD, LD0O with the same high refractive
index and high potential barrier is added as the ref-
erence structure (n-CL for n-Alp g5Gag 15N and p-CL
for p-Alp.s5Gag.15N). We calculated the electron distri-
bution as shown in Fig. 7a and can see that the elec-
tron concentration of LD3 is higher in the quantum
well than in LDO. Figure 7b demonstrates the increase
in the hole concentration of LD3 in the MQW region.
Figure 7c shows the variation of the local optical gain of
the LD due to the interband transitions with distance.
We consider all sub-bands that can perform interband
transition, and the gain can be changed by the change of
the cladding layers. LD3 has a higher local optical gain
due to the elevated electron and hole concentrations,
suggesting that the superlattice cladding supports bet-
ter interband transitions. The observation of Fig. 7 can
be explained by analyzing the energy band diagram of
Fig. 8. If we compare the effective conduction band bar-
rier heights (ECBBH) of LD0 and LD3 in Fig. 8a, we
find that LD3 has a lower barrier (34 meV) near the
n-side compared to LDO. The lower the potential bar-
rier near the n-side, the higher the chance of electrons
flowing into the MQW region, so LD3 has a more effi-
cient electron injection efficiency. LDO and LD3 have
similar potential barriers near the p-side, their ability
to hinder electron leakage is comparable. This explains
the higher electron concentration of LD3. The presence
of EBL suppresses the electron leakage while weaken-
ing the hole injection. The effective valence band bar-
rier height (EVBBH) near the p-side affects the hole
injection. In Fig. 8b, the lower barrier height near the
n-side of LD3 means that holes can flow into the MQW
region more easily. Meanwhile, the higher barrier height
of LD3 near the n-side effectively suppresses the hole
leakage. The above results show that the superlattice
cladding layers better improves the energy band bend-
ing caused by the polarization electric field, which will
optimize the luminescence performance of DUV LD.

4 Conclusion

In conclusion, an AlGaN-based high-efficiency deep-
ultraviolet laser diode has been reported. This DUV
LD uses a new cladding layer containing a superlattice
structure in the n and p regions instead of the conven-
tional AlGaN with fixed Al components. This struc-
ture (LD3) not only provides better performance than
the conventional structure (LD1), but also has superi-
ority over the structure that optimizes only the p-region
(LD2). It is found that the optical confinement factor
of the improved structure was significantly increased
compared to LD1 (16.29% and 21.65% for LD2 and
LD3, respectively). Compared to LD1, the threshold
currents of LD2 and LD3 are reduced by 2.47% and
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10.74%, respectively, and in addition, the slope effi-
ciency is improved. LD3 has the highest stimulated
recombination rate and its superlattice cladding layers
create resonator that provides effective confinement of
optical fields and carriers. It is believed that the char-
acteristics of LD3 with new cladding layers will help
develop optical resonator with better performance for
practical applications.
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