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Abstract: We demonstrate frequency modulation (FM) in an external cavity (EC) III-V/silicon
laser, comprising a reflective semiconductor optical amplifier (RSOA) and a silicon nitride (SiN)
waveguide vertically coupled to a 2D silicon photonic crystal (PhC) cavity. The PhC cavity
acts as a tunable narrowband reflector giving wavelength selectivity. The FM was achieved
by thermo-optical modulation of the reflector via a p-n junction. Single-mode operation was
ensured by the short cavity length, overlapping only one longitudinal laser mode with the reflector.
We investigate the effect of reflector modulation theoretically and experimentally and predict a
substantial tracking of the resonator by the laser frequency with very small intensity modulation
IM).

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

1. Introduction

Frequency modulated (FM) lasers have been extensively researched due to their central importance
in a wide range of applications such as bio-medical imaging [1], radar and sensing [2], and wide-
band communications technology [3,4]. Various realisations of FM semiconductor lasers have
been reported with widely used monolithic solutions such as Distributed Bragg Reflector Super
Structure Gratings (DBR-SSG) [3] and Distributed Feedback (DFB) lasers [5] which employ
direct modulation of the laser injection current that modulates the laser intensity and frequency
simultaneously. FM lasers for sensing applications are used with wavelength scanning absorption
techniques and wide tuning with DFB lasers have been demonstrated for the application of gas
sensing [6]. These devices offer a wide tuning range but the high fabrication complexity and
increased power consumption during operation should be considered. With direct modulation,
the simultaneous large intensity modulation (IM) combined with FM affects the sensitivity of
the measurements over the frequency scan range. Numerous methods have been established to
address this by extracting the frequency scan information such as second harmonic detection and
subtraction techniques [7,8]. The post processing of the signal information to account for the IM
adds extra processing complexity therefore a pure FM laser can be more favourable for sensing
applications as they eliminate the need for further calculations and processing of the frequency
scan signal information.

In the optical communications field the Chirp Managed Laser (CML) [5] exploited FM to IM
conversion to incorporate the effects of frequency chirp in Directly Modulated Lasers (DML)
and use this for extended transmission distance. A pure FM laser is also desirable and Matsuo et
al. [3] have demonstrated an extended transmission reach with a FM laser with constant output
power with a SS-DBR multi-section laser. Modulation to the phase tuning section gave pure FM
therefore the modulation speed was not limited by relaxation oscillations and then by optically
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filtering the output light enabling conversion from FM to IM with a high extinction ratio.

Photonic integration on silicon is a promising solution for the mass production of complex
photonic elements, due to features such as low-cost manufacture and energy consumption. Silicon
has been the preferred material for photonic applications as it can be readily integrated with
existing electronic circuit technologies and the fabrication process is well established. Previous
research has demonstrated silicon-based resonant modulators in the form of a microdisk [9],
racetrack resonator [10, 11] and microring resonator [12—14]. As silicon is not an ideal material
for lasing, the use of I1I-V gain materials in a hybrid configuration has been explored as a solution.
In this context, several configurations for an external cavity laser using silicon-based resonant
reflectors have been previously demonstrated using silicon ring resonator devices [15-18]. This
previous research has addressed the requirement for high extinction ratio needed for bandwidth in
datacommunications by switching between on and off states at resonance with the lowest power
consumption. Akiyama et al. [15] have achieved a large extinction ratio and Tanaka et al. [18]
have exhibited an on-chip integrated device, by flip-chip bonding a III-V gain die to a silicon chip
with a ring-resonator-based reflector.
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Fig. 1. (a) Laser configuration: III-V InP RSOA and silicon PhC cavity resonant reflector.
Separate voltage to RSOA and modulating voltage to p-n junction at PhC cavity. (b)
Reflectance band overlaps with one longitudinal mode. Modulation of lasing mode (laser
FM) achieved by modulation of the reflectance band.

