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ABSTRACT

For GaN-based vertical-cavity surface-emitting lasers (VCSELs), a suitable current confinement layer is essential for high-performance
devices. The effect of different current confinement layers, including SiO,, AIN, and diamond, on the performance of GaN-based VCSELs
was compared through simulation. The devices’ heat dissipation and current confinement characteristics were analyzed based on the electro-
opto-thermal model. Considering thermal management, the diamond was a better candidate under high injected current. Benefiting from the
excellent heat dissipation, the device with diamond shows a significant improvement in output power and the thermal roll-over current. This
work gives a superior option for the current confinement layer and can be helpful for future design and fabrication of high-power GaN-based

VCSELs.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155159

I. INTRODUCTION

GaN-based vertical-cavity surface-emitting lasers (VCSELs)
have attracted significant attention in recent years due to their
excellent optical and electrical characteristics, such as low thresh-
old current, narrow linewidth, high brightness, and excellent
directionality.”” These properties make them ideal light sources
in applications such as optical communication, 3D sensing,” and
especially in the new boosting VR/AR systems.” With gratitude
to the researchers’ outstanding dedication and the development of
GaN-based material, lasing of GaN-based VCSELs covering from
ultraviolet to yellow-green has been demonstrated.”’ At present,
optimizing the performance of GaN-based VCSELs under high
injection current has become more critical and attracted much
attention.

The dual dielectric Distributed Bragg Reflector (DBR) structure
and the hybrid DBR structure are the two mainstream structures
of GaN-based VCSELs.”'"""” The former has both top and bottom
DBRs deposited with dielectric materials, while the latter has a bot-
tom nitride DBR and a top dielectric DBR. The dual dielectric DBR
structure can avoid the difficulties in epitaxial nitride DBRs, includ-
ing the narrow stop band, low reflectivity, and long MOCVD growth

time,'* which can help to realize a lower threshold current. How-
ever, self-heating is more severe in the device with the dual dielectric
DBR structure, especially in the device with a short cavity, because
the thermal conductivity of the dielectric bottom DBR is extremely
low (SiO; ~ 1.5 W/mK, ZrO; ~ 2.09 W/mK, TiO; ~ 6.5 W/mK)."” "
When the device works under high current, the influence caused by
high device temperature is essential. Serious self-heating can cause
degradation in the device performance, including the threshold
current, the output power, and the emission spectrum.'” >

Several methods have been investigated to optimize the heat
dissipation in devices with this structure. Mishkat-Ul-Masabih et al.
from UNM? and Mei et al. from XMU'® proposed that increas-
ing the cavity length can improve the heat dissipation. Mehta et al.
from Georgia Tech’® proposed to broaden the substrate diameter
and reduce the diameter of the p-side DBR to improve the heat dissi-
pation. Leonard et al. from UCSB,” as well as our previous studies,”
reported that transferring the device membrane to a bonded copper
plate can effectively improve the heat dissipation. Benefiting from
the improved heat dissipation performance, we have experimentally
improved the device performance in our previous studies.”'”

According to the thermal analysis on GaN-based VCSELs per-
formed by Mei et al.,'® the vertical transfer of the heat generated in
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the active region directly through the bottom DBR is obstructed. It
is caused by the low thermal conductivity of the bottom dielectric
DBR. Therefore, the heat needs to be transported laterally, bypass-
ing the bottom DBR, and then transported vertically to the heat
sink, as shown in Fig. 1. The current confinement layer is located
at the main pathway of thermal transport, which will influence the
heat dissipation in devices. Therefore, choosing a material with a
higher thermal conductivity as the current confinement layer can
significantly improve the heat dissipation of the devices.

Due to the mature fabrication process, the most commonly
used material of the current confinement layer is SiQ,. 0152
However, the thermal conductivity of SiO, is extremely low
(~1.5 W/mK), which will seriously restrict heat dissipation. In our
previous work, we utilized AIN (thermal conductivity ~200 W/mK)
to replace SiO», and improved experimental results were obtained.
With a steady-state quasi-3D heat dissipation model,”’” better heat
dissipation was demonstrated. However, it is not clear whether the
performance of the device can be further improved with an even bet-
ter thermal-conducting confinement layer. Furthermore, analyzing
the device systematically by an electro-opto-thermal model should
be highly desired.

