Optica Applicata, Vol. LVI, No. 1, 2026
DOI: 10.37190/0a/215065

High power and high thermal performance
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The self-heating effect of multi-junction vertical cavity surface emitting lasers (MJ VCSELs) under
continuous current injection seriously affects their output performance and durability. In this study,
we designed and simulated a multi-junction bottom-emitting VCSEL structure. By adopting the
n-type oxide layers and the component gradient spacer layers, the optical output performance of
the device under continuous current injection was effectively improved. Compared with the tradi-
tional MJ VCSEL structure, the designed device can achieve a peak power increase of more than
30 mW and an 18% improvement in electro-optical power conversion efficiency (PCE) without
changing the oxidation aperture. Meanwhile, this new type of MJ VCSEL shows good adaptability
to the increase of environmental temperature. Even at an ambient temperature of 80 °C, it can still
achieve comparable performance to the traditional structure of MJ VCSEL at room temperature.
The results of this study indicate that the structure we designed is promising for the achievement
of high-performance MJ VCSELs.
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1. Introduction

Vertical cavity surface emitting lasers (VCSELs) have been widely applied in optical
communication, consumer electronics, and 3D sensing due to their advantages of
compactness, low threshold current, simple manufacturing process and high beam
quality [1-4]. However, compared with edge-emitting lasers (EELs), VCSELs can only
achieve lower optical power in general due to their smaller active region volume with
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current injection, which limits their application in long-distance data transmission and
sensing. Although high-power optical output can be achieved through the large-scale
on-chip integration of 2D VCSEL arrays, severe thermal crosstalk can affect their pow-
er stability and beam quality [5].

Another promising technology for improving VCSEL power is the multi-junction
VCSEL (MJ VCSEL). In MJ VCSELs, electrons can recombine in multiple active re-
gions through the tunnel junction, thereby significantly improving the internal quan-
tum efficiency, power density and power conversion efficiency (PCE) [6]. So far, there
have been numerous reports on high-performance MJ VCSELs in industrial fields and
scientific research. For instance, Lumentum reported a 5-junction VCSEL array that
reached a peak power of 800 W under a 200 A pulsed current injection [7]. Everbright
Photonics’s 8-junction 940 nm VCSEL array realized a PCE of 59.7%, a slope effi-
ciency of 8.3 W/A, and a maximum power density up to 1800 W/mm?2 [8]. Yao Xiao
et al. reported 15-junction VCSELSs that can achieve a maximum efficiency of 74% at
room temperature under nanosecond driving current [9]. However, at present, there are
still relatively few studies on the optimization of thermal characteristics of multi-junc-
tion VCSELs.

Compared with single-junction VCSELs, MJ VCSELSs can achieve a significant im-
provement in quantum efficiency due to the multiple recombination of carriers. Where-
as their peak power usually cannot increase proportionally. The main reason is that the
multiple active regions, tunnel junctions, and spacer layers contained in the resonant
cavity increase the series resistance of the device. As the injected current increases,
the lattice temperature of MJ VCSELSs rise much faster than that of single-junction de-
vices [10]. The rapid increase of lattice temperature leads to a quick decline of material
gain, resulting in the quick saturation of output power as the current increases [11]. Un-
fortunately, this problem intensifies as the number of active regions increases. There-
fore, MJ VCSEL typically can only be pumped by a pulsed power supply with a low
duty cycle when facing high current injection, which limits its application field. Based
on this, if the structure of MJ VCSELSs can be optimized to improve the thermal per-
formance and increase the thermal rollover current, the peak output power can be ex-
pected to increase significantly.

Existing researches on improving thermal performance in VCSELs mainly include:
improving the heat dissipation of VCSEL arrays by optimizing array layout [12-14],
improving thermal management through packaging technology [15], using electron
blocking layer to reduce the heat generation caused by non-radiative recombination [16],
using wavelength detuning technology to enhance the mode gain of VCSELSs at high
ambient temperature [17] and so on. In addition, for the thermal characteristic optimi-
zation of multi-junction VCSELs, it has been proved that reducing the number of oxide
layers can lower the temperature of the active regions [11]. However, this structure leads
to an increase in the threshold current and a decrease in PCE due to the lateral diffusion
of current at the heavily doped tunnel junctions.

In this paper, we designed and simulated a novel bottom-emitting MJ VCSEL struc-
ture. By using n-doped oxide layers and AlGaAs spacer layers with a graded Al com-
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position between each two active regions, we effectively reduced the heat generation,
increased the thermal rollover current and slop efficiency simultaneously, thus achiev-
ing a significantly higher peak output power and PCE compared with the conventional
MJ VCSELs.

