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We report on 2.3x um wavelength InP-based type-II distributed feedback (DFB) lasers heteroge-
neously integrated on a silicon photonics integrated circuit. In the devices, a III-V epitaxial layer
stack with a “W”-shaped InGaAs/GaAsSb multi-quantum-well active region is adhesively bonded
to the first-order silicon DFB gratings. Single mode laser emission coupled to a single mode silicon
waveguide with a side mode suppression ratio of 40dB is obtained. In continuous-wave regime,
the 2.32 um laser operates close to room temperature (above 15 °C) and emits more than 1 mW out-
put power with a threshold current density of 1.8 kA/cm? at 5°C. A tunable diode laser absorption
measurement of CO is demonstrated using this source. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4971350]

Silicon photonics beyond the telecommunication wave-
length range attracts interest as it is a promising platform to
build compact photonics system for the integrated spectro-
scopic sensors."” In the 2-3 um wavelength range, many
important gases exhibit narrow and dense absorption lines.”
Therefore, a number of silicon photonics components have
been developed in this wavelength range for spectroscopic
gas sensing applications, such as low-loss waveguides, high
performance arrayed waveguide grating (AWG) spectrome-
ters and photodetectors.*® In order to realize compact sili-
con photonics gas sensor systems, the on-chip single mode
lasers are required. Such single mode silicon photonics laser
sources operating at telecommunication wavelengths have
been demonstrated over the last years’ ™ but are to be dem-
onstrated in the 2-3 um wavelength range. Recently, a het-
erogeneously integrated Fabry-Perot laser on silicon at 2 um
wavelength was demonstrated based on molecular bonding
technology and strained InGaAs type-I heterostructures.'’
But the emission wavelength of the strained InGaAs type-I
material system is limited to around 2.3 um.'! GaSb-based
type-I heterostructures can be used to realize light sources
operated in 2-3 um wavelength range.lz_14 However, the
heterogeneous processes of GaSb-based material are not as
well-established as InP-based material, resulting in low pro-
cess yield and poor device performance.' In the recent years,
InP-based type-II quantum well lasers with emission wave-
lengths up to 2.7 um were reported.'>'® The lasing wave-
length in this material system can possibly be extended to
longer wavelengths as photoluminescence up to 3.9 um
wavelength has been demonstrated.'” These results indicate
that compact III-V/silicon photonics sensor systems can be
realized by integrating InP-based type-II active structures
with silicon. Recently, we demonstrated heterogeneously
integrated InP-based type-II Fabry-Perot lasers on silicon
photonics integrated circuits (PICs) based on adhesive
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bonding technology.'® However, for many spectroscopic
sensing applications, a single mode laser is essential.

In this paper, we report heterogeneously integrated sin-
gle mode lasers on a silicon PIC at wavelengths beyond
2 ym, based on an InP-based type-II active region and a dis-
tributed feedback (DFB) laser geometry. The III-V layer
stack is adhesively bonded to the silicon waveguide circuit
using a divinylsiloxane-bis-benzocyclobutene (DVS-BCB)
bonding layer. The laser can produce more than 1 mW of sin-
gle mode output at a wavelength of 2.32 ym with a threshold
current density of 1.8kA/cm? at 5°C, and lases continuous
wave (CW) up to 17°C. A side mode suppression ratio
(SMSR) better than 40 dB is obtained. The emission wave-
length can be tuned with laser temperature and injection cur-
rent. The demonstration of tunable diode laser absorption
spectroscopy (TDLAS) of CO using such a silicon photonics
laser is also presented.

The heterogeneously integrated InP-based type-II
DFB laser consists of a III-V gain section in the center, on
top of a silicon distributed feedback grating, and I1I-V/silicon
spot size converters (SSCs) on both sides, as schematically
shown in Fig. 1. The III-V epitaxial layer stack consists of a
200 nm thick n-InP contact layer, an active region surrounded
by a 130 nm thick GaAsSb and 250 nm thick AlGaAsSb sepa-
rate confinement heterostructures (SCH) layer, a 1.5 um thick
p-InP cladding and a 100nm p*-InGaAs contact layer. The
active region contain six periods of a “W”-shaped quantum
well structure, each separated by a 9 nm thick GaAsg 5gSbg 4>
layer. Every “W”-shaped quantum well structure consists of
two 2.6nm InGaAs layers and one 2.9nm GaAsSb layer.
Detailed information about the design of the InP-based type-
II epitaxial layer stack can be found in Ref. 18.

