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Hybrid GaInAsP/SOI ridge waveguide Fabry–Pérot lasers with reduced thermal resistance were fabricated and measured. The lasers were formed
by room-temperature surface-activated bonding of InP and silicon-on-insulator wafers. Thin SiO2 film was introduced as ridge-sidewall insulation to
increase heat flow to the p-electrode side-metal. By incorporating a thermal shunt structure and Au electroplating, a single-facet output power of
20 mW and lasing operation up to 110 °C were achieved for a cavity length of 2.0 mm under continuous-wave conditions. The proposed structure
showed low thermal resistance of 14.3 K W−1 and a threshold current density of approximately 0.7 kA cm−2.

© 2023 The Japan Society of Applied Physics

P hotonic integrated circuits (PICs) with heterogeneous
integration technology have been a field of intense
research in silicon photonics.1–3) Their potential to

introduce different material technologies to commercial
silicon chips opens the path for large-scale integration of
high performance PICs with various optical functionalities,
which are challenging to achieve using conventional silicon-
on-insulator (SOI) platforms.4–6) In particular, the hetero-
geneous integration of hybrid III–V/SOI lasers by direct
bonding provides an appropriate solution for on-chip light
sources for telecommunication and datacenter applications
operating near 1.3 and 1.55 μm wavelength ranges.2,7) This
integration of lasers within the SOI circuitry has enabled
realization of wavelength-tunable external-cavity structures
operating effectively across the entire wavelength band by
using distributed Bragg reflector, ring resonator and loop
mirror devices.8–12) Moreover, hybrid III–V/SOI ring lasers
have also been reported, in which the light was coupled from
the III–V/SOI ring laser to the Si bus-waveguide by a
directional coupler.13–16)

Despite their advantages, hybrid III–V/SOI lasers exhibit
relatively high thermal resistance values due to the poor
thermal conductivity of the buried-oxide layer in SOI
substrates.17) Although the buried-oxide layer is required as
optical cladding, its thermal insulation characteristics hinder
heat sinking from the laser core to the Si substrate, lowering
the output power with reduced energy efficiency under
continuous-wave (CW) conditions, especially at elevated
temperatures.18,19) Various approaches have been adopted
to reduce the thermal resistance of hybrid III–V/SOI lasers.
For example, relatively wide III–V mesa structures with a
thick p-electrode metal were used to absorb and spread the
generated heat away from the laser core. Proton (H+)
implantation or III–V layer oxidation was adopted for current
confinement in such structures.20,21) In contrast, another
method is implementing a thermal shunt structure connecting
the laser core to the Si substrate through a short path with
high thermal conductivity. Hybrid III–V/SOI lasers with
metal and polysilicon thermal shunt materials have been
investigated in the literature. Although sub-milliwatt output
power levels have been reported with metal thermal shunt
structures,22,23) higher output power levels up to 30 mW were
reported for wide-mesa structures with H+ current

confinement and polysilicon thermal shunts.24) However, a
relatively high threshold current density of ∼1.8 kA cm−2

was demonstrated for the latter structure.
This letter reports the fabrication and measurement of high

thermal performance hybrid GaInAsP/SOI ridge waveguide
Fabry–Pérot (FP) lasers with reduced thermal resistance. The
bonding process was previously reported.25,26) Moreover, the
laser structure relied on a 3.5 μm wide III–VIII–V ridge
waveguide with a 0.5 μm wide Si waveguide underneath,
attached to a highly conductive thermal path to the Si
substrate for reduction of thermal resistance. As a result, a
single-facet output power of 20 mW and lasing operation up
to 110 °C were achieved under CW conditions for a 2.0 mm
cavity length. In addition, a thermal resistance of ∼14.3 K
W−1 and a threshold current density of ∼0.7 kA cm−2 were
demonstrated.
First, we designed a structure that improves heat dissipa-

