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Abstract—We discuss the thermal management of microring
lasers on hybrid silicon platform in order to optimize their
high-temperature lasing performance. The thermal impedance of
microring lasers was improved with a novel thermal shunt design.
We report a significant improvement of hybrid silicon microring
laser performance, with the maximum continuous wave lasing
stage temperature up to 105 °C.

Index Terms—Quantum well lasers, Ring lasers, Silicon
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1. INTRODUCTION

HE demand for high-speed and low-power consumption

short-distance data links, especially for inter-chip
communications, has led to great efforts to develop integrated
photonics chips with low cost and large bandwidth. The hybrid
silicon technique is a promising solution for optical
interconnection applications because of its inherent advantages
on integrating variety of materials with silicon-based optics
through a CMOS compatible procedure [1, 2]. By transferring
III-V direct-bandgap materials to silicon-on-insulator (SOI)
substrate with a molecular bonding process, laser sources and
many other components were developed on hybrid silicon
platform, which enables variety of functions to be integrated
into a single chip [3-5].

A thick low-refractive index buried oxide (BOX) layer in
SOI substrate is necessary for low-substrate leakage loss
waveguiding. However, the poor thermal conductivity of SiO»
forms a barrier for heat generated in the device layer to be
dissipated in the silicon substrate, which is a major obstacle for
the hybrid silicon platform to achieve higher energy efficiency
and higher integration density [6].

The hybrid silicon microring (HSMR) laser (Fig. 1) has a
small footprint and small threshold current, which makes it a
good candidate for large-scale optical interconnection
application [7, 8]. However, HSMR lasers have a larger thermal
impedance due to higher series resistance from the compact
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Fig. 1. (a) Diagram of a HSMR laser and schematic device cross-section with
(b) electrical resistance model and (c) thermal resistance model

design. Their performance degrades rapidly with increasing
input power or at rising ambient temperatures. Previous
research shows a maximum CW lasing temperature at 65 °C
around 1530 nm for a 50 pm diameter device [9], which limits
its use in many applications.

Efforts have been made to improve the thermal performance
of HSMR lasers, for example to optimize the laser injection
efficiency by undercutting the active region [9], and to reduce
the device heating with a metal shunt [10]. In this paper we
propose a novel thermal shunt design to improve the thermal
performance of HSMR lasers. In Section II, we discuss
strategies of thermal management and show the simulation
results on optimization of the thermal shunt design. In Section
IIT we will illustrate the device structure and fabrication of the
HSMR lasers with double thermal shunt design. In Section IV
we analyze the optical and thermal performance of devices with
thermal management.

II. THERMAL ANALYSIS OF HYBRID SILICON RING LASER

When the active region temperature of quantum well (QW)
lasers increases, the bimolecular recombination rate decreases
and the Auger recombination rate increases [11], so the
quantum efficiency of the lasers is reduced. The correlation
between temperature and laser threshold can be described by



the empirical equations [12]:
1,=1,e"" )

Ny = 77,71064”v 2

The above equations indicate that both the threshold current
I and differential quantum efficiency 7, typically degrade
exponentially ~ with  temperature, with  characteristic
temperatures 7y and 75, Both characteristic temperatures are
related to thermal impedance of the device, Zr, which is
dependent on device materials, structure geometry, and the
location of heat source.

The major heat source in semiconductor QW lasers is Joule
heating [13]. The equivalent model of electrical resistance of
cross-section of in shown in Fig. 1 (b). Table I lists the
cross-section geometric dimensions of HSMR laser used in
calculations and designs, as labeled in Fig. 1 (b) and (c). The
total series resistance is divided into several components:
contact resistance (R, Ren), cladding resistance (Ryp, Rx), and
intrinsic layer resistance (R;). Table II lists the typical value for
each component. Their contribution to the overall Joule heating
can vary depends on the device geometry and doping
concentration. It’s noted that the n-type contact resistance and
cladding resistance usually dominate, as a result of limited
contact region in the center of the ring, and the small thickness
of the n-InP contact layer.

Fig. 1 (c¢) shows the simplified impedance model from
thermal prospective, in which Z, Z, and Zsor represent the
thermal impedance when heat transmits through n-contact layer
as well as silicon layer underneath, p-mesa and the SOI
substrate with thick BOX layer, respectively. The position of
heat sink relative to heat source is important here, which affects
the heat flux and then the involved thermal impedance
components. For normal chip placement in testing setup and

device package, the heat sink is usually set underneath substrate.

It turns out that the BOX layer with small thermal conductivity
dominates in the overall thermal impedance of the device.