2. Device structure design and simulation

In this study, three pairs of 6 nm-In, ,,Ga, 73As/8 nm-GaAs ¢,P, og multiple quantum
wells (MQWs) are used for each active region. The emission wavelength of the designed
device is 980 nm. Since GaAs substrate has weak absorption for 980 nm infrared light,
the VCSEL can be designed as a bottom-emitting structure, which can improve the heat
dissipation efficiency owing to the direct connection of p-DBRs and heat sink by flip
-chip bonding [18].

As shown in Fig. 1, three types of 3-junction VCSELSs with different device struc-
tures are designed for comparison. All three structures adopt the same active regions.
By carefully adjusting the thickness of each spacer layer, all the active regions are
aligned with the antinode of the standing wave, while the tunnel junctions and the oxide
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Fig. 1. Schematic diagram of three different structures of MJ VCSELs.
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Fig. 2. Diagram of standing wave and refractive index near the active regions.



78 YUrEl WANG et al.

layers are positioned at the node of the standing wave in the resonance cavity as shown
in Fig. 2, which can maximize the optical gain while reducing the free carrier absorp-
tion loss [19]. The p-side and n-side of the tunnel junctions of all three structures are
heavily doped with doping concentrations of 1x102° and 4x10' cm™, respectively.
The devices employ oxide layers to realize the restriction of the current flow. Consid-
ering the influence of the oxide aperture size on the threshold current, the uniformity
of electrical injection, and the heating rate of the active region, we chose 12 um as the
diameter of the oxide aperture for all the devices in this paper.

Structure 1 in Fig. 1 is a conventional top-emission VCSEL. Based on the calcu-
lation of the transfer matrix [20], the top and bottom DBRs of the device are composed
of 16.5 pairs of Al , Ga, g As/GaAs and 30 pairs of Al, ¢Ga, | As/GaAs materials with
a thickness of 1/4 optical wavelength, respectively, to achieve an appropriate reflec-
tance. The oxide layers between the active regions are set in the p-doped region of the
spacer layers. On the contrary, structure 2 is designed as a bottom-emission structure.
The materials design inside the resonant cavity remains the same as those in structure 1,
while changing the p-DBRs and n-DBRs to 30 pairs of Al ¢Ga, ;As/GaAs and 16 pairs
of Al ,Ga, s As/GaAs materials respectively. The only difference between structures 3
and 2 is that the oxide layers between the active regions are set in the n-doped regions
of the spacer layers instead of the p-doped regions. We keep the p-type oxide layer at
the bottom of the p-DBRs of structure 3 for the consideration of forming a good lim-
itation of injected current in the top MQWs. Specific epitaxial structures of the regions
between each two active regions of the devices are listed in Tables 1 and 2.

We performed simulations of the optical and temperature characteristics of the
three VCSELs under continuous electrical injection using Pics3d software. The sim-
ulation considers the impact of device heating on performance under different current
injections. The environmental temperature is set to 300 K, with the n-electrodes of
structure 1 and the p-electrodes of structures 2 and 3 connected to a copper heat sink.
The contact position between the device and the heat sink is considered to be at a con-
stant temperature same as the environment. On the other side, heat dissipation is carried
out through metal electrodes. The contact between the electrodes and materials is de-
fined as ideal ohmic contact, thus ignoring the influence of contact resistance. The ther-

Table 1. Detailed parameters of the regions between each two MQWs of structures 1 and 2.

Material Doping concentration [cm 3] Thickness [nm]
Active region 1 Ing,,Gaj 73 As/GaAs g, P og 0 6/8
Center spacer 1 n-Alj 4, Gag 53 As 4x10'® 178
Tunnel junction n-Alj,3Gag 3 As 4x10" 15
p-Aly 25Gag 1o As 1x10%° 15
Center spacer 2 p-Alj;Gag;As 4x10'8 110
Oxide layer p-Aly 97Gag o3 As 4x10'8 30
Center spacer 3 p-Alj 4, Gag 53As 4x10'8 178

Active region 2 Inj ,,Gay 73 As/GaAsg 9, Py og 0 6/8
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Table 2. Detailed parameters of the regions between each two MQWs of structure 3.

