This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Design and analysis of 2‑μm InGaSb/GaSb
quantum well lasers integrated onto
silicon‑on‑insulator (SOI) waveguide circuits
through an Al2O3 bonding layer
Li, Xiang; Wang, Hong; Qiao, Zhongliang; Zhang, Yu; Niu, Zhichuan; Tong, Cunzhu; Liu,
Chongyang
2016
Li, X., Wang, H., Qiao, Z., Zhang, Y., Niu, Z., Tong, C. & Liu, C. (2016). Design and analysis
of 2‑μm InGaSb/GaSb quantum well lasers integrated onto silicon‑on‑insulator (SOI)
waveguide circuits through an Al2O3 bonding layer. IEEE Journal of Selected Topics in
Quantum Electronics, 22(6), 16‑22. https://dx.doi.org/10.1109/JSTQE.2016.2553448

https://hdl.handle.net/10356/147482
https://doi.org/10.1109/JSTQE.2016.2553448

© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new
collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted
component of this work in other works. The published version is available at:
https://doi.org/10.1109/JSTQE.2016.2553448

Downloaded on 17 Jun 2021 11:29:37 SGT

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

1

Design and Analysis of 2-µm InGaSb/GaSb
Quantum Well Lasers Integrated onto
Silicon-on-Insulator (SOI) Waveguide Circuits
through an Al2O3 Bonding Layer
X. Li, H. Wang, Z. L. Qiao, Y. Zhang, Z. C. Niu, C. Z. Tong, and C. Y. Liu

Abstract—GaSb-based quantum well (QW) laser diode, with
emission wavelength ~2 µm, integrated onto a silicon-on-insulator
(SOI) waveguide circuit through a high-thermal-conductivity
Al2O3 bonding layer has been designed and analyzed. Prior to
bonding, the fabricated Fabry-Perot (FP) GaSb QW laser worked
under continuous wave (CW) operation at room temperature,
with a low threshold current of 37 mA at the emission wavelength
of 2019 nm, demonstrating high material quality. A tapered
structure has been used for evanescent coupling of light from the
GaSb laser to the underlying Si waveguide. Instead of using SiO2
for direct bonding or Benzocyclobutene (BCB) for adhesive
bonding, the use of Al2O3 to directly bond GaSb lasers onto SOI
wafers is proposed. The optical mode distribution simulations by
a beam propagation method (BPM) software show that light can
be coupled efficiently to the underlying Si waveguide through the
tapered structure without compromise in optical coupling
efficiency. Furthermore, there is a significant reduction (~70%) in
the total thermal resistance compared with the same structure
using a SiO2 bonding layer. Our results suggest that the Al2O3
bonding layer could be a promising candidate for III–V lasers
integrated on SOI circuits, where thermal dissipation is very
critical.
Index Terms—GaSb laser, Quantum well, silicon-on-insulator
(SOI), tapered structure, Al2O3 wafer bonding, silicon photonics
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I. INTRODUCTION

