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Compact, Hybrid III-V/Silicon Vernier Laser
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Chongyang Liu , Graham T. Reed, Kian Siong Ang, and Hong Wang

Abstract—The 2 µm waveband is capable of enabling perva-
sive applications. The demonstration of the hollow-core photonic
bandgap fiber and the thulium-doped fiber amplifier has high-
lighted the fiber propagation and amplification aspects of fiber
communications, indicating its potential as an adjunct to present
communication infrastructure at the O/C bands. The above is
especially imperative given the current concerns with regards to the
upper bandwidth limit of the single-mode fiber. Furthermore, the
waveband could facilitate many more applications such as LIDAR
and free-space communication. However, water absorption (OH-)
is high at most of the 2 µm waveband and this will impact the
optical insertion loss of applications implemented in the wavelength
region. The relative low water absorption region of the waveband
falls within 1950 – 2000 nm. As such, the development of a hy-
brid/heterogeneous III-V/silicon laser source that operates within
the region is important for 2 µm silicon photonics. In this work, we
demonstrate a III-V/Si hybrid tunable laser operating from 1955 -
1992 nm for the first time. Room temperature continuous wave op-
eration is achieved with a maximum laser output power of 8.1 mW.
This wavelength-tunable laser operates specifically within the low
water absorption window, indicating good wavelength suitability
for applications at the 2 µm waveband.

Index Terms—2 µm silicon photonics, hybrid III-V/silicon lasers,
integrated optics, tunable lasers.

I. INTRODUCTION

THE primary advantage of wavelength-tunable lasers lies
in its ability to reduce the complexity of optical systems;
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a single wavelength-tunable laser can be used to replace an
array of single-wavelength lasers, thereby, simplifying system
architectures as well as lowering inventory costs. The crux in
the realization of such lasers, depends on the integration of a
wavelength-selective mechanism and an optical gain-section.
While distributed feedback (DFB) laser arrays and microelec-
tromechanical systems (MEMS) vertical cavity surface emitting
lasers (VCSEL) has been shown to demonstrate wavelength-
tuning functionality, there may be limitations in terms of DFB
array coupler loss [1] and mechanical instability [2] respectively.
Littman/Littrow-configured external cavity lasers (ECL) have
also indicated wide spectral operating range, but however, the
application-space of these class of lasers are limited by their bulk
[3], as well as higher vulnerability to environmental vibrations
[4]. The challenge is for the development of a solid state-based
laser diode with a compact footprint, good performance (i.e.,
tuning range, output power) that can be manufactured in a scal-
able, high-yield and low-cost process. Silicon photonic platform,
backed by the economies of trillions of dollars of investment
into silicon manufacturing poses an attractive proposition for
the realization of the abovementioned laser diode. However,
due to the indirect bandgap of silicon and germanium, the
realization of an electrically-pumped group IV laser remains elu-
sive. Hybrid/heterogenous silicon photonics, integrating silicon
photonic passives and III-V gain medium offers the best of both
worlds [5]–[8]. Silicon photonics enables low propagation loss,
high integration densities while III-V materials enables efficient
optical gain and flexibility for spectral-engineering.

The high-index contrast of the silicon-on-insulator (SOI)
platform enables low-loss microrings (MRRs) to be designed
with tight bending radius. As a result, Vernier filters with a large
free-spectral range (FSR) can be achieved [9]. To date, extensive
work has been reported in Vernier-based silicon photonic diode
lasers operating near the C-band [9]–[13]. Instances, while not
limited to, include enhanced spectral range [9], power [10] and
side-mode suppression ratio (SMSR) [11], [13].

Recent trend in silicon photonics suggests an extension from
the traditional wavebands of O and C to exploit potential applica-
tions [14]–[21]. Much interest has been geared towards the 2μm
waveband specifically due to numerous applications it entails
[14]–[21]. The 2 μm waveband is a plausible “window” for fiber
communications in view of the favorable performance of the
hollow core-photonic bandgap fiber (HC-PBGF) [22]–[23] and
thulium-doped fiber amplifier (TDFA) [24]–[25]. Applications
beyond fiber communications, while not exhaustive includes
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LIDAR [26], free-space communications [27], optical logic and
signal processing [17]. However, it is important to note that water
is strongly-absorbing at most of the 2 μm waveband; this will
lead to increased optical insertion loss in applications at the
waveband. The relative low water absorption region falls within
1950 – 2000 nm [28], thereby, it is important to realize laser
sources on the silicon photonics platform that operates within
the wavelength region.

