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Abstract: A heterogeneously integrated widely tunable III-V-on-silicon ring laser with
unidirectional operation is demonstrated. 40 nm tuning range (from 1560 nm to 1600 nm) is
obtained using the Vernier effect between two ring resonators incorporated in the ring laser
cavity. Unidirectional operation is obtained by integrating a DBR reflector coupling the
clockwise and counterclockwise mode of the ring laser cavity. Unidirectional operation is
obtained over the entire tuning range with about 10 dB suppression of the clockwise mode.
The laser linewidth is lower than 1 MHz over the entire tuning range, down to 550 kHz in the
optimum operation point. The waveguide-coupled output power is above 0 dBm over the
entire tuning range.
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1. Introduction

Silicon photonics is emerging as a key photonic integration platform for the realization of
advanced optical transceivers [1]. This is mainly because of the compatibility with CMOS
fabrication technology, resulting in low-cost high-volume production of such circuits. Also,
the large refractive index contrast available on the silicon-on-insulator platform leads to
efficient active devices [2] and compact photonic integrated circuits [3]. Silicon photonic
transceivers are being developed both for short reach optical interconnects in the datacenter
[4, 5], mostly using intensity modulation, as well as for coherent optical communication for
metro-network links [6]. In both cases there is a need to integrate a III-V laser source onto the
silicon photonic platform, as group IV semiconductors do not provide efficient light
generation. Several approaches are being followed to realize this III-V integration, including
flip-chip integration [4], bonding [7-9] or hetero-epitaxial growth [10]. Heterogeneous
integration by means of molecular or adhesive die-to-wafer bonding provides a scalable
approach to integrate III-V opto-electronic components on the silicon photonics platform.
Several types of laser sources have been realized on this platform, including single
wavelength distributed feedback lasers [11, 12], multi-wavelength lasers [13] and widely
tunable lasers [7, 14—16]. In this paper we present a novel type of widely tunable laser. It



Research Article Vol. 25, No. 6 | 20 Mar 2017 | OPTICS EXPRESS 7094

Optics EXPRESS

comprises a ring laser cavity with integrated micro-ring resonators for the wavelength
selection and it uses feedback from a Bragg grating to obtain unidirectional operation.
Unidirectional ring laser structures have distinct advantages over classical standing wave ring
geometries: they allow for a higher optical output power in a single output waveguide, since
either the clock-wise (CW) or counter-clockwise (CCW) ring laser mode is suppressed [17].
A narrower linewidth can be achieved because of the absence of spatial hole burning [18, 19],
together with a more smooth output power versus wavelength characteristic, as there is no
competition between the CW and the CCW mode. For these reasons several methods have
been evaluated to reach unidirectional lasing, including the use of an S-bend waveguide
structure inside the ring laser cavity [17], a snail shape laser [20] or a reflector coupling the
CW and the CCW mode [21]. The latter approach is followed in this paper. We report on the
design, fabrication and characterization of such a widely tunable III-V-on-silicon
unidirectional laser. A tuning range of 40 nm is obtained, with a suppression of the CW mode
by 10 dB. The waveguide-coupled output power varies between 1.5 and 3.3 mW over the
tuning range, and the laser linewidth is consistently below 1 MHz, reaching 550 kHz in the
middle of the tuning range. This enables the use of such a source in a master oscillator power
amplifier configuration for fully integrated silicon photonics coherent transceivers for metro
applications. To the best of our knowledge it is the first demonstration of an integrated widely
tunable unidirectional ring laser.