H

IGH-performance light sources operating at 2 µm and
above are key components for applications such as gas
sensing, medical diagnostics as well as advanced
telecommunication [1-5]. Such optical emitting devices are
normally based on III-V compound semiconductor materials,
such as InP-based [6, 7] and GaSb-based [8, 9] quantum well
(QW) laser structures. Though high performance 2-µm laser
diodes have been demonstrated from both systems, GaSb-based
QW lasers are less critical in material growth compared to the
highly strained InGaAs QW on InP for wavelength around 2
μm. Thus it is more advantageous for wavelengths longer than
2 µm.
On the other hand, silicon photonics, based on
silicon-on-insulator (SOI) waveguide circuits, is a
well-established CMOS compatible technology, which enables
the compact passive silicon photonic circuits [10]. However,
due to the intrinsic material property, i.e., indirect bandgap, the
Si-based materials cannot emit light efficiently.
If the strength of these two worlds can be combined, namely,
the integration of III-V lasers onto SOI waveguide circuits, it
potentially allows the highly compact gas sensing and optical
communication devices to have a large degree of freedom in
device design, thus improving the system performance.
Furthermore, these devices can be fabricated using the mature
CMOS process infrastructure, resulting in high yield, high
volume production and therefore low cost [11].
There are quite a few papers addressing the integration of
III-V laser structures onto SOI platforms [12-20]; however,
most of them are based on InP-based materials at telecom
wavelength of 1.55 µm. So far, there are few reports on the
design of lasers, integrated onto SOI platforms, with emission
wavelength around 2 µm and above. And even in these limited
reports, the device performance still needs to be further
improved in terms of working temperature and output power
[17]. For example, Hattasan et al. has reported the first
GaSb-based laser integrated onto a SOI waveguide, working
under continuous wave (CW) operation with output power of a
few tens of µW only. Furthermore, the GaSb Fabry-Perot (FP)
laser was bonded onto an InP carrier first and then bonded onto
the SOI platform. Though the pioneering result demonstrated
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the possibility of integrating a GaSb-based laser onto a SOI,
this laser design limits light coupling efficiency from lasers to
Si waveguides. Therefore, direct GaSb laser integrated onto a
SOI platform is greatly desired. In addition, the GaSb-based
material has higher refractive index (3.896 for GaSb) [21] than
Si (3.451) [22]. Therefore, intrinsically, the light is not easy to
couple down from the higher-index GaSb QW region to the
underlying Si waveguide region. A tapered structure has been
demonstrated to efficiently facilitate coupling the light from the
InP QW region to the underlying SOI waveguide [23-26].
However, tapered structures have not been evaluated for the
GaSb QW laser integrated onto SOI platforms yet.
Conventionally, SiO2 has been used as bonding material in
direct wafer bonding of III-V materials onto SOI waveguides
[15]. But due to its large thermal resistivity (~71.43 Kcm/W)
[27], heat dissipation becomes a big problem, especially for
lasers whose performances are affected significantly by thermal
properties. Benzocyclobutene (BCB) is also widely used in
adhesive wafer bonding, but its thermal resistivity is even
larger (~344.83 Kcm/W) [28]. Recently, we have reported the
low temperature heterogeneous InP bonding on a Si wafer with
an Al2O3 bonding layer [29, 30]. Due to its much lower thermal
resistivity (~2.56 Kcm/W) [31], Al2O3 becomes a very
promising candidate for bonding III-V lasers onto SOI wafers.
With Al2O3 bonding layer, we have previously reported the
InP-based uni-travelling carrier photodiode (UTC-PD) bonded
onto a SOI platform with improved thermal characteristics [18].
In this paper, for the first time, we investigate a GaSb QW
laser, with a tapered waveguide structure, bonded onto SOI
circuits with an Al2O3 bonding layer. The thermal resistance
has been calculated and compared to that with a SiO2 bonding
layer. The tapered-waveguide GaSb QW laser which is suitable
for integration onto SOI circuits has been designed and grown
with molecular beam epitaxy (MBE). The fabricated standalone
GaSb QW laser worked under CW operation with emission
wavelength of 2019 nm at room temperature with a low
threshold current of 37 mA. With our design, simulated by a
RSOFT BeamProp software [32], the light in the GaSb QW
active region can be successfully coupled into the underlying
SOI waveguide. In addition, the use of Al2O3 bonding layer
potentially enhances the thermal characteristics of this device.
By comparing the device’s thermal property with the same
structure using SiO2 bonding layer, we show that device with
Al2O3 bonding layer has a much lower (~70%) thermal
resistance.

tapered coupling structures (50 µm each) and a 900-µm-long
uniform region. Light emitted from the III-V laser can be
coupled into the Si waveguide gradually through the tapered
coupling structures and can keep oscillating in it. Every time
passing through the III-V region, the light is coupled back into
the III-V laser and gets amplified.

Fig. 1. Schematic diagram of the entire device and its cross section (not to
scale).

