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Abstract: AlGaN-based deep-ultraviolet (DUV) laser diodes (LDs) face performance challenges due to elec-
tron leakage and poor hole injection, often worsened by polarization effects from conventional electron
blocking layers (EBLs). To overcome these limitations, we propose an EBL-free DUV LD design incorporat-
ing a 1-nm undoped Al,3Gay,N thin strip layer after the last quantum barrier. Using PICS3D simulations, we
evaluate the optical and electrical characteristics. Results show a significant increase in effective electron bar-
rier height (from 158.2 meV to 420.7 meV) and a reduction in hole barrier height (from 149.2 meV to 62.8
meV), which enhance carrier injection and reduce leakage. The optimized structure (LD3) achieves a 14% in-
crease in output power, improved slope efficiency (1.85 W/A), and lower threshold current. This design also
reduces the quantum confined Stark effect and forms dual hole accumulation regions, improving recombina-
tion efficiency. Our findings present a promising approach for high-performance, EBL-free DUV LDs suit-

able for high-power applications.
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1 Introduction

The current deep ultraviolet (DUV) laser diode
(LD) exhibits significant potential for a range of ap-
plications, including transportation, bio-detection,
medical phototherapy, and water purification!-*!
Compared to conventional mercury lamps, DUV
LDs offer advantages such as extended lifespan,
enhanced energy efficiency, and environmental
sustainability®. Consequently, these devices have
garnered increasing attention from researchers over
recent decades. However, a notable challenge re-
mains: a substantial decline in device performance
with increasing current, which continues to hinder
their application in high-power contexts®'?. Sever-
al factors have been identified as contributing to
this efficiency degradation, including electron leak-
agel'"? low hole injection efficiency!, high carri-
er dislocation density!"”, and Auger recombina-

15-17

tion!>'"), The higher mobility of electrons relative to

holes results in electron spillover and significant en-

doi: 10.37188/C0O.EN-2025-0033

CSTR:32171.14.CO.EN-2025-0033

%191 To address these issues, a variety of

ergy loss!
solutions have been proposed. For instance, the use
of dilute-As GaNAs has been suggested to reduce
interband Auger recombination®. Zhang et al.
achieved a lower threshold current by reducing the
threshold gain by improving the optical confine-
ment factor and epitaxial growth conditions in the
274.8 nm emission wavelength band. In addition,
the laser operating voltage was reduced by using a
double-sided n-electrode arrangement®’. Zhang et
al. systematically changed the quantum well width
and found that the 3 nm narrow quantum well had a
higher material gain coefficient and a lower trans-
parent carrier density, thereby achieving a lower
threshold current density, indicating that it is more
suitable for achieving high-efficiency laser out-
put?. Additionally, to mitigate electron leakage and
enhance carrier injection, approaches such as the
substitution of AlGaN with BGaN material for elec-
tron leakage prevention'’), Zhang et al. designed the
symmetrical step-shaped electron and hole blocking

layers (HBL)™!. However, introducing an EBL with
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a high aluminum component can only alleviate the
electron leakage problem to a certain extent. The
ionization energy of Mg-doped AlGaN layers is en-
hanced with the increase of Al content. Achieving
high p-type conductivity in a high Al content Al-
GaN layer is difficult. As a result, the hole concen-
tration in the p-region is limited™!. Furthermore, po-
larized charge regions can form at the interface
between the EBL and the QW, leading to electron
accumulation near the last QW of the p-type layer,
thereby exacerbating electron leakage. Additionally,
the lattice mismatch between the final potential bar-
rier layer and the EBL induces strong polarization
effects, resulting in severe energy band bending in
the EBLP, This bending reduces the effective elec-
tron barrier height while increasing the effective
hole barrier height, making hole injection into the
active region more difficult. To address these issues,
several researchers have proposed EBL-free struc-
tures. For example, Zhang et al. eliminated the EBL
by utilizing p-type doped barriers and low Al mole
fraction HBLs to improve light-emitting diode
(LED) performance®”, Zhang et al. used a distrib-
uted polarization-doped p-cladding layer on a mod-
el without an electron blocking layer to achieve
lower internal losses and high hole injection rates
in the device®", Sharif et al. proposed the structure
of graded hole source layer without EBL to im-
prove the performance of deep-ultraviolet nanowire
LED™), Velpula et al. proposed improving carrier
transport in AlGaN deep-ultraviolet LED using a
strip-in-a-barrier structure®”. However, most stud-
ies focusing on EBL removal are centered on LED
applications, with few addressing LDs. In this work,
We propose a structure that eliminates the electron
blocking layer (EBL) under the condition of a
267 nm emission wavelength. By removing the tra-
ditional EBL layer, this structure effectively re-
duces the band bending caused by polarization ef-
fects. Furthermore, the introduction of an undoped
thin strip layer reduces the quantum confined Stark

