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Abstract

Traditional UV VCSELs with ITO current spreading layer are limited by the large absorption loss of
ITO in UV spectral region, which makes electrically pumped UV VCSELs hardly to lase. This study
proposes an optimized structure for UV VCSEL containing a graded AlGaN insertion layer and a
much thinner ITO layer (10 nm) to improve the lateral current spreading and light output power.
After the insertion of the graded AlGaN layer, the carrier concentration in the p-GaN region was
significantly increased, which not only improved carrier injection efficiency but also reduced the
voltage consumption in the p-GaN region, thereby decreasing the series resistance of the device.
Simulation results show that UV VCSELs with the Grad AlGaN insertion layer exhibit significantly
improved current spreading performance at high current. Compared with the traditional structure
using 10 nm ITO current spreading layer, the light output power was increased from 0.85 to 1.34 mW
at 20 mA, with an increasement by 57.7% and the series resistance was reduced from 101 to 51 2 by
49.5%. On the other hand, the threshold current was slightly increased from 1.74 to 2.14 mA by
18.9% asa compromise.

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have attracted significant attention due to their low threshold
current, single longitudinal mode output, high coupling efficiency with optical fibers, and ease of integration
into two-dimensional arrays [ 1-3]. Since GaN-based ultraviolet (UV) LEDs have been widely used in
applications such as UV curing, skin treatment, sterilization, and UV communication, UV VCSELs, which offer
advantages such as smaller size, better coherence, and focused beams, are expected to have even greater
potential in various applications [4]. However, the development of UV VCSELs has faced many challenges.
Particularly, UV VCSELs are mainly achieved by optical pumping at present, and electrically injected UV
VCSELSs are hindered by difficulties including structural design, epitaxial growth, and device fabrication
processes. Among these challenges, the strong absorption of UV light by the current spreading layer ITO
(indium tin oxide) diminishes the emission intensity generated from the active region and prevents the
occurrence of lasing. Thus, the optical absorption loss in ITO layer is an important issue that needs to be
severely considered.

Blue and green GaN-based VCSELs typically use a 20-30 nm thick ITO layer to act as the current spreading
layer [5]. However, this solution is not suitable for UV VCSELSs due to the relatively high absorption of ITO in
the UV wavelength range. Lai and Konig et al carefully measured the absorption characteristics of ITO over
different spectral ranges, revealing a significant increase in the absorption coefficient of ITO in the UV wave-
length range, which varies from 3200 cm ™' to 4000 cm ™' in the wavelength range from 400 nm to 390 nm
[6-8]. To address this issue, researchers have proposed various optimization designs. Zheng et al abandoned
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Figure 1. Structure diagrams of (a) G-VCSEL, (b) F-VCSEL and (c) Normal VCSEL.

the ITO layer and used a periodic AlGaN/GaN structure, leveraging the 2DHG/2DEG generated at the inter-
faces to improve the lateral current spreading capability [9]. The application of AlGaN-based tunnel junctions
(TJ) has also demonstrated significant potential for their use in electrically injected UV VCSELs [10-14]. The T
VCSEL, as developed by Leonard et al, demonstrates a remarkable 324% improvement in differential efficiency
and a 56% reduction in threshold current density compared to the ITO VCSEL [14]. These studies focus on
finding new current spreading structures that can completely replace ITO, however, new issues are introduced
to the device. The current spreading layer of the periodic AlGaN/GaN structure can lead to snapback effect,
and turn-on voltage and series resistance of device are increased [9]. The introduction of tunnel junctions also
increases the turn-on voltage and series resistance of the device [ 15]. Thinning the ITO layer is another method
to reduce light absorption loss. Studies by An et al shows that thinning ITO from 30 nm to 20 nm can reduce
light absorption loss and increase light output power, but it also increases the series resistance of device [16].
The experimental results by Mazur et al show that the sheet resistance increases significantly as the ITO thick-
ness is reduced from 30 nm to 10 nm [17]. Therefore, new strategies need to be developed to obtain current
spreading structures with both small sheet resistance and optical absorption simultaneously.