III. LASER RESULTS
Before simulations of the hybrid device, the GaSb-based
III-V lasers, which are used for bonding onto SOI wafers, have
been fabricated and tested. The epitaxial structure of the laser
was grown with MBE and has been shown in Table I. The
detailed growth process is similar to that described in [33]. The
laser structure has been calculated by 8-band k dot p method
[34], same as we performed in [35]. The results are shown in
Fig. 2, including the first two electron subbands and the first
three heavy-hole bands. The fundamental transition is ~2.0 μm.
TABLE I
EPITAXIAL STRUCTURE OF LASER

II. DEVICE STRUCTURE
The schematic diagram of the proposed device structure, i.e.,
a tapered-waveguide GaSb QW laser bonded onto a SOI
waveguide with an Al2O3 bonding layer, and its cross section
are shown in Fig. 1. For the entire device, the width of the Si
waveguide (WSi) is kept uniform while the width of the III-V
structure varies along the Z axis (in the main light amplification
region, the width of III-V structure is 4 µm as shown in Fig. 1).
The length of the entire III-V region is 1000 µm, including two
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Layer

Material

Thickness (nm)

7
6
5
4
3
2
1
0

GaSb
Al0.5GaAsSb
Al0.2GaAsSb
In0.2Ga0.8Sb
Al0.2GaAsSb
Al0.5GaAsSb
GaSb
GaSb

250
1500
270
10
270
1500
500
700 μm
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Fig. 2. In0.2Ga0.8Sb/Al0.2GaAsSb QW bandgap calculation.

The device fabrication process is the same as we published
before [36, 37]. Standard photolithography and wet chemical
etching at room temperature was carried out to form the ridge.
A SiO2 layer was deposited on the wafer for injection current
confinement. Ti/Au and Ni/Ge/Au/Ni/Au were evaporated on
top and bottom of the GaSb laser to form ohmic contact. The
light output power and voltage vs. injection current (LIV) curve
is shown in Fig. 3(a). The output power corresponds to both
facets of the laser. As can be seen from the figure, the single
QW GaSb laser works well in CW mode at room temperature
with a threshold current of 37 mA. Lasing spectrum has also
been measured using an optical spectrum analyzer (OSA) when
the laser was driven slightly above threshold at 48 mA and
shown in Fig 3(b). The lasing spectrum peaks at around 2019
nm, which agrees well with the design in Fig. 2.
Fig. 4 shows the net modal gain (Gnet =g-i) spectra from
the fabricated GaSb laser at 20 oC at several bias currents. Gnet
is computed from multiple amplified spontaneous emission
(ASE) spectra obtained at different injection currents using Eq.
(1) [36, 38]. The ASE spectra were recorded with a high
resolution OSA (AQ6375, 1200-2400 nm) with the step size of
0.01 nm and the spectral resolution of 0.01 nm. The spectral
resolution in the measurement is considered very good
compared to the adjacent longitudinal FP mode spacing in our
presented laser, which is about 0.6 nm. This could ensure
obtaining the reliable data using Eq. (1). The inset of Fig. 4
shows the FP modes in greater detail. The sharp peak and valley
indicate excellent mode spacing as expected. In calculating the
Gnet, we used the known laser cavity length Lc. The laser facet
reflectivity R is determined by [(n-1)/(n+1)]2, where n is the
group refractive index, obtained from the ASE spectrum. It can
be seen from Fig. 4 that, when the current is 36 mA, just below
the threshold (37 mA), the maximum gain is reached.
Assuming a modal gain of zero at long wavelengths, we extract
the internal loss (αi) to be ~ -5 cm-1, which indicates the high
quality of the designed GaSb laser structure.
Gnet ( )  g material ( )   i 

S ( )  1 1  1  (1)
1
ln

ln 

L
S ( )  1 2 L  R1R2 

Fig. 3(a) LIV curve and (b) lasing spectrum of the GaSb laser.

where αi is the internal loss, S is the ratio of intensity maximum
P(λ), and minimum V(λ) in the consecutive FP resonances in
the whole wavelength range [38], as expressed in the inset of
Fig. 4, Lc is the cavity length, and R1 and R2 are facet
reflectivities.

Fig. 4. Net modal gain vs. injection current at room temperature from a GaSb
QW laser. The inset shows the FP spectra in greater detail.