effect (QCSE) in the active region®, increases the

electron barrier height, and prevents electron leak-
age from the active region to the p-type region,
thereby improving the stability and efficiency of the
laser, particularly in high-power applications. Ex-
perimental comparative analysis shows that this
structure also lowers the hole barrier height, facilit-
ating hole injection, which effectively enhances car-
rier injection and recombination efficiency, thus im-
proving the laser performance and mitigating effi-
ciency degradation. Finally, we optimized the thick-
ness of the thin layers (1 nm, 2 nm, 3 nm, 4 nm) and
the Al composition (0.6, 0.65, 0.7, 0.75, 0.8). Our
findings indicate that a 1 nm Al;3Gay,N thin layer
structure optimally enhances device performance,
playing an important role in advancing high-power

deep ultraviolet laser applications.

2 Simulation structure and paramet-
ers

Figure 1(a) is a schematic diagram of a DUV
LD using sapphire as the substrate. The laser struc-
ture consists of a 0.1-um-thick Aly;5GagosN
Aly75GagosN layer, a  1-um-thick
Aly75GagosN  Aly75Gag,sN - cladding  (n-CL), a
0.11-um-thick  Aly¢GagN  AlgssGags,N  lower
waveguide layer (LWG), multiple quantum wells
(MQWs) composed of two 3-nm thick Al sgGag 4N
AlyssGag N wells (QWs) and three 8-nm-thick
AlysGag 3N AlgesGag3,N barriers (QBs), The P-
type region includes a 20-nm-thick Alj;Gay;N
Aly;GagsN  EBL, a 0.7-pm-thick AlgeGag 3N
AlyesGag 3N upper waveguide (UWG), a 0.4-pm-
thick Aly75Gag,sN Al 75GagpsNeladding (p-CL) and
a 0.1-pm-thick Al,3Gay,NAlygGay,N contact layer.
Insert a 1 nm thick AlygGag,N AlygGag,N undop-
ed thin layer between the LQB and the EBL for
LD2 structure. The LD3 structure is based on the
LD2 structure with the EBL removed. The struc-
ture diagram of LDI1, LD2, and LD3 is shown in
Figure 1(b). Analyze the optical and electrical prop-
erties of devices with the Advanced Physical Model

contact
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for Semiconductor Devices (PICS3D) developed by
Crosslight Software Inct?. PICS3D software calcu-
lates the electrical behavior of all LDs by solving
Poisson’s equation and the current continuity equa-
tion for electrons and holes®®. In this simulation, the
p- and n-electrodes were considered ideal ohmic
contacts. According to the experimental conditions,
the ambient temperature is set to 300 K, the laser
cavity length is 530 pm, the width is 3 um, the re-
turn loss is 2400, and the specular refractive index
is 30%"*. Spontaneous polarization and piezoelec-
tric polarization were carefully designed with the
method proposed by Fiorentini et al.*. The LD
structure is a Fabry— Perot cavity modified from the
GaN blue LD proposed by Nakamura and Fasol®®.,
Other detailed material parameters can be found in

the reference .

a) p-contact AL0.7
@p ®) 1068 (20 nm)
(8nm) LDI EBL
0.1 pm p-Al,sGay,N )
0.4 um p-Al,;5Gag,sN Al10.58
(3 nm) A10.8
UWG 0.7 pm n-Al, 5Gay, ,N (1 nm) A10.7
A10.68 (20 nm)
EBL 20 nm p-Aly,Gay,N_ [} py (Snm) LD HW\
Al 5Ga N/AlysGag 0N | |
MQWs H
n-contact Al10.58 AL 0.8
LWG 0.11 pm n-Al, Gag ;N (3 nm) a mﬁ)
A10.68
1 pm n-Aly ;5Gay, 5N (8nm) LD3
A10.58