In this study, an AlGaN layer with graded Al composition (0.26—0 along growth direction) was designed to
insert into the p-GaN layer to enhance the current spreading and carrier injection efficiency into the active
region, and the performances of the devices were simulated by using the commercial simulation software
Crosslight PICS3D. The device performances of normal VCSEL without AlGaN insertion layer and VCSEL
with a concentration fixed AlGaN insertion layer were also simulated for comparation. For all device structures,
athin ITO layer of 10 nm was used in the simulation model. Simulation results show that the insertion of the
graded AlGaN layer strengthens the polarization electric field at the edge of the p-GaN region, leading to the
accumulation of more electron—hole pairs at the p-GaN/AlGaN boundary. These carriers generate a shielding
electric field which is opposite to the applied external field, significantly reducing the total electric field in the
central region of the p-GaN. Compared with the fixed AlGaN insertion layer, inserting a graded AlGaN leads to
much higher carrier density within the p-GaN layer. This can enhancing shielding electric field of p-GaN.
Meanwhile, the polarization induced doping in the continuously graded AlGaN layer leads to a movable three-
dimensional hole gas (3DHG) [ 18, 19]. As a result, the carrier concentration in the central region of the p-GaN
increases substantially and hole vertical injection to the active region is improved. On the other hand, the elec-
tron barrier of the gradual AlGaN insertion layer further prevents electron leakage from the active region.
Compared to the normal UV VCSEL with a 10 nm ITO layer, the VCSEL with graded AlGaN insertion layer
shows an increase of the output power from 0.85 to 1.34 mW by 57.7% and decrease of the series resistance
from 101 to 51 €2 by 49.5%, but the threshold current was increased from 1.74 to 2.14 mA by 18.9% as a
compromise.

2. Simulation model

Figure 1 presents the schematical structure of the three different VCSELs. The F-VCSEL added a 30 nm

Al ,6Gag 74N insertion layer with fixed Al concentration into p-GaN based on the Normal VCSEL structure,
while the G-VCSEL incorporates a 30 nm graded AlGaN insertion layer (Al content decreased from 0.26 to 0
along growth direction). To reduce absorption losses from the ITO, all three structures employ a very thin ITO
layer of 10 nm. The basic model of the device consists of p-GaN with a doping concentration of 5 x 10'” cm ™, 3
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Figure 2. (a) Spectrum of cavity mode at 20 mA; (b) PI characteristic curves for experiment and simulation [26].

Table 1. Detailed parameters of the G-VCSEL.

Material Thickness(nm) Doping concentration(cm ™)
n-DBR HfO,/Si0, (51/67)*20 pairs 2360 —
n-GaN GaN 530 n:5el8
MQW Ing 0sGag.9,N/GaN (2.2/4)"3 pairs
EBL Aly,Gag gN 20 p:3el?
n-GaN GaN 129 p:5el7
Graded p-AlGaN AlGaN(0.26-0) 30 p:5el7
Passivated region Sio, 50 —
Current Spreading layer ITO 10 —
Optical adjustment layer HfO, 40.4 —
p-DBR HfO,/Si0, (51/67)*10 pairs 1180 —

pairs of Ing 0sGag 9,N/GaN quantum well active region, an Aly ,Gay sN EBL with a doping concentration of
3 x 10" cm ™, n-GaN with doping concentration of 5 x 10'® cm ™, and an ITO current spreading layer. The
diameter of the current confinement aperture is 2.5 pm, and the lasing wavelength of the devices is 396.8 nm.
Other device parameters are detailed in table 1.

The commercial software Crosslight PICS3D employs crucial physical modeling. Typical equations include
the Schrodinger equation, Poisson equation, drift-diffusion equation, and others. The Shockley-Read-Hall
(SRH) lifetime is set to 1 x 10~ ®s, and the Auger recombination coefficient is set to 1.4 x 10" cm® ' to
account for Auger recombination in the material [20, 21]. The conduction band/valence band offset ratio in
the multi-quantum well is set to 70:30 [22]. The average optical background loss in the cavity, excluding ITO, is
setto 10 cm ™' [23], and the optical absorption loss coefficient of ITO is set to 4000 cm ™' [24]. The polarization
level is set to 40% to approximate the polarization charges at the interface [25]. The current-induced thermal
effect was not included in the simulation model.

To verify the accuracy of the simulation model, we simulated the VCSEL experimental device with a lasing
wavelength of 442 nm by Kuramoto et al [26]. Figure 2(a) shows spectrum of cavity mode (442 nm) at 20 mA.
As shown in figure 2(b), the experimental and simulated PI (output power versus current) curves are con-
sistent. Table 2 lists the key materials and parameters used in the experiment and simulation. The current-
limiting aperture is 8 pm, and the cavity lengthis 5 A.

