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Abstract: Vertical-cavity surface emitting lasers in UVA band (UVA VCSELs) operating at a cen-
tral wavelength of 395 nm are designed by employing PICS3D(2021) software. The simulation
results indicate that the thickness of the InGaN quantum well and GaN barrier layers affect the
emission efficiency of UVA VCSELs greatly, suggesting an optimal thicknesses of 2.2 nm for the
well layer and 2.7 nm for the barrier layer. Additionally, an overall consideration of threshold
current, series resistance, photoelectric conversion efficiency, and optical output power results in
the optimized thickness of the ITO current spreading layer, ~20 nm. Furthermore, by employing
a five-pair Al 15GaggsIN/GaN multi-quantum barrier electron blocking layer (EBL) instead of a
single Alyp2GaggN EBL, the device shows a ~51% enhancement in the optical output power and
a ~48% reduction in the threshold current. The number of distributed Bragg reflector (DBR) pairs
also plays crucial roles in the device’s photoelectric performance. The device designed in this study
demonstrates a minimum lasing threshold of 1.16 mA and achieves a maximum wall plug efficiency
of approximately 5%, outperforming other similar studies.

Keywords: VCSEL; active region; current spreading layer; electron barrier layer; distributed Bragg mirror

1. Introduction

Vertical-cavity surface emitting lasers (VCSELs) have the advantages of single longi-
tudinal mode output, low threshold current, low divergence output beam, high coupling
efficiency with fiber, and easy two-dimensional array [1,2]. These characteristics make
them well suited for a wide range of applications such as high-resolution laser displays,
semiconductor lighting, data communication, and optical storage [3,4]. Over the past
few decades, VCSELs based on GaAs and GaN have achieved remarkable research ad-
vancements in the infrared and visible wavelengths [5]. However, the development of
ultraviolet (UV) VCSELs, which hold significant importance in areas like ultraviolet cur-
ing, medical treatment, and biological control, has been hindered due to difficulties in
structural design, epitaxial growth, and device processes as well. So far, the existing UV
VCSELs are all optically pumped and the lasing wavelengths are mainly concentrated in
the UVA band (320-400 nm) [6-11], with no reports of UV electrically pumped VCSELs.
The reason lies in the necessity of AlGaN materials with high aluminum content for the
UVB (280-320 nm) and UVC (200-280 nm) bands, leading to the increased complexity in
developing high-quality AlGaN films. Until now, optically pumped UVA VCSELs are
predominantly based on In,Ga;_xIN/GaN quantum well structures, with the shortest lu-
minescence wavelength close to the GaN bandgap (~360 nm). The electrically injected
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UV VCSELs are still facing problems related to carrier injection efficiency, current spread-
ing, and material self-absorption, posing significant obstacles to the development of UV
devices [12-15].

Due to the complexity of the VCSEL structure, the performance of the device can be
greatly improved through a reasonable structural design. The quantum well active region
providing optical gain is the most important component of laser devices. Therefore, the
optimization of active region is particularly important. In previous studies, Mei Zhou
et al. utilized LASTIP software to investigate the influence of quantum well and barrier
layer thickness on the performance of edge-emitting lasers, discovering that an appropriate
increase in barrier layer thickness can effectively suppress carrier leakage [16]. K Meel et al.
delved into the influence of quantum well and quantum barrier width on the optical and
electrical characteristics of blue LEDs using device simulations [17]. However, there is still
limited research on the investigation of active region structure of UV band VCSELs.

Furthermore, challenges such as material self-absorption and the design of an electron
blocking layer (EBL) should also be carefully considered in UV band VCSELs because of
the larger material absorption and shallower QWs when compared to devices emitting
in the visible spectral range. Particularly, the absorption of distributed Bragg reflectors
(DBRs) and Indium Tin Oxide (ITO) are significantly enhanced in the UV band. Lai and
Konig et al. meticulously measured the absorption properties of ITO across diverse spectral
ranges, unveiling a notable rise in the absorption coefficient within the UV band [18,19].
Haocheng Wu et al. identified the definite influence of the pair number in the DBRs
on the optical performance of Resonant-Cavity Light-Emitting Diodes (RCLEDs) [20].
Additionally, in tackling the issue of carrier leakage, the integration of an EBL between the
active region and p-GaN, such as an Al-graded bulk AlGaN EBL, ternary InAIN EBL, and
AlGaN/GaN uniform multiple quantum barrier (UMQB) EBL, has been demonstrated to
be effective [21-24].