Material

Doping concentration [cm 3]

Thickness [nm]

Active region 1

Ing 5, Gag 73 As/GaAsg 9, Py g

0

6/8

Center spacer 1 n-Alg 4, Gag 55 As 4x10'8 178
Oxide layer n-Aly o;Gag g3 As 4x10'8 30
Center spacer 2 n-Aly;Gay;As 4x10'8 110
Tunnel junction n-Al,,;Gag o3 As 4x10" 15
p-Aly 15 Gag 7, As 1x10%° 15
Center spacer 3 p-Alj 4,Gaj 55 As 4x10'8 178
Active region 2 Inj,,Gag 73As/GaAsyg,Pops 0 6/8

mal conductivity of the ternary alloy materials A B,_ C is calculated by the following
equation [21]:

1
XWye + (1 =x)Wpeo +x(1 -x)C, 5

K(x) = (1
where W, and Wy are the thermal resistances of material AC and BC, respectively,
and C, _p represents the contribution of lattice disorder. The relevant parameters of
the materials used in the simulation such as AlGaAs, InGaAs, and GaAsP are taken
from the reference [21]. For multilayer thin film materials such as DBRs and MQWs,
define their anisotropic thermal conductivities as [22]:

_ d, K, +d,K, @
H d,+d,
d, +d

d,/K, +d,/K,

where K; and K, are the average thermal conductivities of the periodic structures in
the horizontal and vertical directions. K; and K, are the thermal conductivities of the

Table 3. Thermal conductivity of each material used in the simulation.

Layers Material Effective thermal conductivity [W/m-K]
p-DBR GaAs/Aly ¢Gay | As Ky:33.9; Ky: 0.9
Oxide layer Al 97Gag g3 As 48.4
MQWs Ing 5, Gay 73 As/GaAsg ;P o3 Ky 17.3; Ky: 11.7
Spacer layers Al 4, Gay sgAs 10.5
Aly;Gaj,As 11.6
Tunnel junction n*/p*: Aly,3Gagy 7, As 12
n-DBR GaAs/AlygGag,As Ky:29.3; Ky 22.4

Substrate GaAs 45
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two layers, and d, and d, are their thicknesses, respectively. The detailed thermal con-
ductivity parameters of the materials used in the simulation are listed in Table 3.

The simulation results for the power-current-voltage (P-I-V") characteristics, PCE,
and the relationship between the maximum lattice temperature and the injection current
for the three device structures are shown in Fig. 3. It can be seen that the bottom-emit-
ting VCSEL with n-type middle oxide layers exhibits the highest slope efficiency, peak
power and PCE. Additionally, it has the smallest differential resistance and the slowest
increase in lattice temperature with the increase of injection current, resulting in the
highest thermal rollover current among the three devices. Meanwhile, the threshold
current is just slightly greater than that of devices 1 and 2 with p-type middle oxide
layers. It is noteworthy that when the current exceeds the thermal rollover current, the
maximum lattice temperatures in the active regions of all three structures will exceed
450 K as shown in Fig. 3. This may lead to stress release due to lattice mismatch be-
tween InGaAs quantum wells and GaAsP barriers, resulting in lattice defects. In ad-
dition, stress accumulation at the edge of the oxide layer caused by high temperatures
may also form dislocations in the active region, thereby affecting the performance and
lifespan of the device. In the actual operation of the device, excessive continuous cur-
rent injection should be avoided.

The superior performance of structure 2 compared to structure 1 is primarily attrib-
uted to the better heat dissipation capability of the bottom-emitting structure which has
been confirmed by existing studies [23]. The performance advantages of structure 3
over structure 2 can be attributed to the following two reasons. One is that the adoption
of n-type oxidation layers significantly increases the proportion of the n-type region
between each two active regions, as clearly shown in the epitaxial structure listed in
Table 2.

Since electrons have a smaller effective mass and a much higher mobility compared
to holes, the resistance of the n-type region is much lower than that of the p-type region.
In addition, the free carrier absorption in the p-type region is usually significantly high-
er than that in the n-type region [18]. The decreased proportion of the p-doped region
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Fig. 3. Simulation results of the (a) P-/-V (b) PCE and (c) lattice temperature characteristics of VCSELs
with three different structures.
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Fig. 4. Carrier distribution of the spacer layer adjacent to the (a) n-type oxide layer and (b) p-type oxide
layer.

reduces the series resistance and free carrier absorption between active regions, thereby
minimizing the generation of heat and the loss of light power under the same injection
current. The second one is that the n-type oxidation apertures have a higher conduc-
tivity, leading to a more uniform lateral distribution of carriers. In contrast, the rela-
tively higher resistance of p-type oxide apertures makes carriers mainly concentrate
in the central region of the oxide apertures which can be seen in Fig. 4.