Crucial to the development of silicon photonics-based coher-
ent, tunable light sources that can unlock the aforementioned
applications, involves the design of silicon photonics-based
wavelength-selective cavity and III-Ⅴ optical amplifier. Thus far,
there are two pathways towards the realization of electrically-
pumped spectral emission near 2 μm; InP-based type-II active
region and GaSb-based type-I active region structures [29]–[30].
However, the GaSb-based platform appears to demonstrate bet-
ter performance due to the need to apply larger strain on the
quantum wells in the InP-based platform, thus, potentially giving
rise to higher defect-density, impacting performance [30].

In this work, we report a silicon hybrid ring external cavity
(SHREC)/ InGaSb-AlGaAsSb wavelength-tunable laser diode
operating from 1955-1992 nm for the first time; minimum
side-mode suppression ratio (SMSR) of 25 dB is characterized.
As mentioned earlier, the wavelength-tunable laser operates
specifically within the relative low water-absorption region of
the 2μm waveband. The maximum measured laser output power
is 8.1 mW under room-temperature continuous wave operation
(RT-CW) condition.

II. HYBRID III-V/SILICON VERNIER LASER DIODE

The 3-D schematic of the wavelength-tunable laser diode is
illustrated in Fig. 1(a); the micrograph images of the device
is shown in Fig. 1(b). The hybrid laser is composed by edge-
coupling the wavelength-tunable Vernier cavity to the SOA via
the Si slab waveguide (6 × 0.07 µm2) and spot-size converter
(SSC). Lasing output occurs at the facet as indicated (Fig. 1(a)).
The Si slab waveguide enables mode matching with the SOA
and the SSC facilitates subsequent transition to the wavelength
selective Vernier cavity. The coupling loss between the SOA
and the wavelength-tunable Vernier cavity is experimentally
characterized to be 2.7 dB; the coupling loss comprises of the
optical loss from the SOA to the silicon slab waveguide, then
the SSC in which a testing structure is used. The SOA provides
optical gain. Wavelength selective feedback is enabled by the
Vernier effect of the 2 MRRs in the Vernier cavity; the radii (R)
of the two MRRs are 16.8 (mrr1) and 18.2 (mrr2) μm. The gap
between the MRRs and the bus waveguide is 180 nm. Based on
our prior work investigating the effect of gap between the MRRs
and the bus waveguide on laser performance, it is found that
180 nm enables relatively higher slope efficiency, laser output
power and lower threshold current (Ith) [19]. We would like to
emphasize, however, that the gap selection is not optimal for
SMSR [19].

The resonance of the individual MRRs (Tmrr1, Tmrr2) as com-
puted in Fig. 2 when zero power is applied to either of the phase
shifters (Hmrr1 = Hmrr2 = 0 mW), can be thermo-optically

Fig. 1. (a) 3-D schematic of the wavelength-tunable laser diode; coordinate
axis is indicated. (b) Micrograph images: SOA at the top, wavelength-tunable
Vernier cavity at the bottom.

Fig. 2. Theoretical individual transmittance spectra of 2 MRRs (Tmrr1,
Tmrr2). When no power is applied to the 2 phase shifters (Hmrr1 = Hmrr2

= 0 mW), the 2 resonances will overlap at 1982.2 nm.

controlled through the phase-shifters mounted on top of the
two MRRs. The laser cavity will experience least loss at the
wavelength where the two MRRs overlaps and lase via mode
competition. Thereby, wavelength-tuning functionality of the
laser diode can be achieved; in the operating condition of Fig. 2,
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the resonance of the two MRRs are theoretically predicted by (1)
as shown at the bottom of the page, to overlap at 1982.2 nm. The θ
is the accumulated phase of the lightwave after propagating one
round in the MRR, κ is the electric field coupling coefficient
and α corresponds to the loss coefficient of the waveguide.
The operating principle of the Vernier cavity will be further
elaborated theoretically and experimentally in the following
section.

The wavelength-selective Vernier cavity is fabricated on the
220 nm SOI platform via the CMOS the standard CMOS process
line. The propagation loss of the strip waveguide, with dimen-
sions of 0.6 × 0.22 μm2 and Q-factor of the MRRs are exper-
imentally characterized to be 3 dB/cm and 4921 respectively.
Proceeding the fabrication of the waveguides, 1.2 μm of SiO2

cladding is deposited followed by 2 μm of Al for routing and
0.12 μm of TiN for the heaters.