A commercial 2-D finite element modeling tool [14] was
used to numerically simulated heat-transmission inside the

device structures, as shown in Fig. 2. The thermal
TABLEI
CROSS-SECTION GEOMETRIC DIMENSION FOR HSMR LASER
Wows 1.5 pm Tows 260 nm
Wnesa 3 um Tutnp 110 nm
Wins 0.8 pm Tsi 300 nm
W, 2 pm Tgox 1 um
Tnetat 1 um Toup 600 pm
Tetaa 1.7 um
TABLE 11
SERIES RESISTANCE COMPONENTS OF A TYPICAL HSMR LASER WITH VALUES
LISTED IN TABLE |
Components Resistance ()
R 25
P R, 24
Intrinsic R; 29
Ry 32
N R, 3.7
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Fig. 2. Diagrams of cross-section structures of HSMR lasers and the simulated
temperature contour for (a) (b) design A, (c¢) (d) design B, and (e) (f) design C.
All results are simulated for a 50 um diameters ring with 100 mA injection
current. (b) (d) and (e) share a same temperature scale which is shown at the
right side.

conductivities of materials used in a HSMR laser structure are
listed in Table III. Metals normally have much larger thermal
conductivity compared with most semiconductor materials.
Most dielectric materials used in silicon photonics have poor
thermal performance.

Three types of structures were compared in Fig. 2. They
share the same active region and mesa claddings with different
strategies on thermal management. A constant temperature was
used as boundary condition at the bottom of silicon substrate,
which represents an ideal thermal sink.

1) Design A: The standard HSMR laser structure with
polymer passivation, as demonstrated in Figs. 2(a)-(b).
Both polymer around the p mesa and SiO, in substrate

TABLE III
THERMAL CONDUCTIVITY OF SELECTIVE MATERIALS

Materials Thermal conductivity at 20 °C

W/(mK)
Dry air ~0.02
Thermal SiO, 1.38
PECVD SiNy 1.5
Polymer (SU8, BCB) 0.3
Silicon 130
InP 68
Sapphire 27
Copper 401
Gold 318
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Fig. 3. Temperature changes at the laser active region with different injection
current corresponding to the three structure designs shown in Fig. 2.

have poor thermal conductivity, confining the thermal
energy in the limited volume of III-V materials. The active
region temperature is raised by 62 °C with 100 mA
injection current.

2) Design B: A “flip-chip bonding’ design. In order to bypass
the SOI substrate, the device was flip-chip bonded to a 200
pm silicon carrier wafer with the heat sink underneath, as
shown in Figs. 2 (¢)-(d). The p-type and n-type metal were
connected to metal wires on the carrier wafer and served as
the heat conduction media. The heat generated at active
region dissipates into heat sink through the p-mesa into
carrier wafer efficiently and the active region stays cool.

3) Design C: A ‘p-metal thermal shunt’ design, as shown in
Fig. 2 () (f). The 1 um BOX layer was etched through
with metal filled in. Thick metal covers the entire III-V
mesa including the steep sidewall, efficiently "shorting"
the heat from active region, p-mesa all the way to the
silicon substrate.

(b)

Thick SiNy was used as dielectric layer to isolate the active
region with metal to avoid a large absorption loss. The
simulation results indicate an effective heat transmission
between heat source and heat sink with the maximum
temperature at the active region much lower than design A.

The active region temperature for all three designs are shown
in Fig. 3. Design A has the worst thermal performance. The
overall impedances for each design with 50 um diameter are
420 °C/W, 109 °C/W and 181 °C/W, respectively.

The flip-chip bonding approach has the best cooling
efficiency. But it normally requires high-precision position
alignment and is incompatible with integration with electronics
and external optical fibers. The difficulties in process and
package make it less desirable.

It is worthwhile to note that further optimization can be done
by tuning the device structures. As shown in the plots in Fig. 3,
a thinner SOI substrate (100 pm) improves the thermal
impedance by 16% compared with a 600 pm substrate [15]. An
additional 12% improvement could be achieved by improving
the thermal conductivity of insulation layers from 1.5 W/(m-K)
to 15 W/(m-K), although the availability of these materials in
our fabrication facilities were limited in this work.

In addition, the above simulations were based on a simplified
model that neglects the boundary thermal resistance. The
multiple layer system in practice has more complex heat
transmissions and larger thermal impedance, depending on the
surface treatment process as well as the deposition techniques.