The uniform horizontal carrier distribution resulting from the n-doped oxide aper-
ture increases the volume of the active regions with high carrier concentration, thus
increasing the radiative recombination efficiency. Meanwhile, compared with the VC-
SEL with p-type middle oxide layers, the slightly lower current density in the central
region of the oxide aperture also explains the slight increase in its threshold current as
can be seen in Fig. 3. Additionally, the enhanced uniformity of carrier injection leads
to a more uniform distribution of heat in the horizontal direction. Figure 5(a) shows
the thermal distributions of three structures at the same maximum lattice temperature,
and Fig. 5 (b) illustrates their lateral temperature distributions of the middle active re-
gions. As clearly seen, for structures 1 and 2 with p-type oxide layers, there is no sig-
nificant difference in the lateral temperature distribution of the active regions within
the oxide apertures. In contrast, for structure 3 with n-type intermediate oxide layers,
the lattice temperature distribution presents better uniformity, which is consistent with
the carrier distributions shown in Fig. 4. Notably, although VCSEL with structure 3
shows a higher average temperature in the oxide aperture in Fig. 5, this is achieved at
a higher injection current where its power apparently exceeds that of VCSELs with
structures 1 and 2. The combination of higher internal quantum efficiency, lower re-
sistance, and better heat dissipation results in VCSEL of structure 3 can reach a higher
slope efficiency and thermal rollover current, ultimately leading to the improvements
in its peak power and PCE.
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Fig. 5. (a) 2D lattice temperature distributions of MJ VCSELSs with the three structures and (b) 1D lateral
temperature distributions of the middle MQWs of the three VCSELSs at the same maximum temperature.

3. Device structure optimization

To further enhance the performance of the designed device, we optimized the spacer
layer based on structure 3 by replacing the fixed-composition middle spacer layer in
contact with the active region by AlGaAs material with a gradient Al composition as
structure 4. The optimized epitaxial structure between the active regions is listed in
Table 4. The changes in Al composition affect the refractive index of the AlGaAs ma-
terial, and thereby influenc the equivalent cavity length of the VCSEL [24]. Here, we
finely tuned the thickness of the spacer layers to ensure that the center wavelength
aligns with 979 nm with a current injection near the threshold, and thereby the impact
of gain differences was excluded. The bandgap of Al Ga, _, As material with different
Al compositions can be expressed as [25]:

E, (Al Ga, _,As) = xE,(AlAs) + (1 —x)E,(GaAs) —x(1 - x)(-0.127 + 1.31x)

“4)

where the bandgap of AlAs and GaAs at room temperature are approximately 2.34 and
1.42 eV, respectively.

Apparently, the bandgap of AlIGaAs materials increases as the increase of Al com-
position, leading to arise in the electron potential barrier and thereby suppressing elec-
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Table 4. Detailed parameters of the regions between each two MQWs of structure 4.

Material Doping concentration [cm>]  Thickness [nm]
Active region 1 Ing,,Gag 73 As/GaAsy g, P g 0 6/8
Center spacer 1 n-Aly 4, Gag 53 As-Aly 3Gag 7 As 4x10'8 176
Oxide layer n-Aly o;Gag g3 As 4x10'8 30
Center spacer 2 n-Alj;Gag ;As 4x10'® 110
Tunnel junction n-Alj,3Gag o3 As 4x10" 15
p-Aly 55 Gag 7o As 1x10% 15
Center spacer 3 p-Al,sGag 1, As-Aly 4, Gag sgAs — 4x10!8 176
Active region 2 Ing,,Gaj 13 As/GaAs g, P og 0 6/8

tron leakage from the active regions. Nevertheless, the heterojunction formed between
AlGaAs materials with different Al compositions is of type-I, which means the barrier
for holes will also increase accordingly, thus affecting the hole injection efficiency [26].

To avoid the formation of additional hole barriers, we keep the spacer layer’s
Al component the same as that of structure 3 on the side adjacent to the active region
and gradually reduce the Al component to 0.28 on the other side, which is the same as
the tunnel junctions. Figure 6 shows the band diagram near the active region, indicating
that the gradient spacer layer can create a high potential barrier of 0.54 eV for electrons,
while it has almost no additional blocking effect on holes. This ensures the effective
blocking of electron leakage while maintaining efficient hole injection.

Compared with the fixed-composition spacer layers, the composition gradient spacer
layers have a lower Al composition same as the tunnel junction material on the side
away from the active region, resulting in the removal of abrupt heterojunction and the
smaller energy gaps between the conduction band/valence band and the electron/hole
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Fig. 6. Energy band diagram of the structures 3 and 4 with an injection current of 4 mA.
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quasi-Fermi levels, which implies that the composition gradient spacer layer contains
a higher average carrier concentration. The higher carrier concentration in the spacers
can ensure the efficient injection of carriers in the active regions. High carrier concen-
tration near the tunnel junction also effectively improves the tunneling current density
and reduces the resistivity as well.