2. llI-V-on-silicon laser design and fabrication

The II-V-on-silicon laser cavity structure is shown in Fig. 1. It is a ring laser cavity that is
formed using two micro-ring resonators with a III-V gain section in between. The silicon
waveguide structures are realized using 193 nm deep-UV lithography and a 180 nm dry etch
on a 400 nm thick silicon device layer. The buried oxide layer thickness is 2 um. The ring
resonator structures have a ring radius of 25 um and 27 um, resulting in a free spectral range
of 4.1 nm and 3.7 nm respectively in the 1550 nm wavelength range. The gap between the
ring resonator waveguide and bus waveguide (both 650 nm wide) is 300 nm. The distance
between both ring resonators is 3 mm. Out-coupling is realized using a directional coupler
structure. The length of the directional coupler is 15 um and the gap is 350 nm, leading to a
coupling of 45% to 50% in the 1560 nm to 1600 nm wavelength range (i.e. the tuning range
of the presented device). Fiber-to-chip grating couplers (GC1 and GC2) are used to interface
with optical fiber. A grating coupler similar to the design described in [22] with low back-
reflection is used. To efficiently couple light between the bonded III-V waveguide layer and
the silicon waveguide layer an adiabatic coupling structure is used. Details on this adiabatic
coupling structure can be found in [12]. TiAu micro-heaters are integrated on the ring
resonators for wavelength tuning. Using the Vernier effect of both ring resonators a wide
tuning range of 40 nm is obtained. A phase section is incorporated in the laser cavity by
adding a micro-heater on top of the silicon waveguide in between the two ring resonators. In
order to realize unidirectional operation a DBR grating is incorporated in the laser structure as
schematically shown in Fig. 1.
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Fig. 1. Schematic of the unidirectional, widely-tunable and narrow-linewidth III-V-on-silicon
laser.

This DBR is etched 180 nm deep, has a grating period of 255 nm and consists of 30
periods. The simulated reflectivity is above 90% in the 1560 nm to 1600 nm wavelength
range, as shown in Fig. 2. With 30 periods the grating reflectivity saturates, providing a 3 dB



Research Article Vol. 25, No. 6 | 20 Mar 2017 | OPTICS EXPRESS 7095

Optics EXPRESS

bandwidth of over 100 nm around a center wavelength of 1560 nm. A Focused Ion Beam
(FIB) cross-section of the realized DBR is shown in Fig. 2(b).

We previously demonstrated the use of a DBR grating to couple the CW and CCW mode
and thereby obtaining unidirectional operation in single wavelength micro-disk lasers as
described in [21]. The theory behind the unidirectional behavior of such laser cavities is
explained in [23]. In essence, by introducing the DBR and neglecting the reflection from
grating couplers in the ideal case, light from the CW propagating mode is coupled into the
CCW propagating mode, while no light is coupled from the CCW propagating mode to the
CW propagating mode. Because of gain compression, the bidirectional mode (mainly CW,
but with a CCW component) has a lower gain than the unidirectional CCW mode and it is the
CCW mode that thus will be lasing. No phase tuning is needed in the feedback section for the
unidirectional operation [23], and thereby operation of the feedback mechanism over a broad
wavelength range can be expected.
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Fig. 2. (a) Simulated reflection and transmission spectrum of the used DBR. (b) FIB cross-
section of the DBR.

The silicon waveguide circuits are planarized using SiO, deposition and chemical
mechanical planarization (CMP) down to the silicon device layer, using the SiN hard mask as
the polish stop, which is afterwards removed using a hot phosphoric acid wet etch. The III-V
layer stack is bonded to the silicon photonic IC using a 60 nm thick DVS-BCB bonding layer.
Details on the bonding process can be found in [24]. The III-V epitaxial layer stack that is
used consists of a 200 nm thick n-InP contact layer, two 100 nm thick InGaAsP separate
confinement heterostructure layers (bandgap wavelength 1.17 pm), 6 InGaAsP quantum wells
(6 nm thick, emission wavelength 1.58 pm) surrounded by InGaAsP barriers, a 1.5 um thick
p-InP top cladding (graded doping from 5 x 10" cm™ to 5 x 10'7 cm™ at the active region)
and a 300 nm heavily doped p-InGaAs contact layer. The III-V gain section is 400 um long,
excluding the 180 pm long adiabatic tapers for coupling to the silicon waveguide layer. The
III-V mesa is 3.2 um wide in the gain section. A detailed process flow of the III-V membrane
structure is described in [24]. In Fig. 3 a microscope image of 4 fabricated lasers is shown.
The III-V-on-silicon gain section, micro-ring resonators, phase section and output grating
couplers (GCI and GC2) are indicated. The DBR grating and the output directional coupler
cannot be seen in this figure as they are covered with metal traces. As the silicon waveguides
are difficult to discern from the microscope image, black traces are overlaid for one of the
lasers.
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Fig. 3. Microscope image of the fabricated I1I-V-on-silicon laser structures, with the different
building blocks indicated.

