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Abstract: A novel laser that utilizes a silicon waveguide bonded to
AlGalnAs quantum wells is demonstrated. This wafer scale fabrication
approach allows the optical waveguide to be defined by CMOS-compatible
silicon processing while optical gain is provided by I11-V materials. The
AlGalnAs quantum well structure is bonded to the silicon wafer using low
temperature oxygen plasma-assisted wafer bonding. The optically pumped
1538 nm laser has a pulsed threshold of 30 mW and an output power of 1.4
mw.
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1. Introduction

Silicon-based photonic devices are of great interest for the integration of photonic devices
with S VLS CMOS technology providing improvements in performance, yield, and cost [1].
The focus of this research has been on passive devices such as AWGs and modulators [2, 3],
and it is a challenge to build light-emitting devices, because silicon is an indirect bandgap
semiconductor. One approach to build optically pumped lasers on a silicon substrate is a
Raman laser [4, 5]. LEDs have been built using porous silicon [6], nanocrystalline-Si [7],
SiGe quantum cascade structures [8], dislocation-engineered silicon [9] and erbium doped
Si02 [10]. Heterogeneous integration techniques to combine optically active materials with a
silicon substrate including wafer bonding [11] and heteroepitaxy [12] are also interesting. A
unique approach demonstrated in this paper utilizes a silicon waveguide mode evanescently
coupled to 111-V multiple quantum wells. This approach combines the advantages of high gain
[11-V materials and the integration capability of silicon technology. Moreover, the difficulty of
coupling to silicon-based passive optical devices is overcome by confining most of the optical
mode to the silicon waveguide. We report the first demonstration of a silicon evanescently
coupled laser in this paper and report a 1538 nm laser with an optically pumped threshold of
30 mW and a maximum power output of 1.4 mW at 12 °C. This demonstration raises the
possibility of arange of high performance optical devices such as electrically pumped lasers,
amplifiers, modulators, and detectors integrated on silicon.

2. Device structure and fabrication

The device structureis shown in Fig. 1. The device is divided into two regions: the silicon-on-
insulator (SOI) passive-waveguide structure and the 111-V active region that provides the
optical gain. The SOI structure consists of aS substrate, a 500 nm-thick SIO, lower cladding
layer, and a S rib waveguide with a height (H), width (W) and rib-etch depth (D) of 0.97 um,
1.3 pum, and 0.78 um respectively. The I11-V region consists of a two-period InP/1.1 pum
INnGaAsP super lattice (SL), a 110 nm thick InP spacer, a 50 nm thick unstrained 1.3 pm
AlGalnAs separated confinement heterostructure (SCH) layer, strain-compensated InAlGaAs
guantum wells, a 500 nm thick unstrained 1.3 um AlGalnAs SCH layer, and an InP upper
cladding layer. The SL region employs 7.5 nm thick aternating layers of InP/InGaAsP to
inhibit the propagation of defects from the bonded interface to the QW region [13]. Five 70
nm thick AlGalnAs quantum wells with compressive strain (0.85 %) and 100 nm-thick
AlGalnAs barriers with tensile strain (-0.55 %) are used. The barrier layers have a bandgap
corresponding to a wavelength of 1.3 pum. The resulting hybrid structure supports a
fundamental transverse mode with a S waveguide transverse confinement factor, I's, of 42.8
% and a QW transverse confinement factor, I'qw, of 3.6 % for five quantum wells.
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Fig. 1. Cross-section device structure of an SOI rib waveguide bonded to a I11-V active region
epitaxial structure.
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The SOI structure is processed by forming an SO, mask layer through thermal oxidation
for 2 hours at 1050 °C on an undoped (100) SOI wafer. The silicon rib waveguides are then
formed using inductively coupled plasma (ICP) etching with Cl,/BCls. The SOI wafer and 111-
V epitaxial wafer are treated by buffered HF and NH,OH respectively after a thorough
cleaning procedure using acetone, isopropanol, and deionized water. The two samples are
bonded together via oxygen plasma assisted wafer bonding [14]. After a low temperature
anneal (~250 °C), the InP substrate is removed with HCI. Finally, the devices are diced and
the facets are polished and coated with a broadband dielectric HR coating (~80 %) consisting
of three periods of SO,/TaOs. The final device length after dicing and polishing is 600 pm.
A scanning electron microscope (SEM) cross-section image of the structure is shown in Fig.
2.