Additionally, the composition gradient spacer layer can also affect the optical con-
finement factor of the active regions. The refractive index of AlGaAs material will
decrease with the increase of Al components. The Al component in the structure 4 spac-
er layer decreases outward from the active region. This gradual change of the Al com-
ponent forms a refractive index distribution that increases from the active region to
the tunnel junctions. This refractive index distribution form can guide the optical field
to diffuse into the spacer layers, thus reducing the optical confinement factor of the
active regions. The relationship between the internal loss ¢; and the optical confine-
ment factor I” follows [27]:

a; = Zaq = ZFq(ananrappq) (5)
q q

where o, and I, represent the internal loss and optical confinement factor of the g-th re-
gion, g, and 0, are the scattering cross-sections of the electrons and holes. n, and p,, are
the carrier concentrations of electrons and holes.

According to the equation, the decrease of the optical confinement factor can re-
duce the free-carrier absorption in the active region. Although the expansion of the light
field into the spacer layers will also cause an increase in the free-carrier absorption in
the spacer layers, since the carrier concentration in the spacer layer is much lower than
that in the active region, the impact of its internal loss can be ignored relatively.

The relationship between the slope efficiency (SE) and loss of semiconductor lasers
follows:

hv 1
SE = : 6
q Ti 1 +a,/a, ©)

where / is the Planck constant, v represents the laser frequency, ¢ stands for electron
charge, #; is the carrier injection efficiency, a; and a,, are internal loss and mirror loss,
respectively. It can be seen that the reduction of internal loss helps to improve the slope
efficiency of the device.

To verify the improvement of device performance by the component gradient spac-
er layer, we conducted simulation of the VCSEL with structure 4 under continuous cur-
rent injection. Figure 7 presents a comparison of the P-I-V characteristics of the
VCSELs with structures 4 and 3 at room temperature (300 K). As shown, the optimized
device exhibits a higher slope efficiency and thermal rollover current, enabling it to
achieve a higher peak power of 92 mW and PCE of 66%.
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Fig. 7. The P-I-V characteristic diagram of the VCSELSs of structures 3 and 4.

Based on the optimized device structure, we further performed simulations to eval-
uate the performance at different ambient temperatures. As the temperature rises, the
carrier leakage in the active region increases due to the increase of the thermal motion
of carriers and the decrease of potential barriers [28]. This leads to an increase in the
threshold current, and a decrease in the slope efficiency, peak optical power, and PCE.
Meanwhile, the voltage value at the same current also slightly decreases, which is
mainly due to the decrease in resistivity caused by the increase in carrier concentration
as the temperature rises. As shown in the results in Fig. 8, when the temperature rises
from 20 to 100 °C, the threshold current of the device increases from 1.3 to 2.42 mA,
the slope efficiency gradually decreases from 3.6 to 2.9 mW/mA, and the peak power
also decreases by more than 50 mW. However, even at a high ambient temperature of
80 °C, the device can still achieve a maximum optical power of 49 mW and an PCE of
over 50%, which is comparable to the performance of structure 1 at room temperature,
demonstrating that the device designed in this work exhibits excellent high-tempera-
ture operation characteristics.

(a) (b) » (c)

Voltage (V)

% = 20 40 60 80 100

Current (mA) Current (mA) Ambient temperature (°C)

Fig. 8. (a) P-I-V, (b) PCE and (c) slop efficiency, threshold current, and max PCE of the VCSELSs of struc-
ture 4 at different ambient temperatures.
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4. Conclusion

In this paper, the optical and thermal performance of MJ VCSELs under continuous
current injection is optimized by adjusting the materials and structure of the regions
between the MQWs. The results show that the device with n-type middle oxide layers
and Al composition gradient spacer layers exhibits great optical and thermal properties.
Compared with the conventional top-emission MJ VCSEL structure, the new structure
successfully increased the thermal inversion current, peak power and PCE owing to
the more uniform carrier injection, lower resistivity, and better heat dissipation. Fur-
thermore, the simulation results of the device performances under different ambient
temperatures show that the device structure designed in this work still has great appli-
cability in high-temperature environments. It can be predicted that the power and ef-
ficiency of the device can be further enhanced by increasing the number of active
regions. In conclusion, this work provides a practical method for the optimization of
MIJ VCSEL from the perspective of structural design, which is helpful for the fabrica-
tion of high-performance MJ VCSELs.
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