3. Results and discussion

Figure 3 shows the simulated PI curves of the three different VCSELs. The optical output power of the G-VCSEL
at20 mA is 1.34 mW, which is 57.65% higher than the Normal VCSEL, and 77.72% higher than the F-VCSEL.
In addition, as shown in the inset of figure 3, the threshold current of the G-VCSEL is 2.14 mA, which is
decreased by 18.94% compared to the F-VCSEL, and increased by 19.21% compared to the Normal VCSEL. A
parameter sensitivity study was also conducted by varying the polarization strength, SRH lifetime, Auger
coefficient, and optical loss values used in the simulation model (Supplementary Information, tables S1-54).
The simulation model of this study and the optimization of output by introducing graded AlGaN insertion
layer is proved robust under different simulation parameters. To further understand the change of device
performance, energy band structures of the three VCSELs under different current were systemically analyzed.
The energy band of GaN based devices can be modulated by the polarization effect. As seen in figure 4(a), the
spontaneous polarization (Pg;,) direction of the Ga polar p-GaN and AlGaN is opposite to the epitaxial growth
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Figure 3. PI characteristic curves of three types VCSEL. Inset is an enlarged figure at lower currents.
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Figure 4. (a) Pgp and Ppg; of p-GaN and AlGaN in [0001] growth direction; (b) simplified diagram of electric field and energy band in
[0001] growth direction.

Table 2. Detailed physical parameters of simulation and experiment [26].

Experiment Simulation
Material (nm) (nm)

p-DBR Nb,05/Si0O, 10.5 pairs 10.5 pairs
Current spreading layer ITO 20 20
Passivated region SiO, 20 20
p-GaN GaN void 84
EBL p-AlGaN 20 20
MQW InGaN/GaN 39 39
n-GaN GaN 660 680
n-DBR AlInN/GaN 42 pairs 42 pairs

direction [0001]. The piezoelectric polarization (P,,,) direction of AlGaN is also opposite to the growth
direction, while the P, direction in the p-GaN region aligns with the growth direction. This is because the
lattice constant of AlGaN is smaller than that of GaN, resulting in compressive stress in the p-GaN region,
which causes the P, in p-GaN to be opposite to Py,,. The schematical band tilt of p-GaN after the insertion of
AlGaN layer is shown in figure 4(b). The energy band of p-GaN near the interface of p-GaN/EBL and p-GaN/
AlGaN insertion layer exhibit significant bending due to the total polarization electric field (Epo1ar), which is
opposite to the growth direction. The combined effect of the bias electric field (Ey,s) and the E,,o,, at the p-GaN
edge causes holes to accumulate near the EBL edge, while electrons accumulate near the graded AlGaN edge.
This results in the formation of a carrier shield electric field (Egpie1q) at the center of the p-GaN layer, which
shields the E,;,,, leading to the flattening of the energy bands at the center of the p-GaN region.
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Figure 5. (a) Band diagram of Normal VCSEL at 1 mA; (b) Band diagram of Normal VCSEL at 20 mA; (¢) Band diagram of G-VCSEL
at 1 mA; (d) Band diagram of G-VCSEL at 20 mA; (e) Band diagram of F-VCSEL at 1 mA; (f) Band diagram of F-VCSEL at 20 mA.
AE; was used to evaluate the electron barrier caused by graded AlGaN and AE,; was used to evaluate the hole injection barrier
caused by EBL.

The calculated energy band of the three VCSELSs under different current before (1 mA) and after lasing (20
mA) are shown in figure 5. Typically, the AlGaN EBL can block the electron leakage from the active region, but
itwill also introduce a barrier for the hole injection from p-GaN to the active region. The energy offset between
hole quasi-Fermi level and valance band of EBL AE,, was used to evaluate the hole injection barrier caused by
EBL. The AE,; in the G-VCSEL is similar to that in the Normal VCSEL and F-VCSEL for both low and high
current. However, the electron and hole quasi-Fermi level is closer to the valance and conduction band in the
p-GaN layer between the EBL and the inserted graded AlGaN in G-VCSEL when compared to that of the Nor-
mal VCSEL and F-VCSEL, which means a much higher carrier density in the p-GaN layer. Therefore, with
nearly the same AE,;, the hole injection to the active region is more efficient and the sheet resistant of p-GaN is
smaller in G-VCSEL. Figures 5(c) and (d) show that the graded AlGaN creates an additional electron barrier
(AE.y), which is 150 meV at 20 mA and 179 meV at 1 mA, compared to the Normal VCSEL. This additional
electron barrier helps prevent electron leakage from the p-GaN region. It is noted that, compared with the
Normal VCSEL, the graded AlGaN also introduces an additional hole injection barrier AE,, along [000-1]
direction from AlGaN insertion layer to p-GaN,, which is 170 meV at 20 mA and 239 meV at 1 mA. This
additional hole barrier can be the reason of the slight higher threshold current of G-VCSEL than the N-VCSEL
under small injected current. Detailed value of AE_;, AE,; and AE,, for G-VCSEL, F-VCSEL and Normal
VCSEL at different currents are shown in table 3.

