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GaN-based microdisk lasers grown on Si have a wide application prospect in communication and Si photonics. However, the relatively large
threshold current and thermal resistance often cause a very high junction temperature, which severely affects the device performance. Here we
analyzed the thermal characteristics of GaN-based microdisk lasers grown on Si substrates. According to the simulation results, we have
significantly reduced the threshold current and junction temperature by reducing the current injection area and device size, respectively. As a
result, continuous wave electrically injected lasing has been achieved at room temperature for both microring and microdisk lasers grown on Si.
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icrocavity lasers featured with low-loss whispering

gallery modes have been drawing increasing atten-

tion in communication, biological detection, tem-
perature sensors and some other fields, due to their particular
advantages of a small footprint, low power consumption and
high quality factor compared with conventional laser diodes
with Fabry—Pérot cavity.'™ GaN-based microdisk laser
grown on Si is one of the promising candidates for the on-
chip light source of the optical interconnection,” " because of
the compatibility with Si-based microelectronics and low-
cost large-scale manufacturing foundry.®™'"

In our previous work, we adopted a ‘“sandwich-like”
architecture by using AlGaN cladding layers on both sides
of quantum wells for better electrical conductivity and
reduced thermal resistance (R,) than the conventional
“mushroom-like” structure, and realized the first electrically
pumped GaN-on-Si microdisk laser, of which the lasing
wavelength and threshold current were 412 nm (violet) and
250 mA, respectively.'? We also achieved the demonstration
of electrically injected GaN-based ultraviolet (386 nm) mi-
crodisk laser diodes by overcoming the challenge of epitaxial
growth and defects, and the threshold current was 248 mA.">
However, the device above can only operate in a pulsed
mode, because of the high junction temperature induced by
the relatively high threshold current and threshold voltage.
High junction temperature will increase the nonradiative
recombination of the active region'*™'” and accelerate the
diffusion of defects along threading dislocations,'® " which
are detrimental to the internal quantum efficiency.
Meanwhile, elevated junction temperature can increase the
kinetic energy of electrons, and weaken the carrier confine-
ment, thus reducing the injection efficiency. In addition, high
junction temperature can also cause newly generated defects
of cavity facets, affecting the reliability of the Ilaser
device.”'”? These negative effects will form a feedback
and increase the junction temperature further, and hence
deteriorate the laser performance.”*** Therefore, it is neces-
sary to analyze the thermal characteristics of the microdisk
laser and reduce the junction temperature to improve the
device performance.”>*®
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Based on our previous work of the violet microdisk laser
reported in Feng et al.,'” we first reduced the carbon
concentration in p-AlGaN cladding layer as reported in Liu et
al.>” After that, the threshold current density and threshold
voltage of the device with an outer and inner radii of 20 and
10 um (abbreviated as 20—10 pm microring) were reduced
down to 8kAcm 2 and 6 V, respectively. However, it still
cannot operate in a continuous wave (CW) mode because of
the high junction temperature at the threshold. Therefore, in
this work, we analyzed the thermal characteristics of violet
microdisk lasers to reduce the junction temperature at
threshold by changing the device structure. According to
the simulation results, we have significantly reduced the
threshold current and junction temperature by reducing the
current injection area and device size, respectively. As a
result, CW electrically injected lasing has been achieved at
room temperature for both microring and microdisk lasers
grown on Si.

In this work, the thermal characteristics of GaN-based
microdisk laser were analyzed by the finite element method
and we assume all the heat dissipates through the heat sink at
the bottom of the laser device, and the heat transfer with air
can be neglected because of the small thermal conductivity
(TC) of air. The heat dissipation process follows the heat
equation,

V(=kVT) =0

kNT = h(Tyy — T)

where k, T, O, h, T, are the TC, temperature, heat source
density, heat transfer coefficient, and heat sink temperature,
respectively. For GaN-based microdisk lasers, the relatively
low optical power could be ignored compared with the
injected electrical power at the threshold current, and it is
reasonable to assume that all the injected electrical power is
converted into heat. According to the literature,” the
injected electrical power converts into heat in two major
ways, the nonradiative recombination from the active region
and the joule heat from the p-type layers with a relatively
high resistance. Therefore, the heat source was set at the
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active region and p-type layers, and the Q at threshold could
be defined as