(3nm)

Fig. 1 (a) Schematics of the DUV-LD structure, and (b)
LD1, LD2, and LD3 structure diagram

3 Results and Discussion

To elucidate the physical mechanisms under-
pinning the improved performance of the proposed
structure, we analyze the effect of the undoped
AlygGag,N thin strip layer on band structure modu-
lation. The introduction of this high-Al-content lay-
er at the interface induces a polarization field redis-
tribution, which partially compensates for the spon-
taneous and piezoelectric polarization discontinuit-
ies between adjacent AlGaN layers. This compensa-
tion reduces the magnitude of built-in electric fields
and thereby alleviates the severe band bending com-

monly observed in conventional DUV-LD hetero-

structures.

The suppression of band bending enhances car-
rier confinement by reshaping the conduction and
valence band profiles. In particular, the reduced
downward bending of the conduction band in-
creases the effective electron barrier height, while
the smoothed valence band profile reduces the hole
injection barrier. Moreover, due to the disparity in
effective masses between electrons and holes in
high-Al-content AlGaN materials, the quasi-Fermi
level separation plays a critical role in modulating
carrier accumulation. The high effective mass of
holes leads to a broader spatial distribution under a
given Fermi level shift, facilitating better overlap
with the quantum well region.

Additionally, the thin and undoped nature of
the inserted AlygGa,,N layer minimizes ionized
impurity scattering, preserving mobility and en-
abling efficient tunneling-assisted injection. The res-
ulting structure promotes balanced carrier injection
and recombination, which is essential for improving
efficiency and threshold current characteristics in
DUV laser diodes.

To study the performance of the proposed
structure, we conducted a numerical analysis to in-
vestigate the three LDs. First, we calculated the en-
ergy band diagrams of the LD1, LD2, and LD3. The
principle of improving hole injection and electron
leakage is to reduce the effective barrier height of
the valence band and increase the effective barrier
height of the conduction band™. The effective bar-
rier height is defined as the energy difference
between an energy band and its corresponding
quasi-Fermi level®. It is a reliable parameter for
evaluating a laser's electron confinement ability and
hole injection efficiency.

As illustrated in Figure 2, the electron effect-
ive barrier height for LD1 is 158.2 meV, which is
relatively low compared to LD2, where an undoped
strip thin layer has been incorporated. After elimin-
ating the EBL, the effective potential barrier for
LD3 rises to 420.7 meV, significantly hindering
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electron leakage. In contrast, the effective poten-
tial barrier for holes in LD3 is 62.8 meV, which is
lower than that of LDI1 (149.2 meV) and LD2
(261.2 meV), thereby minimizing the resistance to
hole injection into the active region. This reduction
in hole injection barrier primarily arises due to the
polarization charge generated at the heterointerface
between the LQB and the EBL, which causes a

5L@) l -

W, — ,/L o
158.2 meVl

—— Enerey band

~ - Quasi-Fermi level

>
o
:>5 4= 4
5
=
m
149.2 meV
P S el o el i
L MQW, 7 EBL, L UWG
1.22 1.24 1.26 1.28
Distance/pm

sharp band bending in the conduction band, thereby
lowering the effective barrier height for electrons
while simultaneously increasing the barrier for
holes. Furthermore, this polarization effect results in
the accumulation of electrons in this region, contrib-
uting to the formation of nonradiative recombina-
tion centers™” thereby exacerbating electron leak-

age.

—— Enerey band [

- — Quasi-Fermi level
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Energy/eV
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Fig. 2 Energy band diagram and quasi-fermi level (a) LD1, (b) LD2, and (c) LD3

Additionally, a hole depletion region forms at
the LQB-EBL heterointerface due to the polariza-
tion effect, as shown in Figure 2(a), which further
limits hole injection efficiency. However, the inser-
tion of the thin strip layer mitigates the impact of
this depletion region, creating a hole accumulation
zone, as seen in Figure 2(b). In the absence of the
EBL structure, LD3 eliminates the hole depletion re-
gion entirely, forming two distinct hole accumula-
tion regions, as depicted in Figure 2(c), which fur-
ther enhances hole injection efficiency.