A zoom-in on the thermally tuned ring resonators and a scanning-electron microscope
image of the cross-section of the III-V-on-silicon waveguide structure are shown in Fig. 4.
The latter image shows the good alignment between the I1I-V waveguide structure and the
underlying silicon waveguide.

p-metal

Fig. 4. (a) Microscope image of the ring resonator with a TiAu micro-heater to tune the
emission wavelength. (b) SEM cross-section image of the III-V-on-silicon waveguide structure
in the middle of the taper section showing good alignment between the III-V waveguide and
the underlying silicon waveguide.

3. lll-V-on-silicon laser characterization
3.1 Ring resonator characterization

As a first step, the ring resonator structures are characterized, as shown in Fig. 5. As
discussed above, the ring resonators have a slightly different radius (25 pm and 27 pm) in
order to implement the Vernier tuning. The rings have a loaded Q-factor of ~17000 and a
drop port loss of around 1 dB across the 1560 nm to 1600 nm wavelength range. The
extinction ratio of the ring resonators is around 20 dB in the wavelength range of interest. The
measured free spectral range is 4.1 nm and 3.7 nm for the 25 pm and 27 pm radius device
respectively. Figure 5(b) shows the normalized transmission spectrum of the two ring
resonators obtained by measuring the transmission from GC3 to GC4 as indicated in Fig. 1
and Fig. 3. Two sets of resonances can be observed that occasionally overlap with each other.
A combined

_ FSR X FSR,

FSR =
FSR, — FSR,

Q)

[15] of about 40 nm can be observed. The low loss of the waveguide (~1 dB/cm) makes using
a long passive cavity an effective way to reduce the laser linewidth [25]. In this work a cavity
length of 6 mm (excluding the effective length introduced by the ring resonators) was used.
The simulated cavity roundtrip phase and the wavelength filtering effect of the two rings are
shown in Fig. 5(c). The rings are assumed to be spectrally aligned and have a Q-factor of
17000. Although the phase delay in the micro-rings results in a narrower longitudinal mode
spacing at resonance, the full width at half maximum (FWHM) of the two-ring transmission
spectrum is comparable to the longitudinal mode spacing, which allows for single mode
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operation. Moreover, if the lasing longitudinal mode is located at the longer wavelength side
of the resonance peak as the right black dashed line indicates (which can be achieved by
tuning the phase section) the strength of the coupling between the CW and CCW mode by the
DBR can be enhanced due to the increased through port transmission of the rings, resulting in
unidirectional operation. At the same time, the strong wavelength dependence of the cavity
loss is helpful for narrowing the linewidth, an effect also known as detuned loading [26, 27].
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Fig. 5. (a) Representative drop port and through port transmission spectrum of the ring
resonator structures. (b) Transmission of a cascade of two ring resonators with a 25 um and 27
um radius respectively, showing a combined FSR of about 40 nm. (¢) Normalized simulated
transmission of two spectrally aligned ring resonators and the cavity roundtrip phase as a
function of wavelength.

3.2 Tunable laser characterization

The characterization of the tunable laser is carried out on a temperature controlled stage at 20
°C. The gain section is biased at 100 mA. The series resistance of the gain section is 10 Q.
The micro-heaters on the ring resonators have a series resistance of 5 kQ, while that on the
phase section has a series resistance of 7 k. The power dissipation in the micro-heaters
depends on the wavelength the laser is tuned to, but is below 50 mW per micro-heater. Figure
6(a) shows some laser spectra overlaid, illustrating a laser tuning range of 40 nm. The output
power indicated in the graph is the output power in the silicon waveguide connected to
grating coupler GC1, so generated by the CCW propagating mode. The output power varies
between 1.5 and 3.3 mW over the tuning range. This smooth behavior of the output power
versus wavelength is attributed to the unidirectional operation of the laser as we will discuss
below. On identical devices without the DBR reflector, much larger power fluctuations were
observed (> 5 dB) due to the competition between the CW and CCW mode. The side mode
suppression ratio is above 40 dB over the entire tuning range except for the last data point at a
wavelength of 1600 nm, where it is 38 dB, as shown in Fig. 6(b).
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Fig. 6. (a) Overlaid output spectra of the tunable laser showing a 40 nm tuning range and
smooth output power variation with wavelength. (b) Side mode suppression ratio as a function
of laser emission wavelength.