In this study, we utilized PICS3D(2021) software to design an electrically injected UVA
VCSEL with a central wavelength of 395 nm and a cavity length of 5A, since there is still
no report on electrical-driven VCSELSs in the wavelengths below 400 nm. The thickness
and structure of the active region, current spreading layer, and EBL were systemically
optimized. Both the thickness of the QW and QB layers show a great influence on the
output power and threshold current of the UVA VCSEL. The optimized device with three
pairs of InGaN(2.2 nm)/GaN (2.7 nm) MQW active regions shows the best performance.
Additionally, the thickness of ITO and the pair number of DBRs also significantly impact
the optical and electrical characteristics of VCSEL devices. The optimized ITO thickness is
~20 nm and the pair number turns out to be 9 and 18.5 for the top DBR and the bottom DBR,
respectively. It is also found that the utilization of MQB EBL instead of a single AlGaN
layer results in a remarkable ~51% increase in the output power and a substantial ~48%
decrease in the threshold current.

2. Device Structure and Simulation Method

Figure 1 illustrates the two-dimensional and three-dimensional structural diagrams
of the UVA VCSEL with a double dielectric DBR structure utilized for simulation in this
study. The basic model of the device consists of n-GaN with a doping concentration of
5x 108 em=3,3 pairs of Ing 0gGag 9pN/GaN quantum well active regions, an Aly,GaggN
EBL with a doping concentration of 3 x 10'7 cm~3, p-GaN with a doping concentration
of 5 x 10 ecm~3, and an ITO current spreading layer. The device features a current con-
finement aperture with a diameter of 5 um and lasing wavelength of 395 nm. The detailed
structural parameters are provided in Table 1 under optimal device performance conditions.
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Figure 1. (a) Two-dimensional and (b) three-dimensional structure diagram of the device used in
the simulation.

Table 1. Detailed structural parameters of VCSEL devices.

Type Material Thickness (nm) Doping Concentration (cm~3)
Top DBRs HfO, /SiO, (51/67) * 9 pairs
n-GaN GaN 610 n:5e18
MQW Ing 0sGag.opN/GaN (2.2/2.7) * 3 pairs
EBL A10.2Ga0_8N 20 p13818
p-GaN GaN 67 p:3el8
Insulating layer Si0, 10
Current spreading layer ITO 20
Bottom DBRs HfO, /SiO, (51/67) * 18.5 pairs

PICS3D (2021) software (Crosslight Company) was used for conducting simulation
calculations [25,26]. By leveraging finite element analysis, it addresses the Poisson equation,
current continuity equation, carrier transport equation, complex wave equation, and laser
rate equation of VCSEL in cylindrical coordinate system, enabling an accurate calculation
of the electrical and optical characteristics of the semiconductor laser. Additionally, the
spontaneous polarization and piezoelectric polarization of GaN-based materials are also
considered in the simulator; they jointly determine the overall polarization direction and
the total built-in electric field within the material, significantly impacting the emission
wavelength and luminous efficiency of the light-emitting device. Simulation models include
the carrier drift-diffusion (DD) model, the self-consistent multi-quantum well model, the
optical waveguide model, and the effective index model (EIM) [27]. In the simulation, the
Auger recombination coefficient and Shockley—Read-Hall (SRH) recombination lifetime
are set to be 1.4 x 1073! cm®/s and 1078 s, respectively [28,29]. The polarization ratio is
set to be 40% for calculating the polarization electric field of III-nitride-based devices [30].
The conduction/valence band offset ratio was set to be 70:30 for MQWs and 50:50 for
AlGaN/GaN interface [31]. The mobility of the electron and hole is 100 cm?/V-s and
10 ecm2/V-s [32], respectively. To account for optical losses, the absorption coefficient of ITO
is 4000 cm~! [18,19] and the average optical background loss of the n-GaN, MQWs, EBL,
and p-GaN layers in the cavity was set to 10 cm~! [33]. The detailed physical parameters
of simulation are listed in Table 2.

To validate the accuracy of the model, we initially simulated the reference experimental
device report by Kuramoto et al., as illustrated in Figure 2a,b [34]. The stimulated VCSEL
has a laser wavelength of 441.9 nm and a gain peak of 442.1 nm. The device has a total cavity
length of 5A and Table 3 presents the key material parameters utilized in both experiments
and simulations. We utilized the WebplotDesigner tool to extract the power—current (PI)
curve data from the actual devices presented in the referenced paper for comparison with
our simulation data. As illustrated in the P-I curve in Figure 2c, there is a good agreement
between the experimental results and our simulation outcomes, thereby validating the
accuracy and effectiveness of our simulation procedure.
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Table 2. Detailed physical parameters of simulation.