tion from the III–V ridge waveguide. In conventional
monolithic ridge waveguide lasers, the ridge waveguide
structure is covered by a sufficiently thick SiO2 layer acting
as horizontal optical cladding for the transverse mode in
addition to its electrical insulation characteristics. However,
for hybrid III–V/SOI lasers with external-cavity structures,
the SiO2 layer also acts as vertical cladding for the external Si
waveguide with metal microheaters.26) Figures 1(a) and 1(b)
show the calculated optical intensity of the fundamental TE
mode using the finite difference method (FDM) at the III–V/
SOI gain section with conventional ridge insulation and an
external Si waveguide section, respectively. The SiO2 clad-
ding layer was characterized by a horizontal cladding height
(hy) and vertical cladding thickness (wx), as both thicknesses
were naturally coupled during plasma-enhanced chemical
vapor deposition. We assumed in the calculation that wx =
½hy to compare the performance with the improved structure
described below, which is a valid approximation in most
cases with deposition rate anisotropy. Figure 1(c) shows
optical absorption losses for both sections due to the
proximity of the p-electrode and microheater metals and the
estimated laser thermal resistance. Thermal resistance values
were estimated by commercial software providing a heat
transfer simulation model using a two-dimensional finite-
element method (2D FEM). The calculation assumed the
incorporation of thermal shunt and plating structures, as
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shown in Fig. 5(b), and a cavity length of 1.0 mm. The trade-
off between metal absorption losses and laser thermal
resistance was evident. Thus, the minimum possible thermal
resistance was decided by the minimum horizontal cladding
height (hy ≈ 0.6 μm), at which negligible metal absorption
losses could be achieved in both sections.
Although this conventional ridge insulation was used in a

previous report,26) we further improved the insulation struc-
ture in this study to reduce the thermal resistance. Figure 1(c)
shows that the external Si waveguide microheater dominates
the metal absorption for the same cladding height. This result

indicates that the vertical cladding thickness can be indepen-
dently reduced while fixing the horizontal cladding height at
its minimum for negligible optical losses. The decoupling of
horizontal and vertical cladding thicknesses in the III–V/SOI
gain section allows reduction of thermal resistance using
thinner vertical cladding. Figure 2 shows a cross-sectional
schematic image of the proposed hybrid GaInAsP/SOI ridge
waveguide with decoupled cladding thicknesses in the
horizontal and vertical directions. This improved ridge
insulation structure was fabricated in two steps: the first
step forms the horizontal cladding, while the second forms

(a)

(b)

(c)

Fig. 1. (Color online) Calculated optical intensity of the fundamental TE mode at (a) the III–V/SOI gain section with conventional ridge insulation and (b)
the external Si waveguide section, with (c) trade-off calculations between the metal absorption losses and the laser thermal resistance.
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the vertical cladding with a p-contact window opening for
metallization. In particular, window opening processes
usually depend on ridge dimensions and process parameters,
such as the relationship between the ridge width and the
lithography critical dimension (CD). For example, the con-
ventional aligned lithography process can be easily applied
for relatively wide ridges;27,28) however, self-aligned pro-
cesses are more convenient for narrow ridges with relatively
high aspect ratios.29,30) In this study, self-aligned lithography
was adopted for window opening to maximize the contact
area of the p-electrode and hence minimize p-contact
resistance and increase heat flow.
Figure 3 shows the trade-off between the metal absorption

losses for several vertical cladding thicknesses (wx = 10, 20
and 30 nm) and the estimated laser thermal resistance with
improved ridge insulation (wx = 30 nm). The calculation
assumed the incorporation of thermal shunt and plating
structures, as shown in Fig. 5(b), and a cavity length of
1.0 mm. The results suggest minimum values of hy ≈ 0.6 μm
and wx ≈ 30 nm. In this case, metal absorption is as low as
0.18 cm−1, which is almost negligible compared with the
intrinsic internal loss of the laser cavity. The reduction in the
value of wx is also proportional to the reduction in thermal
resistance. Moreover, heat flow profiles were calculated for
the conventional and improved insulation structures to
discuss such reduction qualitatively. Measurement of laser
diode differential resistances at different III–V ridge widths

for the 3.5 μm wide ridge suggested p-cladding and n-contact
layer resistances of ∼3 Ω for each. Thus, the estimated
resistive heating and diode-drop heating were included in a
2D FEM heat transfer simulation model with the previously
mentioned structural dimensions. The model assumed an
input power of 1W, an ambient temperature of 20 °C and a
third-dimension value of 1.0 mm. Furthermore, the model
considered natural air cooling from the laser top with
convection heat transfer coefficient h = 10W m–2 K−1.
Figures 4(a) and 4(b) show the estimated temperature
distribution and heat flow within the hybrid GaInAsP/SOI
ridge waveguide laser cross-section for the conventional and
improved ridge insulation structures, respectively. The figure
clearly shows that a lower temperature is obtained for the
improved ridge insulation structure, as the heat penetrates the
thin vertical cladding to be absorbed by the p-electrode side-
metal, spreading away from the laser core. Note that the n-
electrode exists on the left side; hence, more heat flow is
directed to the right side with lower temperature. The
estimated thermal resistances were 53.4 K W−1 and 49.6 K
W−1 for the conventional and improved ridge insulation
structures, respectively. These results correspond to a simu-
lated reduction in thermal resistance of 9.3%. Note that
thermal shunt and Au electroplating structures were not

Fig 3. (Color online) Trade-off calculations between the metal absorption
losses and the laser thermal resistance with improved ridge insulation.