_ U In

="y

where Uy, and [, are threshold voltage and threshold current,
respectively. V is the volume of the active region and p-type
layers, which vary with the size of the device. As reported in
Campenhout et al.,>® the threshold current density and the
threshold voltage did not change with the radius of the
microdisk lasers. Therefore, in this simulation, we assumed
all the devices with the same threshold current density
(8 kA cm2) and threshold voltage (6 V). The detailed para-
meters of the thickness and TC for each layer are shown in
Table 1.7*”

Figure 1 shows the simulation results of the microring
lasers, of which the outer circle radius was 20 yum and the
inner radius varied from O to 15 ym. The microring structure
is shown in Fig. 1(a). The inner circle was etched to p-AlGaN
cladding layer and covered by the SiO, insulation layer, the
current is injected only from the ring area, and recombination
occurs in the active region underneath the ring area.
Therefore, the heat source was set at the ring area of THE
p-type layer and active region.

As shown in Fig. 1(b), the fluctuation of thermal resistance
was relatively small, about only 30 K W', The reason is that
the pathway of downward heat dissipation is basically the
same for the devices with the same outer radius. A brief
qualitative explanation of thermal resistance is as following.
When the inner circle is small, the center region without heat
generation is so small that it will not make the heat density of
the annular region increase too much, but it will provide an
effective cooling channel, resulting in a slightly lower
thermal resistance. When the inner circle is too large, the
cooling channel effect is saturated because of the limited
ability of lateral heat dissipation, but the larger inner circle
leads to less area of annular region, which means a higher
heat density and less heat dissipating area through the
substrate, causing a higher thermal resistance. The simulation
results of thermal resistance were consistent with the test
results. For more details, see the supplementary data, avail-
able online at stacks.iop.org/APEX/13/074002/mmedia.

Combining with the threshold current and threshold
voltage, the temperature rise at threshold current decreased
from 88 to 40 K with the radius of inner circle increased from
0 to 15 pm. For the 20-0 pm microring laser, the temperature
rise at threshold current was estimated to be 88 K, as shown
in Fig. 1(c). As for the 20-5 pm microring laser, because of
the reduced current injection area, the threshold current and
also the injected electrical power were decreased. Meanwhile,
the inner circle provides an extra heat dissipating channel.
Therefore, the temperature rise at threshold was reduced to
71K, as shown in Fig. 1(d). For the case of 20-10 pm and
20-15 pm microring lasers, though the cooling channel effect
was gradually saturated, the significant reduction of threshold
current and power consumption dominated in this case, as
shown in Fig. 1(e). Consequently, the temperature rise at
threshold of 20-10 pm and 20-15 pm microring lasers were
58 and 40K, respectively. Therefore, an effective way to
realize CW lasing of microdisk lasers is to increase the size of
the inner circle.

After the fabrication of the devices, we measured the
electroluminescence (EL) power-current (P-I) curves under
pulsed current injection with various duty cycles. Figure 2(a)
shows that the knee point in the P—I curve was disappeared,
and the output power was largely dropped at high current
level when the duty cycle was increased from 8% to 64%.
However, for the 20—15 pm microring laser, when the duty
cycle was increased from 4% to 100%, the device could still
lase, and the threshold current was only increased a little due
to the effective reduction of the junction temperature. The EL
spectra of the 20-15 pm microring laser under various CW
currents are shown in Fig. 2(c). There was a spontaneous
emission broad peak around 410 nm under a small current
injection. When the current was above the threshold (50 mA),
a sharp lasing emission peak at 411 nm was observed, and the
full width at half maximum (FWHM) of the spectrum was
narrowed down to 0.5nm, as shown in the blue line of
Fig. 2(d). The characteristics indicate a room temperature
CW electrically pumped lasing of the GaN-based 20-15 um
microring lasers grown on Si.