Figure 6 shows the hole density distribution in the active region, p-GaN, and AlGaN insertion layer for the
three VCSELs with different structures. Compared with the F-VCSEL, inserting a graded AlGaN in the
G-VCSEL leads to much higher carrier density within the p-GaN layer. This can be attributed to the polariza-
tion induced doping in the continuously graded AlGaN layer, which leads to a movable three-dimensional hole
gas (3DHG) [18, 19]. This favors more holes to be injected from the graded AlGaN into the p-GaN region,
thereby improving the efficiency of hole vertical injection into the active region. Compared with the Normal
and G-VCSEL, the energy band of p-GaN in F-VCSEL is more tilted, as shown in figures 5(e) and (f). This is
because the hole density in the inserted AlGaN layer is much lower, and the energy barrier hinders hole injec-
tion into the p-GaN, leading to an increased series resistance in the p-GaN. Under the same injection current,
the electric potential difference across the p-GaN increases, resulting in pronounced band bending.
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Table 3. Simulated potential barriers of electrons and holes in G-VCSEL,
F-VCSEL and Normal VCSEL.

Current AEq AE,, AE,,
G-VCSEL 1mA 179 meV 246 meV 239 meV
20 mA 150 meV 179 meV 170 meV
F-VCSEL 1mA 173 meV 258 meV —
20 mA 141 meV 189 meV
Normal VCSEL 1 mA — 246 meV —
20 mA — 176 meV —

The detailed electron and hole density inside the active region of the three VCSELs under 1 and 20 mA are
shown in figure 7. The electron concentration in the quantum wells of the G-VCSEL and F-VCSEL are higher
compared to the Normal VCSEL, as illustrated in figures 7(a) and (b). Because the electron mobility is much
higher than that of holes which causes electrons to accumulate in the first quantum well near the p-side, the
electron concentration is the highest in the first quantum well near the p-side. The additional electron barrier
AE,, caused by the AlGaN insertion layer can be the reason of the higher electron density in the active region of
G-VCSEL and F-VCSEL. Under low current of 1 mA (before lasing), the hole concentration in the quantum
wells of G-VCSEL and Normal VCSEL does not differ significantly, while the hole concentration in F-VCSEL is
notably lower, as shown in figure 7(c). This can be caused by the smaller hole concentration in p-GaN and
AlGaN insertion layer, as well as the hole injection barrier caused by the fixed AlGaN insertion layer. Generally,
the carrier concentration in the active region of G-VCSEL is higher than other structures, especially under high
current. The high current not only enhances the carrier screening effect in the p-GaN between EBL and graded
AlGaN, but also reduces the hole barrier in graded AlGaN. Thus, significantly more holes are injected into
active region in G-VCSEL, compared with Normal VCSEL at 20 mA. The higher carrier density in the active
region leads to an increase of radiative recombination rate and stimulated radiative recombination rate of the
device, as shown in figures 7(e) and (f). Based on the above discussion, it is clear that the graded AlGaN struc-
ture enhances the vertical hole injection on the positive side. Moreover, on the negative side, an additional hole
injection barrier AE,; is newly introduced. Both factors influence the hole concentration in the active region
and therefore determine the threshold gain of the G-VCSEL. Atlower current near lasing, the enhanced hole
concentration and mobility from the graded AlGaN polarization-induced doping is not enough to overcome
the blocking effect of the graded AlGaN hole barrier, thereby inducing the slightly higher threshold current
than Normal VCSEL.

Figure 8 shows I-V curves of the three VCSELs. The series resistance of G-VCSEL is calculated to be 51 €2,
better than 101 €2 of the Normal VCSEL and similar to 50 2 of the normal structure VCSEL using 20 nm ITO,
which was reported by Zheng et al [9]. The higher carrier density in active region and p-GaN of the G-VCSEL
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are essential to realize the smaller series resistance. In addition, the threshold voltage of G-VCSELis 3.70 V,
slightly worse than 3.59 V of the Normal VCSEL and 3.52 V of the normal structure with 20 nm ITO [9], which
is due to the graded AlGaN barrier and thinner ITO.