(a)

(b)

Fig. 4. (Color online) Estimated temperature distribution and heat flow
(2D) within the hybrid GaInAsP/SOI ridge waveguide laser cross-section
with (a) conventional and (b) improved ridge insulation.

Fig. 2. (Color online) Cross-sectional schematic image of the hybrid
GaInAsP/SOI ridge waveguide with decoupled ridge insulation film thick-
nesses in horizontal and vertical directions.
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included in these simulations so as to clearly characterize the
effect of the proposed structure. Thus, the estimated thermal
resistances are higher than those shown in Figs. 1(c) and 3,
which include the effect of a thermal shunt structure and Au
electroplating. For the actual devices, the thermal resistances
(ZT = dT/dP) were extracted from wavelength dependence on
temperature (dλ/dT) and wavelength dependence on injected
power (dλ/dP) through the equation dT/dP =
(dλ/dP)/(dλ/dT).31) The extracted thermal resistances from
FP lasers with cleaved facets were 60.6 K W−1 and 50.4 K
W−1 for the conventional and improved ridge insulation
structures, respectively. These results correspond to an
experimental reduction in thermal resistance of 16.8%.
Although the improved ridge insulation structure achieves

a reduction in thermal resistance, further reduction is possible
by introducing a highly conductive thermal shunt structure
connecting the laser core directly to the Si substrate to boost
the heat sinking effect. This path starts with the improved
ridge insulation structure with thin vertical cladding, pene-
trates the SOI buried-oxide through the p-electrode metal, as
a thermal shunt structure with a thick Au layer formed by
electroplating, and ends with a SiO2 thin film in direct contact
with the Si substrate. This structure enhances heat dissipation
from the laser core; hence, a much lower thermal resistance
can be obtained. Although the path is designed for maximum
heat flow, SiO2 thin films are required for optical cladding
and electrical insulation of the III–V ridge and Si substrate,
respectively. Figure 5(a) shows a schematic of the hybrid
GaInAsP/SOI ridge waveguide laser with improved ridge

insulation, metal thermal shunt and electroplating heat
sinking structures.
Hybrid GaInAsP/SOI ridge waveguide FP lasers were

fabricated with the previously mentioned heat dissipation
structure for experimental demonstration. First, room-tem-
perature surface-activated bonding (SAB) was performed
using fast atom beam irradiation for a patterned 220-nm
thick SOI wafer with Si waveguides of width 0.5 μm32) and
an unpatterned GaInAsP/InP multiple quantum well epitaxial
wafer. The active region comprises five quantum well layers
(6 nm each) with Ga0.22In0.78As0.81P0.15 material under
1.10% compressive strain and six barrier layers (10 nm
each) with Ga0.25In0.75As0.50P0.50 under 0.15% tensile strain
for light emission around a wavelength of 1.55 μm.
Subsequently, the 3.5 μm wide III–V ridge was processed
through electron beam lithography to accurately align the
ridge waveguide section to the Si waveguide. The 3 μm thick
buried-oxide was etched before introducing the improved
ridge insulation. The horizontal optical cladding layer was
introduced to the ridge waveguide by depositing a thick SiO2

film (hy = 0.6 μm) followed by wet and dry etching processes
to remove the accompanying SiO2 films deposited on the
ridge-sidewalls by process anisotropy and on the exposed Si
substrate surface, respectively. Note that the wet etching
process was performed through a lithography-defined
window by a buffered hydrofluoric etchant with a slow
etching rate to accurately control the etching depth. Then, a
thin SiO2 film (wx = 60 nm) was deposited on top of the
remaining horizontal cladding. The deposition process was

(a) (b)

(c)