In this study, an electro-opto-thermal model was built, and
the performance of devices using SiO,, AIN, and diamond as cur-
rent confinement layers, respectively, was compared. Diamond has
a much higher thermal conductivity than AIN (diamond ~ 2200
W/mK).”® The thermal resistance of the devices decreased from
719.15 to 438.3 K/W (an improvement of 39%) when the current
confinement layer was changed from SiO; to AIN. Because the ther-
mal conductivity of the diamond is higher than that of the AIN,
utilizing the diamond as the current confinement layer can further
decrease the device’s thermal resistance to 370.2 K/W, resulting in
the best heat dissipation. Because the heat dissipation performance is
the main factor affecting device performance under high current, the
device with diamond current confinement layer achieves the highest
thermal roll-over current and output power. By utilizing diamond
to replace SiO; as the current confinement layer, the output power
is increased from 0.75 to 1.3 mW (an improvement of 73.3%), while
the thermal roll-over current is increased from 42.3 to 80.1 mA (an

n-contact

bottom
DBRs

Cu substrate
(heat sink)

FIG. 1. Pathway of thermal transport inside the device.
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improvement of 89.4%). As for the threshold current, on the other
hand, the lowest value is achieved with the AIN confinement layer.
These results provide a reference for selecting the materials of the
current confinement layer in GaN-based VCSELs and are valuable
for the design of high-performance GaN-based VCSELs.

Il. DEVICE SIMULATION AND DISCUSSION

For the simulation, the devices were designed based on our pre-
vious studies,””’ as illustrated in Fig. 2(a). The devices with the SiO,,
AIN, and diamond current confinement layer are defined as device-
SiO,, device-AlN, and device-diamond, respectively. The studied
VCSELs have a cavity sandwiched by a bottom 12.5 periods and a
top six periods of Ta,Os/SiO, DBR. The cavity comprises a 944 nm-
thick n-GaN layer, four pairs of Ing23sGao72N/GaN (2 nm/4 nm)
multiple quantum wells (QWs), a 15 nm-thick p-type Alp>GagsN
electron blocking layer (p-EBL), and a 106 nm-thick p-type GaN
layer. The VCSELs have a circular confinement aperture with a
radius of 2.5 ym. Moreover, a 20 nm-thick Indium Tin Oxide (ITO)
layer is utilized as the current spreading layer.'

As the positions of the active region and the ITO with respect
to the standing wave significantly affect the optical performance of
the VCSELs,”" these layers are conserved in the same location in all
structures to guarantee consistency of comparison in the simulation.
The active region overlaps with the anti-node of the standing wave
to maximize the modal gain, while the ITO layer overlaps with the
node of the standing wave to reduce the absorption loss, as shown
in Figs. 2(a) and 2(b). The emission wavelength of the devices is
~502 nm.

The investigations were conducted using PICS 3D’' from
Crosslight Software, and a self-consistent electro-opto-thermal sim-
ulation was adopted. The optical simulation was based on the
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FIG. 2. (a) Structure and standing wave of VCESL. (b) The standing wave near
the ITO region.

6€:55:00 €202 AInf v1.

AIP Advances 13, 075114 (2023); doi: 10.1063/5.0155159 13, 075114-2

© Author(s) 2023


https://pubs.aip.org/aip/adv

AIP Advances ARTICLE

VCSEL Effective Index Method (VCSEL-EIM) approximation pro-
posed by Hadley.” " The optical modes within the VCSEL cavity
were computed by solving the vector Helmholtz equation using a
finite element method. The optical gain was calculated according
to Fermi’s Golden Rule.”” In the electronic simulation, the band
structure and bound carrier densities in strained quantum wells
(QWs) were calculated by the k- p method with a 6 x 6 Hamiltonian
for wurtzite materials.”® The Poisson and Schrodinger equations
were solved self-consistently in the active region considered the
carrier screening. Furthermore, the charge transport in the bulk
region was modeled with the drift-diffusion approximation.”””* In
the thermal simulation, according to Mehta et al.,”* the steady-
state thermal diffusion equation for the lattice temperature is given
by Q= -V «kVT, where Q, T, and « are the heat generation den-
sity, the lattice temperature, and the thermal conductivity, respec-
tively. Considering joule heat, recombination heat, and Thom-
son/Peltier heat as the heat sources, the heat generation density is
given by
g
= ﬁ + .‘;E + qRuonrad ($p = n + T(Pp — Pn))