The optical gain of quantum wells is preserved by the low temperature annealing process.
The large mismatch in thermal expansion coefficients between Si (2.6 x 10° K™) and InP (4.8
x 10° K™) can introduce dislocations or cracks at temperatures above 300 °C for the substrate
thicknesses of 500 pm and 350 pm for Si and InP respectively. Annealed devices at 600 °C
without plasma treatment commonly show surface non-uniformities when observed though a
microscope after InP substrate removal. Moreover, the high temperature bonding process
results in a reduction of photoluminescence intensity by a factor of six relative to low-
temperature oxygen plasma assisted bonding.

The oxygen plasma treatment generates an ultrathin oxide layer (<5 nm) whose surface is
very smooth and highly chemically reactive [14]. As a result, this bonding process creates a
thin oxide layer at the bonded interface, which does not significantly alter the optical mode
because it is so thin and optically transparent.
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Fig. 2. SEM cross section of the fabricated device before HR coating.
3. Experiment and results

The device is optically pumped perpendicular to the laser by a 980 nm laser diode. The light
from a pump laser diode is focused by a cylindrical lens illuminating a 10 um by 916 um
rectangular spot incident on the device through the top InP cladding layer. The pump laser is
operated pulsed to increase the pump power. The laser output is collected with a lensed fiber
from the waveguide and characterized by a spectrum analyzer or photodetector. The coupling
loss of alensed fiber is experimentally measured to be 5dB. The TE/TM near-field images of
the output mode are recorded on an IR camera through a polarizing beam splitter and an 80x
lens at the opposite waveguide facet.

Figure 3(a) illustrates the mode profile calculated with BeamPROP using the device
dimensions stated above. Figure 3(b) shows a TE near-field image from the laser. As shown in
Fig. 3b, the lasing mode is predominantly TE and its mode profile is similar to the calculated
mode depicted in Fig. 3(a). The extinction ratio between TE mode and TM mode is > 20 dB.
It is important to note that lasing only occurs in the optical mode defined by the S waveguide
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region. In other words, slab modes in the [11-V region do not support lasing. This can be seen
from the inset of Fig. 4, which compares the light output for pumping in the two regions. This
can aso be seen by trandating the pump beam across the rib waveguide. The optical output
power drops with a FWHM of 6 um wider than the width of the rib, as expected from the
finite pump beamwidth of 10 pm.

um
Fig. 3. () Calculated TE fundamental mode profile (b) TE near field image of lasing optical
mode.

Figure 4 shows the laser output power collected by alensed fiber through a single facet as
a function of average pump power and temperature. The threshold increases from 30 to 50
mW between 12 °C and 20 °C and the structure exhibits a temperature coefficient (To) of 18
K. Thislow Ty is largely due to the lack of carrier confinement structure in the 0.5 um thick
absorber layer. The maximum output power of 1.4 mW is limited by the pump laser power
available, and is not thermally limited. The single output differential quantum efficiency is
approximately 3.2 % at 12 °C, and the total efficiency taking into account the light from both
facets and the coupling losses of 5 dB is approximately 20 %.

Figure 5 shows the lasing spectrum at 1.4 times the threshold pump power and at a
temperature of 12 °C. The optical spectrum consists of the expected Fabry-Pérot response for
the 600 um long cavity, with a group index of 3.85. The calculated group index from
simulationsis 3.81.
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Fig. 4. Single-sided fiber-coupled output power of the silicon evanescent laser as a function of
pump power for several temperatures.
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Fig. 5. Spectrum of the silicon evanescent laser operating at 1538 nm. The spectrum is
measured at 1.4 times the threshold power at 12 °C with 0.1 nm resol ution.

4. Conclusion

An optically pumped silicon evanescent laser consisting of an AlGalnAs/InP active region
bonded to a passive silicon waveguide has been successfully demonstrated. The laser has a
threshold pump power of 30 mW and a single-sided slope efficiency of 3.2 % operating at
1538 nm. The fabrication procedure includes standard CMOS-compatible processing of the
silicon waveguides and a low-temperature oxide-mediated wafer bonding process for
heterogeneous integration. The low temperature laser process flow (maximum temperature of
400 °C) allows for back end processing of the optoelectronic elements after the CMOS
process has been completed. Moreover, the plasma-activated wafer bonding yields sufficient
bonding strength to endure dicing and facet polishing. This work is the first step to integrate
high performance active optical circuits with silicon VLSl electronics and can be extended
directly into electrically pumped lasers by providing doped layers and patterning mesa
structures in I11-V region to flow electrical currents through the 111-V active region. It is also
feasible to build other optically active devices including amplifiers, modulators, and detectors
with this approach.
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