Parameter Value Unit
Auger recombination coefficient 1.4 x 10731 cm®/s
SRH recombination lifetime 1.0 x 108 S
The band offset ratio for MQW 70:30 —
The band offset ratio for AlGaN/GaN interface 50:50 —
Polarization ratio 40% —
Electron mobility 100 cm?/V'-s
Hole mobility 10 cm?/V'-s
Absorption coefficient of ITO 4000 cm™!
Average optical background loss 10 cm !
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Figure 2. (a) Simulated emission spectrum and (b) gain spectrum under 20 mA. (c) P-I curves for
experiment (Ref. [34]) and simulation.

Table 3. Key material parameters observed in experiment and used in simulation.

Material Simulation Experiment (Ref. [34])

Top DBRs AlInN/GaN 42 pairs 42 pairs
n-GaN GaN 680 nm 660 nm

MQW InGaN/GaN 39 nm 39 nm

EBL p-AlGaN 20 nm 20 nm

p-GaN GaN 84 nm not mentioned
Insulating layer S5i0, 20 nm 20 nm
Current spreading layer ITO 20 nm 20 nm
Bottom DBRs SiO, /Nb,Os5 10.5 pairs 10.5 pairs

3. Results and Discussion

In comparison to conventional bulk materials, the gain of VCSEL devices can be
significantly enhanced by utilizing the quantum well active region (QW) structure, resulting
in a lower operating threshold. However, the thickness of the well layer and barrier
layer within the active region profoundly influence the device’s performance. Therefore,
we first the optimize quantum well structure for a 395 nm VCSEL. The active region
adopts three pairs of Ing 9sGag9pN/GaN QWs because an excessive number of QWs can
lead to an uneven carrier distribution, resulting in varied gains across the whole active
region, and some of the QWs may even act as absorption layers [35]. Previous simulation
results indicate that reducing the number of QWs can also decrease the lasing threshold
current [36,37]. Figure 3 depicts the optical and electrical performance of the devices
corresponding to different well layer thicknesses when the barrier layer thickness is 6.0 nm.
The device QW thickness of 2.2 nm demonstrates the lowest threshold current and highest
output power. Deviating from this optimal well thickness results in a decrease in output
power and increase in threshold current.
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Figure 3. (a) Power-current curves. (b) Output power at 20 mA and (c) threshold current curves of
VCSEL under different well thicknesses.

To understand the influence of QW thickness on device performance, we calculated
the electron concentration in the active region with thinner QWs with a well thickness
of 2.0 nm, as shown in Figure 4a. A thinner quantum well leads to decreased electron
concentrations when compared with the optimized well thickness of 2.2 nm. This finding
suggests that electron confinement is weaker, and carrier leakage is more serious in a
thinner QW. A decrease in the well thickness leads to an elevation in the ground state
energy level, consequently reducing the energy gap between the ground state and the
quantum barrier. Therefore, the energy required for electrons to escape from the well layer
decreases, inducing larger carrier leakage from the QWs [38,39]. A QW that is too thick
will also degrade the device’s performance. Figure 4b-d illustrate the overlap diagrams of
electron and hole wave functions for well layer thicknesses of 2.2 nm, 2.5 nm, and 2.8 nm,
respectively. It is apparent that the overlap degree of electron and hole wave functions
decreases gradually as the thickness of the well layer increases. This phenomenon arises
from the existence of the quantum-confined Stark effect (QCSE), which is caused by the
polarization electric field-induced energy band tilt. The QCSE will be more serious in
thicker QWs, leading to a reduction in the overlap of electron and hole wave functions,
consequently deteriorating device performance.
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Figure 4. (a) Electron concentration in active region corresponding to different thicknesses of well layer.
(b—d) Electron and hole wave function overlap for well thicknesses of 2.2, 2.5, and 2.8 nm, respectively.