In the gain section, the optical mode is strongly confined
in the III-V waveguide, resulting in a high modal gain. A
5 pm wide and a 1000 um long III-V mesa is used here. The
5 pm waveguide width is chosen to achieve low waveguide
propagation loss and high optical confinement in the active
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FIG. 1. Three-dimensional schematic view of the heterogeneously integrated
DEFB laser.

region. When the BCB bonding layer thickness is 60 nm,
the calculated confinement factor of the TE polarized funda-
mental mode in the quantum wells is 10.1%. The first-order
DFB gratings with an etch depth of 180 nm in a 400 nm sili-
con device layer are defined beneath the gain section. The
tail of the optical mode interacts with this grating, which
sets the emission wavelength of the laser. A quarter-wave
shifted grating structure is implemented to break modal
degeneracy and ensure single mode lasing. In this paper, two
DFB lasers with a grating pitch of 348 nm and 353 nm are
studied. Both have a grating duty cycle of 50%. The coupling
coefficient « is calculated to be 62 cm ™', The light is coupled
from the III-V active region to the silicon waveguide using
the III-V/silicon SSCs by tapering both the III-V and silicon
waveguides. The SSC has two tapered sections, as described
in detail in Ref. 18. In the first section, the III-V waveguide
quickly tapers from 5 ym to 1.2 um over a length of 50 um.
In the second section, the III-V waveguide tapers down to
0.5 um, while the silicon waveguide underneath tapers from
0.2 um to 3 um over a length of 180 um. Simulations indicate
that the coupling efficiency of the III-V/silicon SSC is
higher than 90% when the III-V taper tip is narrower than
500 nm.

The silicon PICs are fabricated in imec’s CMOS pilot line
on 200 mm silicon-on-insulator (SOI) wafers with a 400 nm
thick silicon device layer and a 2 um thick buried oxide layer.
The silicon structures are patterned by a 193nm deep UV
lithography, followed by a 180 nm deep dry etch in the 400 nm
thick silicon layer to define silicon rib waveguide and gratings.
Then, SiO; is deposited and planarized by a chemical mechan-
ical polishing process down to the silicon waveguide. The
III-V epitaxial layer stack is adhesively bonded onto the proc-
essed silicon PIC wafer using a 60nm thick DVS-BCB
layer.19 Afterward, the InP substrate is removed by HCl wet
etching, using an InGaAs etch stop layer to leave the laser epi-
taxial structure attached to the SOI waveguide circuits. Then,
the DFB lasers are processed in the III-V membrane. SiNj is
used as a hard mask to define the III-V waveguide. A key pro-
cess to realize high-performance DFB lasers based on this
structure is the definition of the III-V taper tip. In order to real-
ize very narrow taper tips using a 320nm UV contact lithogra-
phy, an anisotropic HCI wet etching of the p-InP layer is
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carried out. This anisotropic etching can create a “V”’-shaped
mesa, as shown in Fig. 2(a), which reduces the lithographic
pattern size requirement for the taper tip formation. With a
1 um wide taper tip pattern defined in the SiN, hard mask, the
bottom width of the p-InP after HCI etching can be reduced to
less than 200nm. The active region is etched by using a
1:1:20:70 H3PO4:H,0;:citric acid:H,O solution. After the
III-V mesa processing, the devices are passivated by DVS-
BCB. The Ni/Ge/Au and Ti/Au layers are deposited as n-con-
tact and p-contact, respectively. The general DFB laser pro-
cess flow is the same as that used to fabricate our previously
demonstrated photodetectors,® enabling the co-integration of
both types of devices on the same silicon PIC. A scanning
electron microscopy (SEM) image of the longitudinal cross-
section of the fabricated laser is shown in Fig. 2(b), showing
the quarter wave shifted silicon DFB grating, the DVS-BCB
bonding layer and the III-V p-i-n layer stack.

The fabricated DFB lasers are characterized by collecting
the light coupled to the silicon waveguides through the inte-
grated fiber-to-chip grating couplers. Standard single mode
fiber (SMF-28) is used for light collection, which is connected
to an optical spectrum analyzer (OSA, Yokogawa AQ6375).
The coupling efficiency of the grating coupler is measured
on reference structures and used to determine the laser power
in the silicon waveguides. At 2.35 um, the measured fiber-
to-chip coupling efficiency is around —10dB, and the 3 dB
bandwidth is 150 nm. Figures 3(a) and 3(b) show the light-
current-voltage (L-I-V) curve of the DFB with the 348 nm
(Laserl) and 353nm (Laser2) period first-order gratings,
respectively. The series resistance of the lasers is around 8 Q.
In order to characterize the L-I properties of the lasers, both

BCB
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Silicon

FIG. 2. SEM image of the device: (a) cross section of the III-V/silicon spot
size converter and (b) longitudinal cross section of the III-V-on-silicon laser
structure.
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FIG. 3. L-I-V curve of the DFB laser with a 348 nm (a) and 353 nm (b)
period first-order grating, measured in continuous wave.

devices are measured in a CW regime at the temperatures
of 5°C, 10°C and 15°C. At 5°C, Laserl and Laser2 have
a threshold current of 90 mA (corresponding to a current den-
sity of 1.8kA/cm?) and 102mA (2.04 kA/cm?), respectively,
which is much lower than the first demonstrated “W”-shaped
InGaAs/GaAsSb quantum well lasers grown on InP substrate
(~3.2kA/cm? at 0°C)."> The maximum on-chip output power
is around 1.3 mW and 0.8 mW for Laser1 and Laser2, respec-
tively. The lower threshold current and higher output power of
Laser] can be attributed to the gain at the lasing wavelength of
Laser] being higher than that of Laser2 at 5 °C. As the temper-
ature increases, the gain spectrum shifts to longer wavelength,
which results in an output power of Laser2 being higher than
that of Laser]1 at 15 °C. The maximum CW operating tempera-
ture of the two lasers is around 17 °C. The threshold current
and operating temperature can be improved by reducing the
thermal resistance of the devices, e.g., by further reducing
the DVS-BCB thickness and connecting the top p-contact to
the silicon substrate. Reducing the series resistance by opti-
mizing the metallization processes also can further improve
the device performance.

