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Silicon photonics is a promising integrated-optics platform
for optical communication and sensing applications.
Integrating 2–3 μm wavelength widely tunable lasers on
silicon photonic integrated circuits enables fully integrated
spectroscopic sensors with different potential applications
such as multi-species trace gas spectroscopy and bio-molecule
detection. Here, we demonstrate a continuous-wave (CW)
operated III–V-on-silicon distributed feedback (DFB) laser
array covered a broad wavelength range from 2.28 to
2.43 μm. CW operation up to 25°C and an on-chip output
power of 2.7 mW in a single mode at 5°C is achieved for lasers
operating at 2.35 μm wavelength. Four-channel DFB laser arrays with a continuous tuning range of 10 nm and side mode
suppression ratio of 40 dB over the whole range are also presented. This work is a major advance toward chip-scale silicon
photonics spectroscopic sensing systems. © 2017 Optical
Society of America
OCIS codes: (130.0130) Integrated optics; (130.3120) Integrated optics
devices; (140.3490) Lasers, distributed-feedback.
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Gas sensing based on short-wave infrared and mid-infrared absorption spectroscopy has been proven to be a reliable technology
for trace-gas measurements with fast response time and a high
degree of specificity to the target gas [1,2]. However, most present
optical sensors consist of discrete optical components and a bulk
gas cell, which limits their viability for applications in portable
and economical gas analysis. Integrated photonics platforms offer
the potential to realize miniature and low-cost optical gas sensors
[3–6]. As one of the most promising integrated photonics platforms, silicon photonics has been well-developed for optical communication applications during the past decade [7]. In recent
years, its applications have been extended to sensing applications,
including on-chip spectroscopic sensing [8]. Silicon photonics gas
sensors that target different components have been demonstrated,
including those that use, e.g., microring resonators [9,10] or spiral
2334-2536/17/080972-04 Journal © 2017 Optical Society of America

waveguides [11] to interact with the gas medium. In these gas
sensors, the light from an external laser source is coupled into
the silicon chip for the on-chip absorption spectroscopy measurement. The development of fully integrated silicon photonic integrated circuits (PICs) in the 2.3 μm wavelength range enable
compact gas sensors with high sensitivity, since many important
industrial gases (e.g., NH3 , CO, and CH4 ) have strong absorption lines in this wavelength range [12]. It is also valuable for
bio-sensing applications, such as non-invasive blood glucose measurements [8,13]. For a compact silicon photonics spectroscopic
gas sensor, an integrated and tunable single-mode laser is the key
component that should be developed. Recently, heterogeneously
integrated III–V-on-silicon Fabry–Perot lasers around 2 μm were
realized using strained InGaAs Type I heterostructures [14].
However, the emission wavelength range of laser sources based
on the InP-based Type I material is limited to around 2.3 μm
[15]. Recently, we demonstrated 2.3x μm heterogeneous III–Von-silicon distributed feedback (DFB) laser sources based on
an InP-based Type II heterostructure [16]. These lasers have
been proven to be suitable for carbon monoxide gas detection
using direct absorption spectroscopy, but the tuning range (by
changing the driven current) of a single device is limited to
2 nm. The development of widely tunable silicon photonics laser
sources in the 2–3 μm range enable to simultaneously detect
several gases or broad absorption features of bio-molecules on
a compact chip [17,18].
Mid-infrared DFB laser arrays have been realized on a III–V
substrate at wavelengths beyond 4 μm based on quantum cascade
structures [19]. These arrays attract great interest for gas sensing
applications [20]. However, 2–4 μm range DFB laser arrays and
further integrating the arrays on a PIC still need to be demonstrated. In this paper we report, to the best our knowledge,
the first broad wavelength coverage DFB laser array in the
2 μm wavelength range, which is realized on a heterogeneous
III–V-on-silicon platform and uses a W-shaped InGaAs/
GaAsSb Type II active region. In continuous-wave (CW) regime,
the laser array can cover a wavelength range of 150 nm (2.28–
2.43 μm), which exceeds the wavelength coverage (∼120 nm)
of a recently demonstrated 2.3 μm GaSb-based external cavity
laser based on a bulky Littrow configuration [21]. By varying