Figure 5a shows the power—current characteristics of the VCSEL across different
barrier thicknesses, and the well thickness was fixed to be 2.2 nm. The device shows the
largest output power at a barrier thickness of 2.7 nm. Figure 5b,c show the electron and
hole concentration in the MQWs with a barrier thickness of 2.5 nm, 2.7 nm, and 5.0 nm,
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respectively. While the barrier thicknesses is smaller than 2.7 nm, there is a tendency for
electrons to accumulate in the QWs close to the p-side, and holes to accumulate in the QWs
close to n-side, which is known as the “flyover” charge carrier process [40]. The deviation
in spatial distribution of electrons and holes diminishes the efficiency of electron-hole
radiation recombination, thereby deteriorating the luminous performance of the device.
This conclusion is substantiated by the stimulated radiation recombination rates depicted
at different barrier thickness in Figure 5d, and the arrows in the illustration represent the
direction of electron and hole motion under an applied electric field. Nevertheless, the low
mobility of holes hinders their migration into the n-side quantum wells when the barrier
thickness significantly surpasses the optimal value. It has been reported in the literature
that this will escalate the non-radiative recombination rate [41,42], thereby substantially
affecting the emission performance of the active region and reducing the output power. For
the UVA VCSEL with a central wavelength of 395 nm in this study, the optimal well layer
and barrier layer thicknesses are determined to be 2.2 nm and 2.7 nm, respectively, which
is consistent with the actual well layer thickness of the GaN laser, generally ranging from 2
to 3 nm [43].
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Figure 5. (a) Power-current curve. (b,c) Electron and hole concentration distribution. (d) Radiation
recombination rate of the VCSEL with different barrier thicknesses and a fixed well thickness of
2.2 nm.

The optimization of current spreading layer is also essential for GaN-based VCSELs
in the UV band. ITO is commonly used as the current spreading layer on the p-side of
GaN-based light emitting devices due to its excellent conductivity and optical transparency
across the visible spectrum. Despite showing increased optical absorption losses in the near-
ultraviolet range, studies have indicated that ITO can still achieve high transmittance at a
wavelength of 395 nm [44,45], making it suitable for ohmic contact and current spreading
in UVA VCSEL. However, the thickness of the ITO layer seriously impacts the optical
and electrical properties of the VCSEL. Therefore, it is crucial to meticulously design the
appropriate thickness of ITO to improve the performance of GaN-based lasers. The ITO
absorption coefficient set in the simulation is 4000 cm ™!, consistent with the results of prior
studies by F. Lai and Konig [18,19,46].

The active region is positioned at the standing wave antinode to maximize the gain
enhancement factor during simulation, as shown in Figure 6a. Additionally, it is essential
that ITO is positioned at the standing wave node to minimize the optical absorption loss
within the cavity, as illustrated in Figure 6b. Figure 6¢c shows the current-voltage (I-V)
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characteristic curves at different ITO thicknesses. As the thickness of ITO increases, the
series resistance of the device decreases, attributed to the enhanced current spreading
capability. Figure 6d presents the P-I curves for ITO thickness ranging from 15 nm to
40 nm. It is evident that the output power is significantly influenced by the ITO thickness.
Figure 7a shows the variation in the output power as a function of the ITO thickness. It is
clear that for every 10 nm increase in ITO thickness, the optical output power of the device
shows a ~50% decrease. Meanwhile, the threshold current increases and photoelectric con-
version efficiency (PCE) decreases with increasing ITO thickness, as shown in Figure 7b,c.
These are caused by absorption of the ITO layer which results in optical absorption loss
with increasing ITO thickness. Moreover, Figure 7d demonstrates a substantial decrease
in series resistance as the ITO thickness increases from 15 nm to 40 nm. With the ITO
thickness progressing from 20 nm to 30 nm, the reduction in series resistance becomes
slower. Nevertheless, the changes in series resistance are less significant beyond 30 nm.
Thus, taking into account the impact on the output power, lasing threshold, and series
resistance, an ITO thickness of 20 nm proves to be a suitable selection for optimal device
performance. Compared to the 15 nm ITO thickness, the device with a 20 nm ITO layer
exhibits lower series resistance, which enhances the current spreading capacity within the
device and helps alleviate heat-related problems during operation to a certain extent. To
verify this point, we conducted the following theoretical analysis. Figure 8a presents the
simplified equivalent circuit diagram of the VCSEL, where R, represents the transverse
resistance of n-GalN, R;;, denotes the transverse resistance of ITO, and R, indicates the
series resistance of n-GaN, MQW, and p-GaN. We define |; as the current density along the
internal edge path of the device, and ], as the current density along the central path. The
value of J1 /], is close to 1, meaning the current within the device is uniform, described by
the following equation [47]:

] 1 Ry + Rito
A g i (1)
] 2 R,
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Figure 6. (a) Distribution of absorption of ITO and the standing wave of a VCSEL. (b) Position of
active region and standing wave distribution. (c) Current-voltage and (d) output power curves of
VCSEL devices with different ITO thicknesses.
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Figure 8. (a) Equivalent circuit diagram inside VCSEL. (b) Hole concentration distribution along the
lateral direction in the last quantum well of VCSELs at 4 mA. (c) Two-dimensional mapping of hole
concentration in the active region with 20 nm ITO thickness.