IV. EVANESCENT COUPLING SIMULATIONS
The entire hybrid device using the same epitaxial structure
with the tested lasers (for bonding purpose, we changed the
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thickness of the p-side waveguide layer and removed the p-side
cladding layer) has been generated with beam propagation
method (BPM) by a RSOFT BeamProp software. The details of
the III-V structure integrated onto the SOI platform, from the Si
waveguide surface to the III-V side, are 50-nm-thick bonding
layer, 50-nm-thick GaSb contact layer, 100-nm-thick p-type
Al0.2GaAsSb waveguide layer, 10-nm-thick In0.2Ga0.8Sb
quantum well layer, 270-nm-thick n-type Al0.2GaAsSb
waveguide layer and 1500-nm-thick n-type Al0.5GaAsSb
cladding layer.
Fig. 5 shows the refractive index profile of the entire device
(GaSb QW laser onto SOI waveguide) (a) as well as the
enlarged refractive index profile of its In0.2Ga0.8Sb QW active
region (b). The specific values of the refractive indices used in
the BPM simulation are given in Table II [22, 39-42]. For the
refractive index determination of the InGaSb material, we use
the method described in [39]. The equations are expressed as


n    1 ( )0.5

1
2

1 ( )  A  f   0    E0 /  E0  0 

1.5


f  OS   B


4

TABLE II
EPITAXIAL STRUCTURE OF LASER
Material

Refractive Index

Si
SiO2
Al2O3
GaSb
Al0.5GaAsSb
Al0.2GaAsSb
In0.2Ga0.8Sb

3.451
1.465
1.738
3.896
3.457
3.724
3.848

(2)
(3)

where A and B are the constant terms arising mainly from the
energy bandgaps of the material, E0 is direct bandgap energy,
Δ0 is spin obit splitting energy, ω is circular frequency and
0.5
0.5
f  0   02 2  1  0   1  0  H 1  0 



(4)

0.5
0.5
2 
f  OS   OS
2  1  OS   1  OS  H 1  OS  (5)
 

(6)
0   / E0

OS   /  E0  0 

(7)

and
1 for y  0
H  y  
0 for y < 0

(8)

where h-bar is Planck constant divided by 2π.
For the refractive index determination of AlGaAsSb
materials lattice matched with GaSb, an improved
single-effective-oscillator model [40] is used and the equations
are expressed as

n2  1 

E 2f  E 2
Ed
E 
 E 2 d3  E 4 ln( 2
)
E0
E0 
E  E 2

E 2f  2E02  E2

(10)

   Ed / 2E ( E  E )
3
0

(9)

2
0

2


(11)

where E is the photon energy hν, E0 and Ed are two
single-effective-oscillator parameters and EΓ is the direct
bandgap energy.

Fig. 5(a) Refractive index profile of the entire device and (b) detailed profile of
the quantum well.

In order to find proper widths of the Si waveguide and III-V
structure, a series of optical mode distribution simulations
using both Al2O3 and SiO2 as bonding materials have been
carried out. The details of the simulation procedure are as
follows: the width of the Si waveguide was kept constant at 2
μm and the width of the III-V structure was varied from
significantly less than 2 μm (0.3 μm) to 4 μm. The thickness of
the bonding layer is 50 nm. As can be seen from the results
shown in Fig. 6 (two curves with circular symbols), there is
almost no difference in light power in the Si waveguide by
using either Al2O3 or SiO2 bonding layer. And when the III-V
structure is very narrow, like less than 0.4 μm, almost all the
light is coupled into the Si waveguide. Then there is a dramatic
change when the width of the III-V structure exceeds 0.4 μm,
which is the portion of light in the Si waveguide decreases
rapidly due to the better confinement of the III-V structure.
Then when the width of the III-V structure increases further to
more than 0.8 μm, light distribution changes only marginally.
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Fig. 6. Normalized power in the Si waveguide when either the III-V structure or
Si waveguide width changes.