III. DEVICE DESIGN AND FABRICATION

There are two aspects to optimize the thermal performance of
a HSMR laser based on the previous discussion: heat sources
and heat-flux path. The former requires improving the injection
efficiency and the device series resistance; the latter requires
optimization of the metal thermal shunt design. A double
thermal-shunt structure is investigated here to improve the
previous design [10] (Fig. 4 (a)). A p-metal thermal shunt with

©) (d)

Fig. 4. (a) The diagram of a HSMR laser with double thermal shunt design. (b) to (j) illustrate the hybrid silicon process flow: (b) waveguide and other passive
components were etched on SOI substrate; (c) III-V film with active region was bonded onto SOI substrate; (d) Ring mesa was defined by dry etches; (e) active
region was undercuted by wet etches; (f) BOX layer was etched through with dry etching method; (g) n-contact metal deposition; (h) p-contact metal deposition; (i)
device was passivated by thick dielectric materials deposition and via openings were etched; (j) Shunt metal as well as probe metals were deposited.



N-probe

Fig. 5. plain-view SEM images of (a) HSMR lasers with double thermal shunt
design and (b) control design without thermal shunt; (c) cross-section SEM
image of the laser mesa with highlighted metal shunt coverage at the mesa
sidewall; (d) 3-D microscopic image of the fabricated devices. The height
contrast between the mesa top (spot A) and p metal shunt (spot B) is about 3.2
pm. Devices shown above are with 50 pm diameter.

50 pm width was connected with the ring mesa. The n-metal
thermal shunt with a 20 um width was connected to the n—metal
across the bus waveguide. 1 pum dielectric layer was used to
insulate the p-shunt and mesa as well as between the n-shunt
and p-contact. Gold was used for metal shunts in this
experiment.

The active region of the III-V ring mesa includes five
InAlGaAs QWs with center photoluminescence peak at 1310
nm. Compressive strain in the QW layer was used to further
decrease internal loss in cavity and increase the differential
gain.

HSMR lasers with diameter of 20 pm, 30 um and 50 um
were fabricated with the hybrid silicon process using the
process flow shown in Figs. 4 (b)-(j). A low temperature
hydrophilic bonding technique was used to transfer I1I-V thin
layer with gain materials to a patterned SOI substrate [16]. No
precise position alignment was required for the wafer bonding
process. A standard top-down III-V process was followed to
fabricate mesa structure with metal electrodes deposited. As the
last step of the process, the SOI substrates were thinned down
to 150 pm.

Fig. 5 shows the plain-view scanning electron microscope
(SEM) and optical microscope images of the fabricated HSMR
lasers with thermal shunts highlighted. A control design
without thermal shunt structure was processed on same wafer
in parallel, as shown in Fig. 5 (b), for which the mesa structures
were same except the BOX layer was left un-etched. Fig. 5 (¢)
shows the cross-section SEM image of the ring mesa with
thermal shunt design. It shows that the 3 um thick p-metal shunt
fully covers the entire mesa with a top to sidewall thickness
ratio of 3:1. 1 um SiO; served as the insulation layer between
the shunt and active region. It also shows the 700 nm undercut
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Fig. 6. (a) L-I curves and (b) I-V curves of 50 um diameter HSMR laser
without thermal shunts at different stage temperatures; (c) L-I curves and (d)
I-V curves of HSMR laser with same geometry as well as double thermal
shunts at different stage temperatures.

at the active region to increase the injection efficiency. But the
undercut is not uniform inside the ring due to an anisotropic wet
etch. Fig. 5 (d) shows the 3-D view of the device with the large
height contrast from margin area with the mesa top that was
capped by thick metal.

IV. HYBRID SILICON MICRORING LASERS PERFORMANCE

The fabricated chips were placed p-side up on a copper heat
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Fig. 7. (a) Thermal reflection images of 50 mm HSMR lasers with and without
thermal shunt designs which show the temperature increment and distributions
with different injection current. (b) The temperature changes at the monitoring
spots on the devices.



sink with temperature stabilized by a thermoelectric cooler. The
output light from one side of the bus waveguide was coupled
into a cleaved fiber through vertical grating couplers, while the
output from the other side was collected by the on-chip
photodetectors. A calibrated external InGaAs photo-detector
was used to detect the output power from the grating coupler
and optical spectrum analyzer was used to detect the light
spectrum.

Fig. 6 compares the light-current (L-I) and current-voltage
(I-V) curves of HSMR lasers with and without thermal shunt
designs, corresponding to the devices shown in Fig. 5 (a) and
(b), respectively. From the I-V curves it was seen that the series
resistance of the devices were not affected by thermal shunts
design, which implies an equivalent heat source for both
structures. When the stage temperature was at 20 °C, both
devices shared the same threshold current around 12.3 mA. The
device without thermal shunt had earlier thermal roll-over in
the output power, and its maximum CW lasing temperature was
about 70 °C. The device with double thermal shunts, in contrast,
was able to CW lase up to 105 °C. The L-I curves show a
slower thermal roll-over at same stage temperature with the
output power 8 to 10 dB higher.