As the thickness of ITO increases, the transverse resistance R;;, decreases, resulting
in the value of [;/], decreasing and enhanced current spreading, which facilitates the
injection of more holes into the device’s aperture center. Figure 8b presents the normalized
hole concentration distribution along the lateral direction in the last quantum well of
VCSELs with different ITO thicknesses at 4 mA, along with a diagram illustrating the hole
extraction location. With a 20 nm ITO layer, the hole distribution is significantly more
uniform, achieving a concentration of 97% in the center region, and the two-dimensional
mapping of hole concentration in the active region is presented in Figure 8c. In contrast,
the 15 nm ITO layer results in a hole distribution primarily concentrated at the edges of
the device, leading to only a 27% concentration in the center region. These results further
confirm the superior current spreading capabilities of the 20 nm ITO configuration.

Apart from active region and current spreading layer, the design of an EBL was also
performed in this study. Due to the substantial difference in the effective mass between
electrons and holes, electron leakage from the active region to the p-side is usually more
serious in GaN-based light emitting devices, resulting in the degeneration of emission
efficiency. To address this problem, an effective approach is to incorporate an electron
blocking layer between the active region and p-GaN. In this study, we introduce a five-pair
Alp15Gap gsN(2 nm)/GaN(2 nm) MQB EBL structure. For comparison, a simulation was
also carried out using a single Aly,GagsN EBL. Figure 9a illustrates the alterations of the
output power and threshold current of the device after the introduction of an MQB EBL.



Photonics 2024, 11, 1012

90of 13

With the employment of the MQB EBL, the device’s output power at 20 mA increases from
0.45 mW to 0.68 mW, whereas the threshold current decreases from 2.30 mA to 1.19 mA
when compared to the device with a single Aly;GaggN EBL. Simultaneously, Figure 9b
demonstrates a notable reduction in the electron leakage current on the p-side of the device
after the integration of the MQB EBL. This decrease is credited to the increased electron
barrier height between the active region and EBL. As shown in Figure 9¢,d, the electron
barrier height is elevated from 170 meV to 223 meV after the introduction of the MQB
EBL, thereby bolstering the electron-blocking effect. This result can be elucidated by the
principles of quantum mechanics. As shown in Figure 9e, in the classical model, when the
electron energy E surpasses the barrier height Uy, the electron will inevitably move to the
p-side. However, in quantum mechanics, there is a possibility that the incident electron will
be reflected even if the electron energy exceeds the barrier height Uy [48]. Furthermore, the
incorporation of a periodic structure leads to the interference of electron waves reflected at
each boundary, which enhances the reflectivity of the barrier and engenders an additional
barrier height. Consequently, the accurate adjustment of quantum barriers and quantum
wells thickness is crucial, requiring thorough consideration of the effective mass and barrier
height of each layer. In this study, the thickness of the well layer and barrier layer conforms
to the 2 nm/2 nm guidelines specified by D. H. Hsieh [27]. The results demonstrate a ~51%
enhancement in the device output power and a ~48% reduction in the threshold current
after the integration of the MQB EBL.
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Figure 9. (a) Power-current density comparison of single EBL and MQB EBL devices. (b) Comparison
of electron leakage currents. (c,d) Energy band at the current of 1 mA for two kinds of EBLs. (e) MQB
EBL structure model.

At last, the design of the DBR was performed for UVA VCSELs. In the UV band,
double dielectric film DBRs consisting of HfO; and SiO, are commonly used as mirrors for
the requirements of high reflectivity and low material absorption. However, the presence
of defects and interface roughness in DBR can cause optical absorption and scattering
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losses, which reduce both reflectivity and the overall optical output power of the laser.
Therefore, a sufficient pair of DBR layers is essential to achieve a reflectivity of at least
99%. Additionally, the absorption characteristics of these oxides in the UV range must
also be taken into account. In this study, the absorption coefficient of HfO; is specified as
0.346 cm ™! [49]. Subsequently, the optimal number of DBR pairs required for the device
was calculated.
[ 1= (n1/nz)™ (nf/n)
1+ (n1/m)™ (n?/ng)