Here, we propose a hybrid laser with a III-V InP Reflective Semiconductor Optical Amplifier
(RSOA) and a silicon Photonic Crystal (PhC) cavity resonant reflector (Fig. 1(a)), as per the
configuration described in [19], where the resonant reflectance band of the PhC cavity overlaps
with the longitudinal mode of the laser cavity that then lases (Fig. 1(b)). The use of a SiN
waveguide gives considerable freedom in the choice of the mode size allowing a good match
to be achieved with the RSOA waveguide. Additionally, the addition of the SiN layer gives the
potential for integration of other devices, such multiplexer/demultiplexers. Previous research
has demonstrated electro-optical modulation of the PhC cavity used in the Si-reflector using
a p-n junction as a means of wavelength tuning the reflectance band [20] by carrier induced
refractive index change. This work uses this approach and focuses on the thermo-optical effect in
silicon as a means of achieving modulation of the lasing frequency. Modulation of the voltage
passing through a doped p-n junction on the Si-reflector of the external cavity laser will change
the refractive index which will tune the reflectance band and hence modulate the lasing frequency
to satisfy the phase matching condition. PhC cavities have smaller modal area than a typical ring
resonator and have a larger free spectral range (FSR) that results in less severe mode competition
effects. The thermo-optical effect can achieve maximum speeds in the low MHz range which is
sufficient for sensing applications. Thermal switching has been demonstrated by Beggs et al. [21]
using a microheater on a PhC cavity/waveguide, while Akiyama et al. [15] and Lin et al. [16]
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have also used the approach of an integrated microheater to tune the resonance wavelength of
a ring resonator in a configuration that exhibits strong mode hopping. The work in this paper
focuses on laser single mode FM with moderate tuning speed and small tuning range which also
exhibits a low IM. This type of laser can be useful for applications where precise wavelength
registration/high resolution is essential such as trace-gas detection. For gas detection techniques,
a low IM over a frequency scan can be advantageous for identifying absorption features by
eliminating the need for error correction of the signal or further calibration caused by IM.

This is the first time that this effect has been observed in a hybrid III-V/Silicon laser.
Furthermore, by virtue of the small size of the photonic crystal cavity, some tuning can potentially
be more efficient than the frequency tuning employed in III-V distributed feedback lasers.

2. Frequency modulated PhC laser theory
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Fig. 2. (a) The reflection peak aligned with the longitudinal mode shifts by AF and (b)
the reflection phase ¢, = arctan(2nv/T") occurs across reflection peak and shifts by same
amount. (c) The total accumulated phase is the sum of the propagation phase ¢prop = 27vT
and the reflection phase. The single mode lasing solution exists at the intersection of the
cavity mode m and the total accumulated phase. The solution shifts by Av and exists on the
same cavity mode (green points).

As discussed in [19], the emitted wavelength of the PhC EC architecture is defined by the overlap
of a longitudinal mode of the laser cavity with the reflection band of the PhC resonant reflector.
In this paper we demonstrate FM of this configuration by tuning the resonance in the reflector
via thermo-optical tuning of the p-n junction. [22-24] have measured experimentally the phase
change over the reflection band for photonic crystals. Their results show the reflection phase ¢,
shifts across the stop band of the reflective filter by 0 < ¢, < . This is further illustrated for
a PhC cavity in [25]. Assuming a Lorentzian shape for PhC cavity-based reflector (Fig. 2(a)),
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close to the filter centre the reflection phase (Fig. 2(b)) is given by:

¢ = arctan(zirv) ~ (ZHTV) (H

where I is the reflection band width in radians, v is the optical frequency and the linear
approximation is valid close to the filter center, i.e. where the reflectivity is highest. The
propagation phase ¢, increases linearly with increasing frequency as given by 2nvT, where
T is the cavity roundtrip period therefore:

2y
¢prop = _FSR 2)

where FSR is the Free Spectral Range. The sum of the propagation phase and the reflection
phase is the total accumulated phase and the lasing solution is satisfied by:

¢prop + ¢y =2nm 3)

where m is an integer. This is illustrated on Fig. 2(c) which shows the solution existing at the
intersection of a laser cavity mode and the total accumulated phase, that lies within the reflection
band. If the reflection band is tuned by AF, the phase at every frequency near the reflection band
centre will change by:

2
A¢ = —AF (—”) “
r
To maintain the roundtrip phase condition the lasing mode shifts by Av, leading to the following
relation:
2n 2n 2n
—AF(T)-i-AV (?)-FAV(F_SR) =0 (5)
Re-arranging (5) gives the modal frequency shift needed to retain phase matching as (where I' <
FSR):
1
Av = AF | —— l ©)
1+ FSR

This linear approximation shows that the lasing frequency shift Av is less than the reflector
shift AF (Fig. 2), and with a larger FSR to filter width ratio, the laser mode frequency follows the
filter centre frequency more closely.