Fig. 5. (Color online) (a) Cross-sectional schematic, (b) microscopic top view and (c) cross-sectional scanning electron microscope image of the hybrid
GaInAsP/SOI ridge waveguide laser with improved ridge insulation, metal thermal shunt and electroplating heat sinking structures.
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performed in two steps to maintain a 20-nm thin SiO2 film on
the Si substrate surface by etching the SiO2 layer deposited in
the first step. After that, the n-contact window (single-sided)
was opened by conventional photolithography, while the p-
contact window was opened by self-aligned lithography due
to CD limitations. The process complexity was reduced by
depositing p- and n-electrode metals simultaneously using an
electron-gun evaporator with a Ti/Pt/Au layer stack of
thicknesses 50 nm/20 nm/600 nm, respectively. Finally, a 4-
μm thick Au electroplating stripe with a width of 50 μm was
introduced to the p-electrode metal to cover the high-
temperature-gradient area in order to improve heat spreading
and increase the conductivity of the thermal shunt structure.
Figure 5(b) shows a microscopic top view of the thermal
shunt structure with an Au electroplating stripe for the
fabricated hybrid GaInAsP/SOI ridge waveguide laser.
Finally, FP lasers were formed by facet cleavage with cavity
lengths of 0.5 mm and 2.0 mm. Figure 5(c) shows a cross-
sectional scanning electron microscope image of the fabri-
cated hybrid lasers with cleaved facets.

Figure 6(a) shows light output versus current (I–L)
characteristics of the hybrid GaInAsP/SOI ridge waveguide
FP lasers fabricated with the previously mentioned structural
conditions at different cavity lengths. Measurements were
performed under CW operation at a stage temperature of 20 °
C. Threshold currents for the cavity lengths of 0.5 mm and
2.0 mm were 18 mA and 48 mA, corresponding to threshold
current densities of ∼1.0 kA cm−2 and ∼0.7 kA cm−2,
respectively. Single-facet slope efficiencies of 0.096 W A−1

and 0.067 W A−1 were achieved for the 0.5 mm and 2.0 mm
cavities with saturated output power values of 12.5 mW and
20.0 mW, respectively. Note that the total output power is
double the presented values due to cavity symmetry. These
results are attributed to the strong current confinement
provided by the ridge waveguide structure and the enhanced
heat dissipation structure incorporating improved ridge in-
sulation, metal thermal shunt and Au electroplating.
Furthermore, the characteristic temperature of the

threshold current (T0), the characteristic temperature of the
external differential quantum efficiency (T1) and the thermal
resistance (ZT) were extracted from the I–L characteristics at
higher temperatures to evaluate the thermal performance of
the lasers experimentally. Figure 6(b) shows the I–L char-
acteristics of the hybrid GaInAsP/SOI ridge waveguide FP
laser with a cavity length of 2.0 mm under CW operation at
elevated stage temperatures. The figure shows that lasing
operation was demonstrated with stage temperatures up to
110 °C. Note that the actual temperature of the stage surface
is slightly lower than the set value measured by a thermo-
couple inside the stage with an error of <2% (a few degrees).
Wavelength dependences on temperature (dλ/dT) and in-
jected power (dλ/dP) were measured to extract the thermal
resistance (ZT = dT/dP) from the equation dT/dP = (dλ/dP)/
(dλ/dT). Figures 7(a) and 7(b) show shifting of the FP lasing
spectra with dissipated power and stage temperature, respec-
tively, for the 2.0 mm cavity length. The extracted character-
istic temperatures were T0 = 64 K (from 20 °C to 60 °C) and
T1 = 130 K (from 20 °C to 40 °C). A thermal resistance of
14.3 K W−1 was extracted for the 2.0 mm cavity length.
Additionally, a thermal resistance of 27.2 K W−1 was
extracted for a 1.0 mm cavity length. This corresponds to
almost double the extracted value for a 2.0 mm cavity length,
which agrees well with the theory, as the thermal resistance is
inversely proportional to the volume of the active region.
In conclusion, hybrid GaInAsP/SOI ridge waveguide FP

lasers with improved thermal resistance were fabricated
through SAB at room temperature. A ridge insulation
structure with thin vertical cladding was introduced with a
theoretical and experimental reduction in thermal resistance
of 9.3% and 16.3%, respectively. By introducing the thermal
shunt structure and Au electroplating in addition to the
proposed ridge insulation structure, single-facet output power
values of 12.5 mW and 20.0 mW with current threshold
values of 18 mA and 48 mA was achieved under CW
conditions for cavity lengths of 0.5 mm and 2.0 mm, respec-
tively. The lasing operation was demonstrated with stage
temperatures up to 110 °C for a cavity length of 2.0 mm. The
proposed structure showed thermal resistance of 14.3 K W−1

(a)

(b)

Fig. 6. (Color online) Light output characteristics of hybrid GaInAsP/SOI
FP ridge waveguide lasers with (a) different cavity lengths and (b) various
stage temperatures.
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and a threshold current density of ∼0.7 kA cm−2 for the
hybrid GaInAsP/SOI laser with a 2.0 mm cavity length.
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