Itis worth noting that, at 4-5V, the F-VCSEL exhibits snapback effect [9], where the current increases and
voltage decreases significantly once the voltage exceeds the threshold voltage(5.2 V). This is due to the fact that,
before the threshold, carriers hardly overcome the fixed AlGaN barrier, resulting in increasing series resistance.
After the threshold, large number of carriers accumulated on both sides of the AlGaN barrier can pass through,
leading to significantly increasing current and decreasing voltage in the p-GaN between EBL and fixed AlGaN
layer. As the current increases from 1 mA to 4 mA, the electrical potential of the p-GaN layer decreases from
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1.74V t0 0.70 V, resulting in a negative slope of the IV curve. This abrupt change could potentially lead to
device burnout and should be avoided. G-VCSEL addresses this issue by setting an appropriate gradual Al
composition gradient and adjusting the thickness of the AlGaN layer.

The homogeneity of lateral hole distribution inside the active region can be used to assess the device’s cur-
rent extension capability in the p-side region [9, 16]. The Normalized lateral hole distribution, which is the
normalization of the maximum hole concentration in the three devices themselves, inside the first quantum
well near the p-GaN side of the three VCSELs under 20 mA were extracted, as shown in figure 9(a). The current
extension of the G-VCSEL outperforms the Normal VCSEL, but not as good as the F-VCSEL. The difference of
the current spreading ability of the three VCSELSs can be simply analyzed by the current density ratio J2/J1 as
defined by the following equation [9, 16]:

]_2 =1+ Rpamllel + Rn
Il Rc

where J; and ], represent the current density at the center and edge of the current confinement aperture,
respectively. Raigan, Riro and R, represent the lateral resistance of the AIGaN, ITO, and n-GaN, respectively.
R. represents the resistance of the resonant cavity in vertical direction. Ry, ra11e represent the parallel resistance
of Raigan @and Ryro. The equivalent circuit diagram of the G-VCSEL is shown in figure 9(b). The graded AlGaN
in G-VCSEL has the higher hole mobility than p-doping GaN [27](Supplement information, 3), reducing the
Rajcan and decreasing the ratio (J,/J;), which is beneficial in the lateral current spreading. However, due to the
high carrier concentration in the p-GaN of G-VCSEL, the R, is also reduced, increasing the ratio (J,/J;), which
is beneficial for carrier injection efficiency and series resistance reduction but detrimental to the lateral current
spreading. This is why the light output power of G-VCSEL significantly better than F-VCSEL, but the current
extension capability is slightly insufficient at 20 mA. Reducing the R, can be an effective method for further
optimizing the lateral current spreading in G-VCSEL. Thus, as a compromise, compared with Normal VCSEL,
G-VCSEL sacrifices the threshold current to improve the output power, the series resistance and the current
spreading at high current. The overall performance is greatly improved.

The current-induced thermal effects in GaN based VCSELs are also important issues cannot be overlooked
during device design and fabrication. The performance of G-VCSEL was calculated using simulation model
incorporating current-induced thermal effects (Supplement information, figure S1). The PI curve of the
G-VCSEL shows that the thermal rollover occurs at a high current of 56.7 mA. The maximum current of above
discussion in this study is 20 mA, much smaller than the thermal rollover current. Therefore, the above conclu-
sions about the optimization of device performance by the graded AlGaN insertion layer remain credible with-
out considering thermal effect. Furthermore, the only difference among the three device structures is the thin
AlGaN insertion layer, which has a negligible effect on the overall thermal resistance of the devices.

In terms of device fabrication feasibility, the graded Al composition layer requires precise control over the
Al composition profile, which imposes stricter requirements on the stability of temperature and gas flow in the
MOCVD chamber. In our previous work, we experimentally developed GaN based VCSELs with a graded
AlGaN electron blocking layer with Al composition gradually decreasing from 0.2 to 0 along the [0001] direc-
tion [28]. The device performance was improved when compared with normal structures [28], thus demon-
strating the practical feasibility of fabricating graded AlGaN layers. In addition, we have previously proposed an
ITO-free approach for VCSELs, using AlIGaN/GaN super-lattice structure as a substitute [9]. This approach
avoids the absorption loss caused by ITO, but it also faces challenges such as the difficulty in growth of thin
AlGaN/GaN super-lattice layers, the requirement of epitaxial regrowth, and a relatively higher threshold volt-
age compared with G-VCSEL.
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4. Conclusion

In this study, a combined current spreading structure including a graded AlGaN insertion layer and 10 nm ITO
layer was designed for GaN based VCSELSs emitting in UV spectral region. The graded AlGaN insertion layer
enhances carrier injection efficiency and lowers series resistance. Compared to the traditional VCSEL with 10
nm ITO current spreading layer, the light output power was increased by 57.7% at 20 mA and the series
resistance was reduced by 49.5%, but the threshold current was increased by 18.9% as the trade-off. Compared
with the ITO-free structure [9], this work is expected to provide a simple method to improve the device overall
performance of GaN based VCSELs in UV spectral region.
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