The laser emission spectra are acquired using a
Yokogawa AQ6375 OSA with a resolution bandwidth of
0.1 nm. Figure 4 shows the high resolution output spectra of
Laserl and Laser2, both biased at 190 mA at a temperature
of 10°C. As the DFB grating pitch increases from 348 nm
to 353 nm, the lasing wavelength shifts from 2320nm to
2350nm. This provides a method to realize a 2 um range
DFB laser array by adjusting the grating pitch of the silicon
grating structure. Such a DFB laser array can be used to
monitor several gases using a single III-V epitaxial layer
stack. Single mode lasing with an SMSR around 40dB is
obtained, which can be improved to >43dB at 5°C. From
the emission spectra of Laserl and Laser2, a stop band of
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FIG. 4. Emission spectra of DFB lasers with different grating period
(348 nm and 353 nm), measured at 10 °C and with 190 mA bias current.

3.2nm wide is deduced. According to the coupled-mode the-
ory of DFB lasers,?® the normalized coupling coefficient kL
is calculated to be 5.5 for the 1000 um long laser structure.

Figures 5(a) and 5(b) show the evolution of the laser
emission spectra as a function of the heat-sink temperature
at a fixed injected current of 190mA for DFB Laserl and
Laser2, respectively. The dependence of the lasing wave-
length on temperature is plotted in the insets. The measured
temperature-tuning rate is ~0.15nm/°C. This tuning rate is
determined by the change in effective index of the DFB
lasers. The laser emission spectra for different bias currents
at a heat-sink temperature of 10°C are shown in Figs. 5(c)
and 5(d). The corresponding laser wavelengths versus bias
currents for heat-sink temperatures of 5°C, 10°C and 15°C
are shown in the two insets. The current-tuning rate is about
0.01 nm/mA for both lasers. Single-mode lasing behavior is
observed over the whole bias current range, as the heat-sink
temperature varies from 5°C to 15°C. This indicates that
no substantial spatial hole burning occurs in the two DFB
lasers at high bias currents. At heat-sink temperature of
10°C, an SMSR better than 35dB over injection current of
120 mA-210 mA is obtained.

As the first step on the path to TDLAS on a silicon PIC,
the direct absorption spectroscopy of CO in a gas cell is car-
ried out using our heterogeneously integrated DFB lasers
as the light source. The gas cell contains pure CO at pressure
of 740 Torr, with a length of 10cm and is AR-coated for
2.34 um wavelength. In the sensing setup, the gas cell is posi-
tioned between the DFB laser with the grating period of
348 nm and the detector. The light is coupled from the DFB
laser to a single mode fiber through the on-chip grating cou-
pler and then coupled into and out of the gas cell through a
collimator. The laser heat-sink temperature is fixed at 13°C
during the measurement. As the injection current increases,
the DFB laser emission shifts to longer wavelength. When the
lasing wavelength reaches the CO absorption wavelength, a
strong dip can be observed in the L-I curve. Using the
current-wavelength relationship extracted from measured data
at 13 °C, the TDLAS spectrum of CO is shown in Fig. 6. The
current sweep step is 0.5 mA, which corresponds to a wave-
length step of around 5pm. It can be found that the peak
absorption intensity and fitted full width at half maximum
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FIG. 6. TDLAS spectrum of CO and the corresponding HITRAN spectrum.

(FWHM) of the experimental TDLAS spectrum match very
well to the reference HITRAN values.® These results show-
case the potential of this laser source for on-chip spectro-
scopic gas sensing.

We have demonstrated the heterogeneous 2.3x um
wavelength DFB lasers integrated on a silicon PIC. In
the lasers, an InP-based type-II epitaxial structure with
“W?”-shaped InGaAs/GaAsSb quantum wells is bonded to a
silicon waveguide circuit, comprising the distributed feed-
back structure. Single-mode emission with SMSR of 40 dB
is obtained. At 2.32 um wavelength, the laser has a maxi-
mum laser output of 1.3 mW and a threshold current density
of 1.8 kA/cm2 at 5°C. The lasers exhibit a temperature tun-
ing rate around 0.15nm/°C and a current tuning rate of
0.01 nm/°C. A direct absorption measurement of CO indi-
cates that such silicon photonic sources are suitable for gas
sensing.
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