The unidirectional behavior of the device is studied by simultaneously mapping the output
power from GC1 and GC2. Figure 7 shows the output power of CCW mode and the CW
mode as a function of wavelength, at a laser bias current of 100 mA. The exact ratio of the
CCW mode to CW mode depends on the wavelength setting, but is in the range of 10 dB.
This is very different from the behavior we observed from devices without an integrated
DBR, where depending on the wavelength setting either the CW or CCW mode can be
dominant.
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Fig. 7. Output power of the CCW and CW mode as a function of laser wavelength at 100 mA
bias current.

The behavior of the device as a function of the gain section bias current was also assessed.
For this the micro-heaters were driven to select a certain emission wavelength at a laser bias
of 100 mA. Afterwards, the micro-heater settings were fixed and the gain section current was
swept between 0 and 100 mA. In Fig. 8 the power in the CW and CCW mode is plotted as a
function of gain section bias current at 4 wavelengths across the laser tuning range. As can be
seen, for particular wavelengths the device behaves unidirectional from threshold up to the
100 mA bias current. At particular wavelengths bi-directional operation in the power versus
current trace can be observed over a limited current range. This behavior is attributed to the
fact that in these current ranges, the longitudinal mode aligns with the resonance of the ring
resonator. Given the high extinction ratio of the ring resonators and the high coupling ratio of
the output directional coupler (~50%), this makes the reflection from the two grating couplers
(measured to be about —30 dB from optical frequency domain reflectometry in the
wavelength rang of interest) dominant, causing mutual coupling between the CW and CCW
mode. The reflectivity at the 500 nm wide III-V taper tip is simulated to be below —40 dB.
The strong variations in the output power that can be observed are attributed to mode hops in
the laser emission during bias current tuning, as is typical in this kind of laser cavities [16].
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Fig. 8. Waveguide-coupled output power in the CW and CCW direction as a function of gain
section bias current for different output wavelengths of the laser.

The linewidth of the laser was evaluated over its tuning range. This measurement was
realized using a delayed self-heterodyne measurement, using a 200 MHz acousto-optic
frequency shifter in one arm of the interferometer and a 5 km fiber delay line in the other arm.
The linewidth is extracted by using a Lorentzian fitting of the beat note at 200 MHz. The
result as a function of laser wavelength is shown in Fig. 9. The laser linewidth is consistently
below 1 MHz and reaches 550 kHz in the optimal operation point. This enables the use of
such widely tunable lasers as sources for quadrature phase shift keying (QPSK) integrated
coherent transceivers.
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Fig. 9. Laser linewidth as a function of emission wavelength as measured using a delayed self-
heterodyne measurement scheme.

4. Conclusion

In this paper we present for the first time the realization of a unidirectional, widely-tunable
III-V-on-silicon ring laser. Approximately 10 dB extinction of the CW laser mode is
obtained. The laser tuning range is 40 nm and the waveguide-coupled output power varies
between 1.5 and 3.3 mW for a gain section bias current of 100 mA. The laser linewidth is
consistently below 1 MHz enabling the use of this laser source for fully integrated QPSK
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coherent transceivers. The unidirectionality could be further improved by strengthening the
feedback from the Bragg grating (e.g., by using micro-rings with a somewhat lesser extinction
ratio), and by reducing the parasitic reflections from the grating couplers or their influence
(e.g., by using directional couplers with lower coupling). Better unidirectionality is expected
to further reduce the linewidth due to the weaker spatial hole burning effect. To further reduce
the linewidth generally a higher Q ring and, under the prerequisite of single mode operation,
as long as possible a laser cavity could be helpful. A reduced cavity loss is required as well,
as this will also increase the output power from the device.
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