_]n 'Tvpn_]p‘TVPp,

where the subscripts n and p refer to the quantity of electrons
and holes, respectively. J, y, and n (or p) are the carrier densities,
mobility, and concentration. Ryonraq is the net rate of nonradiative
recombination. ¢, and ¢, are the electron and hole quasi-Fermi
potentials, and P is the thermoelectric power. The first two terms
relate to Joule heating, and the third term describes the heating

(=]
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effect caused by nonradiative recombination throughout the device.
The last two terms account for Thomson and Peltier heat. Further
description of the electro-opto-thermal simulation method can be
found in Refs. 39-41 and the references therein. Furthermore, the
polarization level was set to 40%, meaning that 60% of the theoretical
polarization induced charges are released by producing disloca-
tions due to the strain relaxation during the epitaxial growth.*’
The band-offset ratio, which is defined as the ratio between the
conduction-band offset and the valence-band offset for GaN/InGaN
quantum wells, was set to 0.7/0.3.%

As the p-side of the devices was in direct contact with the cop-
per substrate, they were assumed to link with a heat sink with high
thermal conductivity (copper ~ 400 W/mK)** during the simulation.
The current and the voltage were set to 5 mA and 4.7 V, respec-
tively, so the input electrical power value was equal to 23.5 mW.
The temperature distribution inside device-SiO, and device-AIN is
shown in Figs. 3(a) and 3(b), respectively. The temperature rise was
found to be 16.9 and 10.3 K, and the thermal resistance was calcu-
lated and was equal to 719.15 and 438.3 K/W for device-SiO, and
device-AlN, respectively. These results prove that the AIN current
confinement layer allows more efficient heat dissipation than SiO,,
with an improvement of 39%, which is consistent with our previous
experimental results.”” As the behavior of device-diamond shows in
Fig. 3(c), the temperature rises and the thermal resistance of device-
diamond was calculated to be 8.7 K and 370.2 K/W, respectively. The
thermal resistance of device-diamond shows a 16% reduction com-
pared to device-AIN. It means that the current confinement layer
formed by diamond can further improve the heat transfer efficiency
within the device.
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FIG. 3. Temperature distribution inside the (a) device-SiO,, (b) device-AIN, (c) device-diamond at a current of 5 mA and an aperture radius r = 2.5 ym, (d) Maximum
temperature inside the device in terms of the injection current.
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FIG. 4. (a) Lateral valence band diagrams in the p-GaN above the current confine-
ment layer at a current of 5 mA. (b) Relationship between the dielectric constant
and AE,.

The maximum temperature variation with respect to the injec-
tion current is shown in Fig. 3(d), where, under the same current, the
maximum temperature inside device-SiO,, device-AIN, and device-
diamond is sequentially decreasing. At the current of 10 mA, the
maximum temperature for the three devices is 332, 321.7, and
319.5 K, respectively. Furthermore, the increasing rate of the max-
imum temperature decreases as the thermal conductivity of the
current confinement layer increases (device-SiOz ~ 3.13 K/mA;
device-AIN ~ 2.23 K/mA; device-diamond ~ 1.64 K/mA). Those
results show that utilizing the diamond current confinement layer
can realize the greatest heat dissipation performance.

Considering the purpose of current confinement, it is necessary
to compare the current confinement capability of the different cur-
rent confinement layers. According to Hang et al.,"" as the current
confinement layer consumes bias voltage during the device opera-
tion, a potential difference for the injected carriers appears between
the inside and the outside of the aperture, which causes an energy
bending of the band diagram inside p-GaN along the radial direc-
tion. The band bending favors the hole transport from the inside to
the outside of the aperture, leading to the degeneration of the cur-
rent confinement capability. Such band bending decreases with the
increase of the dielectric constant of the current confinement layer.

ARTICLE pubs.aip.org/aip/adv

The leakage of the holes can be mitigated when a confinement layer
with a higher dielectric constant is used.

As the dielectric constant of AIN is higher than that of dia-
mond and SiO; (AIN ~ 10; diamond ~ 5.7; SiO, ~ 3.9), the band
bending in device-AIN is expected to be smaller than that in device-
SiO; and device-diamond. The lateral valence band profiles in the
devices were calculated and shown in Fig. 4. Here, AE, is defined as
the energy barrier height in the valence band. As shown in Fig. 4, AE,
decreases as the dielectric constant of the current confinement layer
increases. Figure 4(b) shows detailed information regarding the rela-
tionship between the dielectric constant of the current confinement
layer and AE,.