In addition to the applied microring structure, another
effective way to realize CW electrically injected lasing is to
shrink the device size. Usually, a microdisk laser device with

Table I. The material parameters used in the simulation.
Layer Material Thickness (nm) TC (W -mK ™)
Metal Ti/Pt/Au 650 200
p-Contact 2 InGaN 5 40
p-Contact 1 GaN 30 130
p-Cladding Al ,Gag gN/GaN 600 96
Electron blocking layer Alg.18Gag goN 20 30
p-Waveguide 1 GaN 20 130
p-Waveguide 2 Ing ¢ Gag g9N/GaN 70 105
Active region Ing 1,Gag ggN/Ing 0oGag ogN 52 56
n-Waveguide 2 Ing 0 Gag g9N/GaN 80 105
n-Waveguide 1 GaN 40 130
n—Cladding Alo_ogSGao_g 1 5N/GaN 1200 60
n-Contact GaN 1300 130
Buffer 2 Aly17Gag gsN 310 30
Buffer 1 A10435G30.65N 180 20
Nucleation layer AIN 280 170
Substrate Si 10° 145
Heat sink Cu 10° 400
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Fig. 1. (Color online) (a) Schematic illustrations of the microring laser. (b) Thermal resistance and temperature rise at threshold of microring lasers as a
function of inner radius. Isotherm surface distribution and heat flux at a threshold of (c) 20-0 pm, (d) 20-5 pm and (e) 20-15 pm microring lasers.
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Fig. 2. (Color online) The P-I curves of (a) 20-5 pm and (b) 20-15 pum microring lasers under various duty cycles. (c) The EL spectra of the 20-15 um
microring laser measured under various CW currents. (d) The FWHM of spectra as a function of the injected current.
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a smaller radius has a lower threshold current and power
consumption, and is more likely to work in a CW mode.
Therefore, the thermal characteristics of microdisk lasers with
various radii were analyzed. In the actual device structure, for
the electrical testing of microdisk laser device with a radius
of less than 20 pm, the p-pad is too small to inject current by
using a regular probe pin. Therefore, the air-bridge electrode
structure connecting the p-type contact with a large square
metal pad was designed for the convenience of device testing,
as shown in Fig. 3(a), so the effect of air-bridge was also
analyzed. Figure 3(b) shows the thermal resistance and
temperature rise at the threshold as a function of the device
radius. The thermal resistance increases from 146 to
437 KW~ with the radius of device decreasing from 20 to
8 um. From the isotherm surface distribution and heat flux
marked by the arrows in Figs. 3(c) and 3(d), the heat
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Fig. 4. (Color online) (a) The EL spectra of the microdisk laser measured
under various CW currents. (b) The EL power and FWHM of spectra as a
function of the injected current.

074002-4

dissipates through the substrate and heat sink underneath
the device, a larger device size means a wider heat-
dissipating path and a higher cooling efficiency. Therefore,
small devices give a high thermal resistance. Additionally,
the thermal resistance of the microdisk laser with the air-
bridge structure showed a 5% reduction compared with the
device of the same size without air-bridge, indicating an
effect of supplemental heat dissipation through the air-bridge
structure, as the comparison of Figs. 3(d) and 3(e).

Though the thermal resistance of the small microdisk laser
was high, the temperature rise at threshold was relatively low
because of the great reduction in power consumption at
threshold. The temperature rise of the device with a radius of
8 um was only 42 K, while it was 88 K for the device with a
radius of 20 um, as shown in Figs. 3(c) and 3(d). As a result,
we demonstrated another room-temperature CW electrically
injected GaN-based microdisk lasers with a radius of 8 um.
The characteristics are shown in Fig. 4. The threshold current
and lasing wavelength were 18 mA and 415 nm, respectively.

The CW operation lifetime of the as-fabricated microdisk
and microring lasers mentioned above, measured at 1.1 times
of the threshold current under CW injection, was estimated to
be about a few minutes before a dramatic decay of output
power. Further improvement of lifetime can be obtained by
combining the two methods, applying microring structure for
the device with a small radius, which requires a more
advanced fabrication process for patterning.

In summary, the thermal characteristics of microdisk and
microring lasers were studied by simulation and experiment.
For microring lasers, the thermal resistance shows a relatively
small fluctuation range with the inner circle ranging from 0 to
15 um, while the junction temperature rise at threshold
monotonically decreases. For microdisk lasers, the thermal

© 2020 The Japan Society of Applied Physics
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resistance increases, while the junction temperature rise at  7)
threshold decreases with the radius of microdisk lasers
. . . 8
reducing from 20 to 8 ym. Based on the simulation result 9;
and analyses, room-temperature CW electrically injected 1)
lasing has been achieved for both microring and microdisk  11)
lasers grown on Si. E)
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