III. WAVELENGTH-SELECTIVE VERNIER CAVITY

The wavelength selective Vernier cavity consists of a 1 ×
2 MMI-based reflector and a Vernier filter; designed for the
fundamental TE mode. The MMI is optimized at λ ≈ 1970 nm,
the central wavelength of the amplified spontaneous emission
(ASE) from the SOA. The width and the length of the MMI
coupler is 6 and 22.7 µm respectively. The output tapers of
the MMI coupler, 20 µm-long, tapers from 135 µm to 0.6
µm. The tapers on the two output end of the MMI coupler are
spaced apart by 3.14 µm. With FSRs of 9.2 (mrr1) and 8.7 nm
(mrr2), the FSR of the Vernier filter is 140 nm, as determined
by (2).

The theoretical Vernier transmittance spectra (Ttheo.), as
shown in Fig. 3(a)-(b), can be computed as a product of the
individual transmittances of the MRRs (Fig. 2). Due to the
limited spectral range of our light source, the Vernier filter was
characterized from λ = 1950 – 1995 nm (Texp.). Fig. 3(a)-(b)
indicates close correspondence between Ttheo. and Texp.; the
noise floor of the detector is below 21 dB (shaded), as such,
measurement lower than that is not possible. As predicted by
Fig. 2, the wavelength corresponding to the Vernier transmit-
tance peak when Hmrr1 = Hmrr2 = 0 mW is measured to be λ

= 1982.2 nm. When Hmrr1 = 2.94 mW, Hmrr2 = 0 mW, the
resonant peak of mrr1 would red-shift by 0.54 nm and overlap
with the resonance of mrr2 at λ = 1973.34 nm, resulting in a
Vernier peak with a measured modal transmittance difference
(MTDexp.) of 5.89 dB. The insertion loss of the Vernier peak is
1.9 dB (Fig. 3(b).

FSR (V ernier)

=

∣∣∣
∣
FSR (r = 16.8 μm)× FSR (r = 18.2 μm)

FSR (r = 16.8 μm)− FSR (r = 18.2 μm)

∣∣∣
∣ (2)

Fig. 3. Theoretical and experimental Vernier Transmittance spectra when (a)
Hmrr1 = Hmrr2 = 0 mW, (b) Hmrr1 = 2.94 mW, Hmrr2 = 0 mW.

IV. GASB-BASED SOA

The designed epitaxial structure of the SOA, grown on a (100)
n-GaSb substrate through molecular beam epitaxy (MBE) is
illustrated in Fig. 4(a). 1.26% of compressive strain is applied
to 10 nm-think In0.2Ga0.8Sb single quantum well which is
sandwiched between 270 nm-thick Al0.5GaAsSb barriers.

The barrier and cladding layers are lattice-matched to the
GaSb substrate. Detailed fabrication steps are elaborated in our
previous work [31]. After the fabrication, the SOA is bonded to
a heat sink for efficient temperature control. The cross-sectional
dimensional of the SOA ridge waveguide is 5.7 × 1.2 µm2. In
Fig. 4(b), the spontaneous emission spectra, coupled via a lensed
fiber to the optical spectrum analyzer (OSA) corresponding
to bias current (Ibias) levels of 100, 200, 300, 400, 500 mA
is presented; a clear emission window from 1.8 to 2.1 μm is
measured. As the current is increased, there is only a slight
redshift of the spontaneous emission spectra which can be
attributed to effective thermal control of the SOA. The SOA
waveguide tilted at 5 degrees, is shown to successfully suppress
Fabry-Perot oscillations; Fig. 4(b) resembles the spontaneous
emission spectra measured from our previous work [32].

Pring1,2 = | −κ∗κ
√
α exp(j

√
θ(R = 16.8, 18.2μm)

1− (
√

1− |κ2|)∗(√1− |κ2|)∗α exp(jθ(R = 16.8, 18.2μm)
|2 (1)
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Fig. 4. (a) Designed epitaxial structure of GaSb-based SOA, (b) measured
spontaneous emission spectra of GaSb-based SOA at Ibias = 100, 200, 300,
400, 500 mA.

Fig. 5. L-I of the wavelength-tunable laser diode.