A thermal reflection technique [17] was used to measure the
temperature at the device surface. Fig. 7 (a) shows the thermal
reflection images and temperature increment with injection
current on the same devices shown in Fig. 6. It shows that the
50 wm HSMR laser without thermal shunt had rapid
temperature increase with increasing injection currents. The
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Fig. 8. Plain-view SEM images of HSMR lasers with (a) 30 um and (b) 20 pm
diameters with thermal shunts. (¢) L-I curves of 30 um control design without
thermal shunt and corresponding (d) thermal shunt design; () L-I curves of 20
pm control design without thermal shunt and corresponding (f) thermal shunt
design.
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Fig. 9. (a) The spectra of HSMR lasers with thermal shunts. (b) Wavelength
shift with injection power increment for HSMR lasers with different
diameters. (c) Wavelength shift with stage temperature for HSMR lasers with
different diameters.

heating was concentrated at the top of the ring mesa. The
temperature change on the device with double thermal shunts
was much less significant, with the heat spread into
neighboring shunt regions. This gives clear evidence on the
improvement of device thermal impedance by the thermal
shunts designs.

Temperature monitoring spots were chosen at p-mesa top
and center of the n-metal pads, with the temperature evolution
curves shown in Fig. 7 (b). The trend of the temperature curves
matches well with the simulation results in Fig. 3. For the
device without a thermal shunt, the big temperature contrast
between p-mesa and n-metal indicates ineffective heat
transmission mesa through the thin n-contact layer and silicon
device layer. With the same injection current at 93 mA, the
temperature at the p mesa top at the device with double thermal
shunts was 17 °C, about 65 °C lower than that of the control
design. The large temperature difference provides clear
evidence on the improvement of thermal impedance by the
effective heat transmission by thermal shunts.

The thermal performance of HSMR lasers with smaller size
was also investigated. The total series resistance of device
increases with smaller device geometry. SEM images of double
thermal shunt HSMR laser with a 30 um and 20 um diameters
were shown in Figs. 8 (a) and (b), respectively. The p-metal
shunt coverage was limited by size of the ring as well as the
position of bus waveguide. Similarly, the respective lasing
characteristic of the devices were compared in Figs. 8 (¢) to (f).
Smaller HSMR lasers had lower output power roll-over
compared with the 50 pm ones. Notable improvements on the
output power as well as lasing temperature were observed with
the thermal shunt design.



TABLE IV
PERFORMANCE OF HSMR LASES WITH OR WITHOUT THERMAL SHUNT
Diameter Maximum CW dA/dP Zr
(um) Temperature (°C) (nm/W) (°C/W)
) 50 70 46.3 579.9
‘Z&}l’gft 30 60 78.4 10313
20 50 122.5 1591.1
50 105 29.0 363.9
Dsﬁ)llte 30 90 513 653.2
20 80 85.1 1105.1

Fig. 9 (a) shows the spectra of HSMR lasers with thermal
shunts. The free spectral range for 50 um, 30 pm and 20 pm
ring diameters were 3.11 nm, 5.18 nm and 7.81 nm,
respectively. The CW output light wavelength shift with
dissipation power and stage temperature of the HSMR lasers
were studied, as shown in Fig. 9 (b) and (c¢). The temperature
changes at the active region with self-heating by injected
electrical power were shown in Fig. 9 (b). The slope of the
fitting lines is listed in Table IV. By ignoring the 1.2% change
on series resistance for 10 °C temperature difference, the
self-heating was assumed to be constant, and the wavelength
shifts with stage temperature were independent on the size of
ring and the thermal shunt designs, as shown in Fig. 9 (c).

Then the thermal impedance of the HSMR lasers can be
calculated with followed equation:

z, = %, % 3)
dP  dT

The calculated thermal impedance values for the devices
with and without thermal shunt with varying diameters were
listed in table I1I. As can be seen that 30% to 40% improvement
in thermal impedance was achieved on the devices with thermal
shunts, with the maximum CW lasing temperatures raised by
over 35 °C.

V. CONCLUSION

In this paper we compared strategies to optimize the thermal
management for HMSR lasers. We proposed novel double
thermal shunts designs that effectively improve the thermal
impedance of the device as well as the overall performance.
The experimental results show that a compact HSMR laser with
50 um diameter achieved a maximum lasing temperature at
105 °C, which matches the record of lasers on the hybrid silicon
platform [18]. This is important for HSMR lasers to be used in
interconnection applications in un-cooled environment, such as
data centers. Further improvement could be done by using
metals with higher thermal conductivity, such as copper, which
is also CMOS process compatible, to optimize the efficiency of
the thermal shunts.
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