With this approximation, taking a value of a reflector width I' = 15 GHz (linear, 94.3 in
gigaradians per second) and FSR = 80 GHz, a lasing frequency shift Av of 5 GHz requires a
reflector shift AF of 10.9 GHz. If our initial condition is that the starting mode-reflector detuning
is zero i.e. 100% reflectivity, then for a lasing frequency shift of 5 GHz, this will result in a 0.7
dB reduction in the reflectivity which would require a modest 0.35 dB increase in the gain per
pass to maintain lasing.

To examine the longitudinal mode tuning range as determined by the filter width and the FSR,
we assume an allowed mode-to-filter detuning of one filter width (JAF - Av| < I'/4x) then from

(6):

r r
Av[14 — )| —av < —
V( " FSR) V‘ = n ™

This gives then a maximum laser mode tuning range of:

_ FSR

Av=—— ®)



Research Article Vol. 27, No. 8 | 15 Apr 2019 | OPTICS EXPRESS 11316

Optics EXPRESS

This result shows that the longitudinal mode tuning while remaining close to the filter centre
depends only on the value of the FSR and it is independent of the width of the reflector, so for a
larger FSR, a tuning of the lasing mode can be realised. Narrower values for I' will lead to better
mode-to-filter tracking, but the reflector half-width is proportionally smaller also and the two
effects cancel (within the limits of the linear approximation).
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Fig. 3. Simulations of the IM vs. gq for modulation range of (a) 5 GHz and (b) 20 GHz.
Laser output intensity (red) and laser frequency (blue) as a function of reflector shift for
modulation range of (c) 5 GHz and (d) 20 GHz. The green dashed line indicates a perfect
linear relationship between the laser and reflector63 frequency, the purple dashed line is
the predicted linear relationship by Eq. (6). The solid black lines are the modulation range
limits of 5 GHz and 20 GHz (6.88 GHz and 27.5 GHz for reflector). The parameters used for
these simulations were: carrier recombination rate y = 1 GHz, linear attenuation factor x =
0.08, linewidth enhancement factor @ = 3, roundtrip period T = 12.5 ps, reflector bandwidth
I' = 15 GHz, pump parameter gy = 3-8 varying for (a) and (b) then applied g of 4.35 for (c)
and 5.3 for (d).

To model the PhC laser numerically we use an adapted delay differential equation model for the
electric field envelope and the saturable gain of the SOA, similar to that used to describe passively
mode locked lasers in [26] but without the equation for saturable absorption. More details about
this model may be found in [27]. The model applies SOA parameters and a Lorentzian shape
filter which describes our laser system. We numerically explore the laser IM as a function of the
DC biasing condition. These are expected to be related, as with fixed DC bias and a reduced
output mirror reflectivity, the intra-cavity laser power will decrease (due to threshold increase),
but at the same time a larger fraction of the internal power is transmitted as less power is being
reflected back into the cavity. The SOA bias current is given by the pump parameter gy.

Simulations were performed for varying values of g and the IM over a given modulation range
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was obtained. Figures 3(a) and 3(b) show the IM as a function of gy. As explained in Section 1, a
low IM or pure FM laser can be beneficial for communications or sensing applications therefore
the lowest IM for a fixed gy is taken to be the optimal value. This value of gy, was found to be
4.35 and 5.3 giving an IM of -34 dB and -16 dB for modulation ranges of 5 GHz and 20 GHz
respectively.

In Figs. 3(c) and 3(d) the simulations were performed with the optimal gy applied. The laser
intensity is indicated by the red line as a function of the reflector central frequency shift, which
remains almost constant over the modulation range. Also shown is the relationship between the
reflector central frequency shift and lasing frequency shift indicated by the blue line with zero
detuning at frequency = 0 and it can be seen that as the reflector central frequency shifts, the laser
frequency follows as predicted by the relationship in Eq. (6) and shown as the purple dashed line
in Figs. 3(c) and 3(d). The green dashed line indicates a perfect linear relationship between the
laser and reflector frequency. The vertical black lines are the modulation range limits of 5 GHz
and 20 GHz.