This is the basic idea of taper coupling and it is widely used for
evanescent coupling in III-V on SOI hybrid devices [23-26].
Due to the width change of the III-V structure along the taper,
light also redistributes. Fig. 7 shows the top view of the device
together with optical mode distributions at different positions
of the Z axis. At the main amplification region (a) where both
width and refractive index of the III-V structure are larger than
the Si waveguide, almost all the optical mode distributes in the
III-V structure. In the taper coupling region (b, c), optical mode
starts to emerge in the Si waveguide and the narrower the III-V
structure is, the more portions of optical mode stay in the Si
waveguide. When there is no III-V structure above the Si
waveguide (d), the optical mode stays in the Si waveguide only.
These results confirm the relationship between optical mode
distributions and structure widths shown in Fig. 6.
In addition, we can also tune the width of the Si waveguide
while keeping the width of the III-V structure at a modest value,
like 0.5 μm. The simulation results have been shown in Fig. 6
(the discrete points) together with the corresponding Si
waveguide widths. So far, the optical mode distributions can be
tuned freely by adjusting the structure widths.
Besides the variation of widths, three bonding layer
thicknesses (25 nm, 50 nm and 100 nm) are also used to study
their influences on the coupling efficiency. As can be seen from
Fig. 6, for the three thicknesses, the difference in light power in
the Si waveguide by using either Al2O3 or SiO2 bonding layer is
trivial, which indicates no compromise in optical coupling
efficiency when Al2O3 is used to replace the conventional SiO2
as bonding material. The bonding layer thickness does have
some influence on the coupling efficiency. Overall, less light
remains in the Si waveguide for thicker bonding layers, which
could be beneficial for light amplification.

Fig. 7. Optical mode distributions at different positions of the Z axis.

spreading model [43]. The mode has been widely used in
hybrid devices and other electronic and photonic devices such
as HBTs and lasers [44, 45].
The III-V structure was calculated as a rectangle in the X-Z
plane with length L and width W. The length L was kept
constant at 1000 μm while the width W was varied from 0.3 μm
to 2 μm during the calculations. For bonding layer thickness,
we also chose the three values used in coupling efficiency
simulations to test whether it is a critical factor for total thermal
resistance. The expression of thermal resistance is

R 

Di



  L  2 x W  2 x  dx

(12)

0

where Di is the thickness of the calculated layers, θ is the
thermal conductivity.
As can be seen from the results in Fig. 8, there are significant
reductions in thermal resistance by using Al2O3 as the bonding
material no matter how thick the bonding layer is. And bonding
thickness barely affects the total thermal resistance when Al2O3
is used due to its low thermal resistivity. In the main light
amplification region where the width of the III-V structure W
equals 4 μm, the thermal resistance is reduced around 70%
when the thickness of the bonding layer is 50 nm.

V. THERMAL RESISTANCE
Since the SOI wafer is wide enough compared to the III-V
lasers, the total thermal resistance for downward transfer of
heat flux can be seen as the sum of resistance of each layer from
the active region of the GaSb laser where heat is generated to
the Si waveguide, and it can be calculated by a constant heat

5

Fig. 8. Thermal resistance for downward transfer of heat flux.
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VI. CONCLUSION
In this work, a tapered waveguide GaSb QW laser, bonded
onto SOI circuits with an Al2O3 bonding layer is designed and
analyzed. The standalone GaSb QW lasers grown by MBE to
be integrated on SOI has demonstrated CW operation with
emission wavelength of 2019 nm at room temperature. It shows
a low threshold current of 37 mA. The BPM simulations show
that, with our design, the light in the GaSb QW active region
can be successfully coupled into the underlying SOI
waveguide. The thermal property of the GaSb-on-Si laser has
been calculated using a constant heat spreading model, and
results show that the devices using Al2O3 bonding layer has a
much lower (~70%) thermal resistance as compared to the one
using SiO2 bonding layer. Our results suggest that Al2O3
bonding layer could be a promising candidate for GaSb lasers
integrated on SOI circuits, where thermal dissipation could be
critical. The above-mentioned method is also useful for our
future SOI integrated GaSb distributed feedback lasers, with
laterally coupled Bragg grating, as well as GaSb mode-locked
lasers.
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