To further validate the proposed structure, we
examine the electron and hole concentrations in the

three LD configurations, as shown in Figure 3. The

removal of the EBL in LD3 eliminates the energy
band bending caused by the polarization charge,
which in turn elevates the pulled-down energy
band. This leads to an increase in the effective
electron barrier height, thereby reducing electron
leakage into the p-type region. As illustrated in
Figure 3(a), the electron concentration in the p-type
region of LD3is the lowest when compared to
LD1 and LD2. Additionally, LD3 reduces the ef-
fective hole barrier height, facilitating hole injec-
tion into the active region. As shown in Figure 3(b),
the highest hole concentration is observed in the thin
strip layer of LD3, which further supports our previ-

ous analysis.
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Fig. 3 (a) Electron leakage in the p-type region of three structures, and (b) hole concentration of the three structures

As a result, the output power of LD3 shows a
significant improvement compared to LDI and
LD2. As demonstrated in Figures 4(a), and 4(b), the
output power of LD3 increases to 100.2 mW, sur-
passing that of LD1 (87 mW) and LD2 (91 mW).
Additionally, the slope efficiency of LD3 reaches
1.8 W/A, representing improvements of 12% and
8% over LD1 (1.6 W/A) and LD2 (1.7 W/A), re-

100 (@) Calculated Slop eflﬁciency (S]IE)
LDI1=1.65 W/A LD1
LD2=1.71 W/A — o

LD3=1.85 W/A

801 Calculated I, — LD3

LD1=26.51 mA

60+ LD2=2555mA

LD3=24.13 mA

Power,,,,,

40 LDI1=87.79 mW

LD2=91.59 mW

LD3=100.23 mW,

All mode laser power/mW

20 -

0 1
0 20 40 60 80
Current/mA

spectively. Furthermore, the threshold current for
LD3 is reduced to 24 mA, which is lower than that
of LD1 (26 mA) and LD2 (25mA), and the
threshold voltage of LD3is 4.623 V, which is
also lower than that of LD1 (4.629 V) and LD2
(4.632 V). These improvements can be attributed to
the higher carrier concentration in the active region
of LD3, as shown in Figures 5(a), and 5(b).

80 T T T
(b)
70 —— LDl T
60 80 s
<10 Calculated v,] — LD3
< 50l |E 60 LD1=4.632V 1
£ = 0 LD2=4.629 V
EIRER:Y LD3=4.623 V |
o = 30
= 8 20
O 30 (1)0 |
20k 48 -47 -46 45 |
Valtage/V
10 / ¢ .

0
=5.0 -4.0 -3.0 -2.0 -1.0 0
Valtage/V

Fig. 4 (a) P-I curve of three structures, and (b) I-V curve of three structures

Although our simulations primarily focus on
carrier transport, band structure modulation, and ra-
diative recombination efficiency, these improve-
ments have important implications for room-temper-
ature (RT) lasing feasibility. A key prerequisite for
RT lasing in DUV laser diodes is a low threshold
current density, which is strongly influenced by the
balance of carrier injection and recombination rates.

The proposed EBL-free structure with a strip
layer ctructure enhances both hole injection and
electron confinement, thereby improving the spatial
overlap of electrons and holes in the quantum wells

and increasing efficiency. These enhancements ef-

fectively reduce the carrier density required to reach
population inversion, leading to a lower lasing
threshold.

Furthermore, the improved optical power ob-
served in LD 3 indicates reduced nonradiative losses
and more efficient radiative recombination, which
are essential for maintaining high optical gain at
room temperature.