The reflectivity of the DBR is determined by Equation (2), where n; and n, denote
the refractive indices of the two materials within the DBR, and m represents the pair of
DBR film layers. When considering absorption losses, the refractive indices n; and n; of
the two materials should be adjusted to their complex refractive indices n} and nj, given
by nj = nq —iag and n}, = np — inp, where 1 and a; are the absorption coefficients of the
materials. Consequently, the reflectance formula is modified to Equation (3):

(2)

1 (n/mg) " (02/me)
= 1 (/) ™ (02 /)

)

It is evident that the reflectivity of the DBR increases with an increase in the number of
film layers according to Equation (2). However, due to the intrinsic absorption of the oxide
material, a larger number of layers do not always lead to higher reflectivity. The outcomes
depicted in Figure 10a indicate that beyond 18 pairs of DBR, further enhancement in the
reflectivity is not obvious due to heightened material absorption. Therefore, the bottom
DBR was set to 18.5 pairs in this study, including 0.5 pairs of a phase adjustment layer.
On the other hand, considering the light output power (LOP), the reflectivity of the top
DBR cannot be too high. Figure 10b shows the variation in LOP with different pairs of the
top DBR. The data indicates that under high injection currents, the device’s LOP can be
maximized by employing nine pairs of SiO, /HfO; for the top DBR, and a maximum wall
plug efficiency (WPE) of approximately 5% can be achieved, as depicted in Figure 10c. This
optimal performance is attributed to the favorable balance between the reflectivity and
mirror losses. A too-low reflectivity of the top DBR results in significant mirror losses and
a much higher lasing threshold. Conversely, an excessive number of DBR pairs restricts the
output optical power. Therefore, considering the material absorption characteristics in the
ultraviolet spectrum, the pairs of the DBR should be reasonably designed, which can not
only enhance the reflectivity of the DBR but also markedly improve the LOP of the device.

P
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Figure 10. (a) Reflectance characteristics of various pairs of SiO, /HfO, p-side DBR. (b) Power—current
curves of VCSELs with different pairs of SiO, /HfO, n-side DBR. (c) Wall plug efficiency of devices
with different pairs of SiO, /HfO; n-side DBR.

A comparison of reported simulation works on VCSELs with similar lasing wave-
lengths is presented in Table 4. In comparison to these studies, the VCSEL developed by us
demonstrates easier attainment of low-threshold lasing, with thresholds as low as 1.19 mA
(6.06 kA/cm?), and exhibits higher wall plug efficiency. These findings underscore that
the accurate consideration of the active region and other layers is crucial to the successful
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design of UV electric pump VCSELs, thereby providing good guidance for the practical
fabrication of UV electro-injected VCSELs.

Table 4. Comparative performance analysis of VCSELs in the similar band.

Wavelength
(nm)

Threshold

LOP at5 LOP at 10 LOP at 18 Wall Plug

mA(mW) mA(mW) mA(mW) Efficiency(%) Ref.

410
412
370
395

6.06 KA /cm?
(1.19 mA)

8.5 kA /cm? — 2.1 — 2.1at10 mA [26]
10.6 kA /cm? — — 0.9

0.53 at 23
kA /cm? [27]
0.7 — — 2.8 at 5 mA [46]

0.45 1.66 5.3 5.0 at 20 mA This work

References

4. Conclusions

In this study, a UVA VCSEL with a cavity length of 5A and a central wavelength
of 395 nm was meticulously designed and optimized. The results demonstrate that the
optimized QW and QB thickness are 2.2 nm and 2.7 nm, respectively. Considering the
effects of threshold current, series resistance, photoelectric conversion efficiency, and optical
output power, the optimal ITO thickness is ~ 20 nm. Additionally, the study identifies that
substituting a single EBL structure with a MQB structure enhances the electron blocking
effect, resulting in a ~51% increase in the laser output power and a ~48% reduction in the
threshold current. It is also observed that pairs of DBR layers can affect both the reflectivity
of the DBR and the optical output power of the laser. The optimal pairs of top and bottom
DBRs are 9 and 18.5 pairs, respectively. The optimized UVA VCSEL enables an emission
at a wavelength of 395.5 nm, with an optical output power of 12.76 mW at 40 mA, and a
maximum wall plug efficiency of approximately 5%. Notably, the threshold current can be
reduced to 1.19 mA (6.06 kA /cm?).
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