As discussed above, the current confinement capability of
device-AIN is expected to be better than device-diamond and
device-SiO,. The hole concentration and the recombination rate at
5 mA were calculated to prove this point further. Figure 5(a) rep-
resents the lateral hole concentration in the p-GaN layer above the
current confinement layer, and Figs. 5(b) and 5(c) show the lon-
gitudinal hole concentration and recombination rate in the active
region, respectively. The vertical distribution of the hole in the active
region shows a non-uniform distribution, which is caused by the
low hole mobility."”** The non-uniform distribution of carriers
may impair the rate of stimulated radiation recombination in the
n-side well, and adjusting the parameter of the QWs is a poten-
tial approach to improve uniformity. As shown in Fig. 5(a), the
hole accumulation in the aperture of the three devices decreases
in the following sequence: device-AIN (42.73 x 10'® cm™), device-
diamond (35.65 x 10'® cm™), and device-SiO, (29.84 x 10'® cm™).
The longitudinal hole concentration in the active region of the three
devices decreased with a similar sequence, as shown in Fig. 5(b).
The maximum hole concentration inside the last QW next to the
p-type layer of device-AlN, device-diamond, and device-SiO; is
66.83 x 10'%, 64.29 x 10'%, and 60.71 x 10" cm™, respectively.
The recombination rate of the three devices also shows a similar
sequence because the recombination rate is directly proportional
to the concentration of the hole. The maximum recombination
rate inside the last QW next to the p-type layer in device-AlN,
device-diamond, and device-SiO; is 3.72 x 10%, 3.53 x 10, and
3.24 x 10%® cm™>, respectively. These results show that a better lateral
current confinement capability and enhanced recombination can be
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FIG. 5. (a) Lateral hole concentration, (b) longitudinal hole concentration, and (c) longitudinal recombination rate profiles along the marked positions for the inset schematic

VCSEL at a current of 5 mA and an aperture radius of r = 2.5 ym.
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obtained as the dielectric constant for the current confinement layer
increases.

The optical output characteristics of the VCSELs were calcu-
lated after considering the above factors. The light-current char-
acteristics for device-SiO,, device-AIN, and device-diamond are
shown in Fig. 6, and the threshold current, thermal roll-over current,
and maximum output power are shown in Table I, the threshold
current of device-SiO, was estimated to be 35.7 kA/cm?, which
is the same level of magnitude as the reported green GaN-based
VCSEL."” The threshold current of device-AIN is the lowest. The
reason is that under low injection current, the temperature is not
very high to degrade the performance of the devices, and the lateral
current confinement capability plays a critical role instead of the heat
dissipation. As the injection current increases further beyond the
threshold current, heat dissipation becomes the main factor affect-
ing device performance. Since device-diamond has a smaller thermal
resistance, the output power exceeds that of device-AIN under high
injection current, showing the highest thermal roll-over current and
largest output power among the three devices. By utilizing diamond
to replace SiO; as the current confinement layer, the optical out-
put characteristics are improved significantly, the output power is
increased by 73.3%, and the thermal roll-over current is increased
by 89.4%. Therefore, from the perspective of obtaining the high-
power device, diamond is a better candidate than AIN and SiO for
the current confinement layer.

Device-SiO,
Device-AIN
Device-Diamond

3

Power (mW)

X
Current (mA) 1

120

4‘0 80
Current (mA)

FIG. 6. Light-current characteristics of the device-SiO,, device-AIN, and device-
diamond.

TABLE 1. Thermal roll-over current, maximum output power, and threshold current of
the device-SiO,, device-AIN, and device-diamond.

Device Device-SiO; Device-AIN Device-diamond
Threshold current

(mA) 7 5.1 5.5
Thermal roll-over 423 60.9 80.1
current (mA)

Maximum output 075 12 13

power (mW)

ARTICLE pubs.aip.org/aip/adv

I1l. CONCLUSIONS

In summary, this study investigated the performance of GaN-
based VCSELs with different insulating materials. The results show
that by utilizing diamond as the current confinement layer, the
device can operate under a higher injection current without degra-
dation and achieve a larger output power. This study on the cur-
rent confinement layer provides a guide for developing high-power
GaN-based VCSELs.
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