Additionally, in AlGaN-based materials, holes
exhibit a relatively high effective mass and low mo-
bility compared to electrons, leading to a non-uni-
form distribution of holes within the multiple qu-

antum well (MQW) structure. Consequently, holes
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near the p-side of the MQW accumulate at higher
concentrations than those near the n-sidet***, which
enhances the effective radiative recombination rate
within the MQW, as illustrated in Figure 5(c). This
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increased radiative recombination in the active re-
gion leads to a lower threshold current for LD3, as
shown in Figure 5(d), further improving the opto-

electronic properties of the device.
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Fig. 5 (a) The electron concentration in the MQWs, (b) the hole concentration in the MQWs, (c) stimulated recombination

rate in MQWs, and (d) numerically calculated near-field optical model profile for LD1, LD2, and LD3

To gain deeper insight into the device perform-
ance, we calculated the electron and hole current
densities for LD1, LD2, and LD3. As shown in
Figure 6(a), the increased effective electron poten-
tial barrier height in LD3 significantly reduces elec-

tron leakage. In Figure 6(b), LD3, by removing the

—1000
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Electron leakage

—3000

—4 000

Electron current density (A/cm?)

75 000 1 1 1 1
1.20 1.21 1.22 1.23 1.24 1.25
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energy band bending caused by the polarization
charge effect at the EBL-LQB interface, forms a
hole accumulation region. This not only improves
hole injection but also reduces the energy loss of

holes during transport, leading to enhanced device

performance.

0 . (b)
& 2000 F — LD11
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Fig. 6 (a) Electron current density of three structures, and (b) hole current density of three structures
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We further investigated the performance of
LD2 with an inserted undoped thin strip structure of
Al,Ga, N, varying the Al component and thickness.
As shown in Figures 7(a), and 7(b), the output
power and radiative recombination rate of LD2 are
maximized when the Al component is 0.8, yielding
the best laser performance. This improvement is at-
tributed to the insertion of the undoped thin strip
structure between the EBL and the LQB of LD2,
which effectively mitigates the band bending caused
by polarization at the heterogeneous interfaces,
thereby enhancing device performance. At lower Al

components, however, the electron confinement in

100 .
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the QW weakens, leading to increased electron leak-
age into the p-region, which negatively impacts the
radiative recombination rate. When the Al compon-
ent is 0.8, the electron effective potential barrier is at
its highest, leading to stronger electron confinement
in the MQW. Furthermore, the formation of a hole
accumulation region at the heterogeneous interface
reduces the hole depletion region, thereby improv-
ing hole injection efficiency, increasing carrier con-
centration in the active region, and consequently en-
hancing the effective recombination rate and output

power.
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Fig. 7 (a) LD2 output power of different Al components, (b) LD2 recombination rates of different Al components in MQWs,

(c) output power with different thickness of AlygGay,N strip of LD2, and (d) recombination rates with different thick-

ness of AlysGag,N AlysGagNstrip of LD2 in MQWs

Figures 7(c), and 7(d) reveal that the device
performance is optimized when the thickness of the
AlygGag,N thin strip structure is 1 nm. As the strip
thickness increases, the ability of the cavities to
enter the active region diminishes, reducing carrier
injection efficiency and thereby lowering the effect-

ive recombination rate and output power. Therefore,

the insertion of a 1 nm Aly3Ga,,N thin strip layer
effectively reduces the impact of strong polarization
effects, optimizing device performance.

Building on these findings, we applied the con-
clusion to the removal of the EBL structure in LD3.
As shown in Figure 8, the insertion of a 1nm

Aly3Gag,N thin strip layer in LD3 further enhances
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device performance. This improvement is primarily
due to the absence of the EBL layer in LD3, which
prevents the strong polarization effects that typic-
ally lead to band bending. The thin strip layer in-

creases the effective conduction band barrier height,

100 | (@)
80 |

60 |

Power/mW

40

100 ©

80

Power/mW

40

20

0 20 40 60 80
Current/mA

better suppressing electron leakage, while simultan-
eously enhancing hole injection by inducing two
hole accumulation regions at the thin layer. This sig-
nificantly improves hole injection efficiency and

overall device performance.
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Fig. 8 (a) LD3 output power of different Al components, (b) LD3 recombination rates of different Al components in MQWs,