3. Laser cavity

The EC laser was formed by the combination of an InP-based RSOA as the gain medium and
a vertically coupled bus waveguide-PhC cavity-based narrowband reflector. Both elements
were placed in close proximity through nano-positioning stages. Coupling was achieved by the
butt-coupling of the gain medium waveguide to the SiN waveguide and thus the PhC cavity.
The length of the RSOA waveguide was 400 pm which had a group index of 3.6 and the SiN
waveguide length was 2240 pm, with a group index of 1.94 giving the total cavity optical length
to be 5786 um with a FSR of 25 GHz for the laser cavity.

(@ (b)

Fig. 4. (a) SEM image of PhC cavity before p-n contact pads addition and (b) microscope
image of PhC and p-n contact pads post fabrication.

The resonant reflectors are based on a vertically coupled PhC cavity waveguide system [28]. A
low-refractive-index SiN waveguide is located vertically above a silicon PhC cavity. The two
parts are separated by a thin oxide layer, which acts as a physical buffer and allows the evanescent
exchange of light between the waveguide mode and the cavity mode [29]. For the experiments
described here, a Dispersion Adapted (DA) PhC cavity design was chosen [30] as it offers high
disorder tolerance and good mode overlap with the utilized low-index waveguides. The DA PhC
cavity (Fig. 4(a)) was implemented on the 220 nm SOI platform by electron-beam lithography
and Reactive Ion Etching (RIE). The height and width of the waveguide were 500 nm and 1 pm
respectively, allowing low coupling losses to both the RSOA waveguide and the lensed fiber
used to collect the output of the laser. Coupling losses from the RSOA and SiN waveguide were
found to be 50% from Fimmwave simulation, and the losses are also shown for the same device
interfaces in [31]. A ~170 nm thick layer of spin-on-glass (Accuglass by Honeywell) was used
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as a buffer layer between the Si and SiN. Both facets of the reflector chip were coated with an
anti-reflection layer (single layer MgF) to minimize back-reflections.

To create the p-n junction, four different levels of doping were used. The low doped p-n junction
is designed to overlap with the DA cavity to achieve maximum electro-optic efficiency. The p-n
junction is created by implantation of boron and phosphorous ions to realise the targeted doping
concentration of 10'® cm™3. Although the overlapped doping region increases the free-carrier
losses, the measured loaded Q-factor of the cavity is 15,000, which is sufficient for our work.
The p-n junction is designed 2 um away from the center of the cavity. Rapid Thermal Annealing
(RTA) is performed on the wafer for 60 seconds at 1000°C under N, environment to provide the
maximum carrier activation.

To inject the free carriers into the p-n junction, the metal contacts (Fig. 4(b)) were formed
by dry etching the vias holes through the oxide layer and then depositing aluminium contact
pads. The heavy doped p-n junction helps to form an ohmic contact between the Si layer and Al
pads, giving the low contact resistance (p = 240, n = 270 Q/sq. sheet resistance). The estimated
capacitance value for these devices is <1 pF, for a resistance of 0.5 kQ, the RC constant is
approximately 0.5 ns. This is not a limiting factor in this work as the thermal time constant will
limit up to low MHz range.

Thermo-optic tuning of the PhC cavity resonance was caused by a local change in temperature
- and thus the material refractive index - achieved by ohmic heating.

4. Experimental results

40
<
E30
320
B
=1
Q10

0 —
0 2 4 6 8
Voltage (V)

(2) (b)

Fig. 5. (a) IV curve for p-n junction. (b) Microscope image of needle probes applied to
contact pads on sample.

The overall system temperature was maintained with Peltier element temperature controllers on
both the RSOA and the PhC reflector chip. The IV curve in Fig. 5(a) was generated by applying
voltage to the p-n contact pads of the silicon reflector using a voltage source and the needle probes
as shown in Fig. 5(b) and measuring the current. The temperature rise generated from injection
of carriers adjusted the temperature in the PhC cavity which in turn shifted the reflection peak of
the reflective filter. A function generator was used to modulate the voltage to the contact pads
and modulation of the lasing frequency was achieved.