Letter
the laser drive current, 10 nm continuous tuning is achieved using
four DFB lasers with the same DFB grating period but different
III–V waveguide widths.
The DFB laser arrays are fabricated on the heterogeneous
III–V-on-silicon device platform developed for optical communication and sensing [22]. An InP-based Type II epitaxial layer stack
with an active region consisting of six periods of a W-shaped
InGaAs/GaAsSb quantum well is used. Detailed information
of the active region design can be found in Ref. [23]. The photoluminescence (PL) peak of the active region is located around
2.33 μm, so that the gain spectrum can overlap the absorption
window of e.g., NH3 , CO, and CH4 . The silicon PIC is patterned by 193 nm deep UV lithography, followed by a 180 nm
deep dry etch in a 400 nm thick silicon device layer to define the
silicon waveguides and gratings. Then the wafer is planarized by
SiO2 deposition, followed by chemical mechanical polishing
(CMP) down to the silicon waveguide. After the silicon process,
the InP-based epitaxial layer stack is adhesively bonded to the
fabricated silicon PIC using a 50 nm thick divinylsiloxanebis-benzocyclobutene (DVS-BCB) bonding layer. Afterward, the
InP substrate is removed by HCl wet etching. Then the III–V
mesa of the laser diode is processed on the III–V membrane.
A schematic picture of the III–V-on-silicon DFB laser array is
shown in Fig. 1(a). The fabricated DFB laser consists of a gain
section in the center and a III–V/silicon spot size converter (SSC)
on both sides. The light is coupled from the gain section to the
silicon waveguides through the III–V/silicon SSCs. A quarterwave-shifted first-order DFB silicon grating is defined underneath
the gain section. A common p-contact pad is used, which also acts
as a heat spreader for the laser array. Figure 1(b) shows a scanning
electron microscopy (SEM) image of the longitudinal cross section of the fabricated devices. The device cross section is similar
to that shown in Ref. [16], but thinner DVS-BCB is used in the
DFB laser arrays presented in this paper. The smaller gap between
the active region and the DFB grating leads to a stronger coupling. When the III–V mesa width is 5 μm and DVS-BCB thickness is 50 nm, the coupling coefficient κ of the DFB grating is
calculated to be 80 cm−1 . More information about the device
structure and fabrication can found in Refs. [16,24].

Fig. 1. (a) Schematic of the III–V-on-silicon DFB laser array. (b) SEM
image of the longitudinal cross section of the gain section.
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Fabricated laser arrays are mounted on a temperaturecontrolled stage during measurements. In the III–V-on-silicon
PIC, silicon grating couplers are integrated with the laser devices
for on-chip measurement. The light in the silicon waveguide is
coupled out through the grating coupler and collected by a standard single-mode fiber (SMF-28), which is connected to an optical spectrum analyzer (OSA, Yokogawa AQ6375). The output
power of the integrated lasers is determined by measuring the
chip-to-fiber coupling efficiency of a grating coupler reference
structure. The measured coupling efficiency is −10 dB at 2.35 μm
with 150 nm 3 dB bandwidth. The current–voltage (I-V) and
CW on-chip output power–current (L-I) characteristics of a laser
with a grating pitch of 353 nm are shown in Fig. 2 at different
heat-sink temperatures. The threshold current is 60 mA at 5°C
and increases to 110 mA at room temperature. For a device with
a 3.8 μm wide and 1000 μm long gain section, these threshold
current values corresponds to current densities of 1.6 and
2.9 kA∕cm2 , respectively. The inset shows the fiber-coupled
emission spectra as a function of the bias current. The stop band
width deduced from the spectrum is around 3.8 nm, so a normalized coupling coefficient κL of 7.5 is calculated. As seen in
Fig. 2, the band edge mode starts lasing as the bias current increases to 185 mA at 5°C. In current region II (185–270 mA)
marked in the inset, the DFB laser shows dual-mode operation.
This is the result of spatial hole burning in the DFB laser due to
the high normalized coupling coefficient κL. In current ranges I
(60–185 mA) and III (270–350 mA), the DFB laser exhibits
stable single-mode operation. Tuning ranges of 1.5 and 1.2 nm
is achieved in these two current ranges, respectively. The maximum single-mode (SMSR > 20 dB) on-chip output power is
0.5 mW and 2.7 mW for the defect mode and band edge mode,
respectively. In Supplement 1, we also show the L-I characteristics
of the laser in pulsed regime. The characteristic temperature T 0 of
the laser is fitted to be 34 K. Using the method described in
Ref. [25], a thermal resistance of 87 K/W is extracted, which
can be further reduced by using a thinner buried oxide or by connecting the top p-contact pad to the silicon substrate.
Figure 3 shows the normalized emission spectra and maximum
single-mode output power (indicated by the stars) of six DFB
lasers with silicon grating pitch ranging from 343 nm (Laser1)
to 368 nm (Laser6). The lasers are 1000 μm long. A side-mode
suppression ratio (SMSR) of 30 dB is achieved for all the lasers.

Fig. 2. CW light–current–voltage (L-I-V) characteristics of a heterogeneously integrated DFB laser with grating pitch of 353 nm at different
heat-sink temperatures. The solid portions of the L-I curve indicate a
single-mode emission with a SMSR of at least 20 dB, while the dashed
portions correspond to dual-mode operation. The inset shows the spectral map of the laser device.

Letter

Vol. 4, No. 8 / August 2017 / Optica

974

Fig. 3. Emission spectra and single-mode peak output power of six
DFB lasers with different silicon grating pitch in an array. The widths
of Laser1–Laser5 and Laser6 are 3.8 μm and 3.2 μm, respectively.