(c) output power with different thickness of AlysGagoN Al sGag,Nstrip of LD3, and (d) recombination rates with dif-

ferent thickness of AlysGag,N strip of LD3 in MQWs

Finally, Figure 9 illustrates the electric field
distribution at the heterojunction. In Figure 9(a), it is
evident that the electric field at the heterojunction
surface varies with different Al compositions, with
the minimal electric field occurring at an Al com-
position of 0.8. Figure 9(b) further analyzes the ef-
fect of thin layer thickness on the electric field when
the Al composition is fixed at 0.8. It shows that the
electric field at the heterojunction surface is mini-
mal when the strip thickness is 1 nm. The electric
field is closely related to the piezoelectric polariza-
tion charge density, and the small electric field at
the heterogeneous interface reduces the polarization

effect, thereby minimizing band bending, prevent-

ing electron leakage, and enhancing hole injection
efficiency.

To evaluate the practical applicability of the
proposed EBL-free structure, we qualitatively ana-
lyze its potential for supporting electrically injected
lasing under realistic fabrication conditions. Several
critical parameters—including modal gain, optical
confinement factor, and threshold current density—
must be considered when transitioning from simula-
tion models to actual device processing.

First, the improved carrier injection balance in
LD3 enhances radiative recombination within the
multiple quantum wells (MQWs), directly contribut-
ing to higher modal gain. This is further supported
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by the increased carrier concentration and stimu-
lated recombination rate observed in our simulation.
Moreover, the reduction of non-radiative centers at
the heterointerfaces, due to the elimination of the
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EBL and the suppression of polarization-induced
band bending, suggests that optical losses associ-
ated with carrier leakage can be minimized—favor-

ably influencing threshold conditions.
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thicknes

Second, the thin undoped AlysGag,N strip lay-
er contributes to a more symmetric band profile and
facilitates better waveguide index matching. This
structural refinement can improve the optical con-
finement factor without the detrimental refractive
index discontinuities often introduced by high-Al-
content EBLs. Better confinement leads to more ef-
ficient overlap between the optical mode and the
gain region, further enhancing the prospects for las-
ing.

Additionally, lateral current spreading in high-
resistance p-type layers remains a well-known limit-
ation in AlGaN-based DUV LDs. The removal of
the EBL can reduce the overall series resistance of
the p-type region, slightly improving lateral current
uniformity. However, proper p-type contact engin-
eering remains essential. To address this, strategies
such as employing transparent current-spreading
layers or highly doped graded-contact structures
may be necessary to ensure uniform carrier injec-
tion across the ridge width.

Optical loss associated with the p-type clad-
ding and contact layers is another practical concern.
In our proposed structure, the Al content of the p-
type waveguide and cladding is carefully chosen to

reduce absorption while maintaining index contrast

for confinement. Additionally, future designs may
benefit from inserting electron-blocking-free hole
injection layers that are both optically transparent
and electrically conductive.

In summary, although this study primarily fo-
cuses on simulation-based optimization, the struc-
tural features introduced here—particularly the
elimination of EBL-induced polarization effects and
the tailored insertion of the undoped thin strip lay-
er—provide a foundation for designing practical,
electrically injected DUV LDs. With proper cavity
design, thermal management, and current spreading
optimization, the proposed structure holds strong
potential for achieving low-threshold lasing at or

near room temperature

4  Conclusion

In this work, we proposed and analyzed a nov-
el EBL-free AlGaN-based deep-ultraviolet laser di-
ode structure utilizing a 1-nm undoped Aly3Gay,N
thin strip layer inserted after the last quantum barri-
er. Through comprehensive numerical simulations,
we demonstrated significant improvements in elec-
tron confinement, hole injection efficiency, carrier

concentration in the active region, and overall radi-
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ative recombination rate. The optimized structure
(LD3) achieved a 14% increase in output power, re-
duced threshold current, and enhanced slope effi-
ciency. These advancements stem from the suppres-
sion of polarization-induced band bending and the
elimination of the hole depletion region typically in-
troduced by conventional EBLs.

Importantly, this work offers a physically gu-

ided structural design framework that may enable

low-threshold lasing at or near room temperature.
Although room-temperature lasing is not directly
demonstrated, the observed improvements strongly
suggest that, with proper implementation of stand-
ard cavity and thermal management strategies, the
proposed EBL-free structure has significant poten-
tial for experimental realization in high-perform-

ance DUV LD applications.
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