V. LASER CHARACTERIZATION

The SOA is hybrid integrated to the silicon photonic
chip via the active alignment approach. The near-field mode
field diameter of the silicon slab waveguide and SOA are
5.5 × 0.9 µm2 and 5.5 × 1.0 µm2 respectively. Analysis in
regard to the alignment tolerances between the SOA and silicon
photonic chip during active alignment is presented in our
previous work [18]; the coordinate axis is indicated in Fig. 1(a).
The y-axis indicates low alignment tolerance, where a 0.5 µm
misalignment leads to a 6 dB coupling loss. The x and z-axis
have larger coupling tolerance, where a 0.5 µm misalignment
leads to 1.58 and 1.79 dB coupling loss respectively. The
L-I of the laser, as shown in Fig. 5, under RT-CW condition,

Fig. 6. (a) Superimposed lasing spectra (Ibias = 420 mA), (b) corresponding
heater power for each demonstrated lasing wavelength.

was obtained by directly coupling the laser emission into the
aperture of the power-detector. An Ith of 335 mA was obtained;
the threshold current could be attributed to the significant
hybrid integration coupling loss between the SOA and the
wavelength-tunable Vernier cavity as abovementioned (2.7 dB).
The maximum demonstrated on-chip output power is 8.1 mW.

In a similar fashion to the characterization of Fig. 4(b), the
tuning range of the wavelength-tunable laser diode was mea-
sured by coupling the laser emission to the OSA through a
lensed-fiber. Fig. 6(a) illustrates the superimposed discrete las-
ing spectra from 1955-1992 nm, obtained when Hmrr1 is tuned
with a minimum SMSR of 25 dB; heater values corresponding
to each wavelength is indicated in Fig. 6(b). Ibias is 420 mA. As
abovementioned, the selection of the coupling gap between the
MRRs and the bus waveguide is for relatively higher laser slope
efficiency, output power and lower Ith. The coupling gap does
not correspond to the optimal value for SMSR. This is due to the
relatively lower MTD of the vernier filter and thereby, reduced
wavelength selectivity of the laser cavity. Further improvement
of the SMSR can be enabled by increasing the wavelength selec-
tivity of the laser cavity through an increase in the coupling gap
between the MRRs and the bus waveguide [19] or the addition
of more wavelength filtering components; a wavelength-tunable
Mach-Zehnder interferometer [12] or the further addition of
MRRs [13]. Fig. 6(a) indicates the maximum tuning range of
the laser. As mentioned earlier, by exploiting the Vernier effect,
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the wavelength-dependent hybrid cavity loss can be controlled,
leading to wavelength-selective lasing via mode competition.
In Fig. 6(a), as Hmrr1 is tuned (Fig. 6(b)), the resonance of
mrr1 will redshift and overlap consecutively at the resonant
wavelengths of mrr2 (Fig. 2); Vernier peak will be formed at
the resonant wavelengths of mrr2 as Hmrr1 is increased. As
it can be seen, the spacing between the superimposed lasing
peaks correspond to the FSR of mrr2 (Fig. 6(a)). While Fig. 6(a)
illustrates discrete tuning, one can simply realize fine tuning
through the thermo-optic control of both Hmrr1 and Hmrr2. Fine
tuning down to resolution of 0.5 nm has been demonstrated in
our prior work [18], [20]. For the first three lasing wavelengths
from the left of Fig. 6(a), it can be seen that the heater power
required to lase at the specific wavelength reduces from the left.
This can be explained by Fig. 2, as the distance between the mrr1
and mrr2 resonance reduces from the left for the first three sets
of resonances. As indicated in Fig. 6(b), for the fourth lasing
wavelength from the left of Fig. 6(a), the heater power is 0 mW.
This is due to the fourth set of resonance from the left in Fig. 2
overlapping. For the first lasing wavelength from the right in
Fig. 6(a), there is a huge jump in heater power as indicated in
Fig. 6(b) as the fourth mrr1 resonance from the left would have
to redshift about one FSR of mrr2 to overlap with the first mrr2
resonance from the right. For the laser operation demonstrated
within this work, no mode-hopping is observed. However, mode
hopping is to be expected and can be overcome using active
longitudinal mode optimization through the thermo-optic effect.

VI. CONCLUSION

The 2 µm waveband, is an attractive proposition in view of
its wide range of applications. This has stimulated an uptake
in the development of silicon photonic devices operating at the
waveband. However, most of the 2 μm waveband is subject to
strong water absorption, which will impact applications at the
wavelength region. In this work, we report the development of
III-Ⅴ/Si hybrid tunable lasers operating from 1955-1992 nm,
which corresponds to the relative low water absorption region
of the 2 μm waveband. RT-CW operation is achieved with a
maximum output power of 8.1 mW.
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