During measurements, all devices are driven in CW mode at a
heat-sink temperature of 5°C, with 150 mA drive current for
Laser1–Laser5 and 220 mA for Laser6. As the silicon grating pitch
increases from 343 to 368 nm, the laser wavelength shifts from
2280 to 2430 nm. A 1 nm change in the DFB grating pitch results in ∼6 nm shift in the lasing wavelength. The 150 nm lasing
wavelength span overlaps with the absorption window of several
important gases, including CH4 , CO, NH3 , C2 H2 , and HF. The
maximum on-chip output power in single mode increases from
1 mW at 2280 nm to 3.1 mW at 2375 nm and reduces to
0.2 mW at 2430 nm. This trend matches the amplified spontaneous emission spectrum of the devices.
An effective way to get rid of the mode hopping between the
defect mode and band edge mode in the DFB laser is to have a
device with a lower κL. Here, we present the results of III–Von-silicon lasers with a 5 μm wide and 700 μm long gain section,
corresponding to κL  5.6. The CW L-I-V characteristics of a
DFB laser with grating pitch of 353 nm are shown in Fig. 4(a).
The threshold current is 62 mA (corresponding to a current density of 1.77 kA∕cm2 ) with a maximum on-chip output power of
1.8 mW at 190 mA at 5°C. In CW mode, the laser can operate
close to room temperature. The inset of Fig. 4(a) shows the spectral map as a function of bias current at 5°C. A tuning range of
more than 3 nm is achieved with a current-tuning coefficient
of around 0.19 nm/mA. Single-mode lasing without mode hopping is observed in the whole CW operational current range
(62–245 mA). With this shorter cavity length, a DFB laser array
is also fabricated on the same silicon chip as the 1000 μm long
one. Figure 4(b) shows the emission spectra of four DFB lasers
biased at 150 mA at 5°C. All of these lasers have a 5 μm wide and
700 μm long gain section. The lasing wavelength shifts from 2290
to 2375 nm as the silicon grating pitch increases from 343 to
357 nm. The devices with grating pitch of 363 and 368 nm do
not lase in CW mode at 5°C. This narrower wavelength span is
attributed to the lower κL of the 700 μm long DFB lasers, which
results in higher mirror loss. A SMSR above 43 dB is achieved for
all devices.
The tuning range of an individual DFB laser by varying the
bias current is limited to about 3 nm, as shown in the inset of
Fig. 4(a). So the silicon grating pitch should be fabricated with
0.5 nm increments to get a continuously tunable DFB laser array,
which is quite challenging for current silicon photonics pilot lines.

Fig. 4. (a) CW L-I-V plot of a heterogeneous InP-based Type II DFB
laser with a 5 μm wide and 700 μm long gain section and grating pitch of
353 nm. The inset shows the evolution of the laser emission spectrum
with increasing bias current at 5°C. (b) Normalized lasing spectra of
four 700 μm long DFB lasers with a grating pitch ranging from 343
to 357 nm.

Another method to control the lasing wavelength is to adjust the
modal index of the device. As the modal index is dependent on
the width of III–V waveguide, which can be controlled using standard III–V contact lithography, a laser array with fine emission
wavelength spacing (<3 nm) can be achieved by varying the gain
section width. Figures 5(a) and 5(b) show the normalized lasing
spectra as a function of the bias current for a four-wavelength
DFB laser array with a 700 μm long gain section and a silicon
grating pitches of 353 and 357 nm, respectively. The III–V gain
section width varies from 3.8 to 6 μm while the width of the
silicon DFB grating underneath is fixed at 8 μm. All of the lasers
are driven in CW mode at 5°C. The wavelength spacing
(∼2.5 nm) of the lasers in each array is sufficiently small such
that both arrays can continuously tune over a 10 nm wavelength
range by varying the bias current. Laser arrays with much broader
continuous-tuning range can be achieved by fabricating DFB
gratings with a pitch step of 2 nm and varying the gain section
width of five lasers with same grating pitch. In this way, in
principle, more than 100 nm continuous wavelength coverage
is possible. The corresponding laser output power as a function
of the emission wavelength is shown in Supplement 1. Our results
also suggest a method of accurately controlling the lasing wavelength of III–V-on-silicon DFB lasers by changing the III–V
waveguide widths, which can be applied as well for the realization
of dense wavelength-division-multiplexed laser arrays on silicon
for optical communication applications.
In conclusion, we have demonstrated heterogeneously integrate III–V-on-silicon DFB laser arrays with broad wavelength
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Fig. 5. Evolution of the lasing spectra as a function of the bias current (20 mA step) for four DFB lasers with different gain section widths and silicon
grating pitches of (a) 353 nm and (b) 357 nm.

coverage by using InP-based Type II quantum wells as the gain
section. With 1000 μm long gain sections, a CW-operated DFB
laser array spanning the 2.28–2.43 μm wavelength range is obtained by varying the silicon grating pitch. As the III–V gain section length is reduced to 700 μm, we obtain a laser array with
wavelength span of 85 nm, of which the individual lasers can
be tuned continuously over 3 nm. By adjusting the III–V gain
section width, two four-wavelength DFB arrays with 10 nm continuous tuning range are realized. The lasing wavelength range of
the laser arrays overlaps with several important industrial gases,
such as NH3 , CO, and CH4 . Therefore, the heterogeneous DFB
laser arrays offer the potential to realize a fully integrated silicon
photonics sensor that can simultaneously detect several gases.
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