Measurements were taken using the experimental setup shown in Fig. 6. The output of the
laser was collected via a lensed fiber and passed through an isolator (ISO) then to a 1x2 splitter
with one path to a channel of the oscilloscope (OSC) to capture the output intensity and the other
path was passed through a 3x3 splitter and mixed with tunable laser source (TLS). A beating
signal was generated by setting the TLS output close to the lasing wavelength and mixing these
two signals. The beating frequency was observed on a 33 GHz bandwidth oscilloscope making it
possible to capture the fast frequency dynamics of the laser and thus observing the laser frequency
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Fig. 6. Experimental Setup.

modulation generated by the modulation of the PhC temperature. A power meter (PM) and
optical spectrum analyser (OSA) measured the output power and recorded the optical spectrum.

Figure 7(a) shows single mode operation was achieved with a lasing wavelength of ~1540.5
nm and a SMSR (Side Mode Suppression Ratio) of ~30 dB at a pumping current of 50 mA. The
LI curve shows a threshold value of approx. 15 mA and the kink at 30 mA indicates a mode hop.
There is stable single mode operation from 30 - 90 mA. This laser had a typical linewidth value
of 4 MHz. We also observe the gain ripple from the RSOA in the optical spectrum, nonetheless
the SMSR is 30 dB. The distance between peaks is ~1 nm. The FSR of the PhC is larger than
this and can be determined from the transmission spectrum, similar to the devices used in [20],
where the PhC cavity FSR is ~8 nm.

With the gain biased at 50 mA and on applying DC voltage to the p-n junction, a shift of the
single mode lasing peak was observed. Using the heterodyne measurement with the TLS to
capture the beating frequency, applying 4.2 - 4.7 V stepped DC voltage gave a frequency shift of
the lasing peak of ~6.5 GHz for an applied heating power of 20 mW (Fig. 7(b)).
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Fig. 7. (a) Single mode operation at ~1540.5 nm, SMSR ~30 dB at a pumping current of
50 mA. Inset: Measured LI curve, threshold ~15 mA. (b) Frequency shift of lasing peak as
a function of heating power by heterodyne measurement with TLS.

The heat is dissipated in the highly thermally conductive silicon layer, which is thermally
isolated from the SiN waveguide. Coupled with the low thermo-optic coefficient of SiN, any
effects of the p-n junction on the optical length of the silicon nitride is negligible. To observe the
frequency modulation and intensity modulation simultaneously, a triangular wave signal of 2.7 -
4V at 10 kHz was applied to the p-n junction (Fig. 8(a)). The laser output intensity modulation
showed to follow the frequency modulation and had a value of -8.7 dB (Fig. 8(b)). This value
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Fig. 8. (a) Driving signal input to p-n junction, (b) laser output intensity with IM of -8.7 dB
and (c) beating frequency showing FM of the laser giving a frequency shift Av of ~4 GHz.

could be further reduced by optimising the pumping current as described in the simulations in
Section 2. This IM value is not as low as the simulation results due to idealised simulation
parameters used which do not account for non-ideal experimental conditions. The frequency shift
Av was ~4 GHz (Fig. 8(c)) for this drive signal range. The shape of the frequency modulation
is distorted to the triangular waveform input which is to be expected as the reflector shift and
frequency shift do not have the perfect linear relationship shown in the simulations. Also, the
curvature in the FM shape could be explained by the effects of two photon absorption and free
carrier absorption on the PhC cavity temperature and resonance wavelength [19].

5. Conclusion

We have presented a FM PhC laser by means of the thermo-optic effect in silicon. It can be seen in
this work that the resonance wavelength shift in the laser cavity can be achieved by local heating
of the PhC cavity. The laser output power was lower than expected for similar configurations
due to the coupling losses between the RSOA, waveguide and lensed fiber caused mainly by
alignment stability issues, this also had an effect on the required power for the resonance shift.
These values can be improved upon with better coupling efficiency between the waveguides by
the application of better anti-reflection coatings and angled waveguides on the facets to minimise
parasitic reflections in the laser cavity. Improvements in heating efficiency can be achieved by
trenching and undercutting around PhC cavity for thermal isolation and simulations show an
improvement of three times less the amount of required heating power for the same shift using
the undercutting approach in [10, 19].

Experimentally we have shown that the laser shift does indeed track the filter shift although
weakly in these results. The weak tracking is due to the wide reflective filter width for these
particular devices used in these experiments. Further optimisation of the fabrication process can
reduce the reflective filter width leading to better tracking of the laser as shown in the calculations
above.

We have demonstrated an applied heating power of 20 mW to achieve the DC frequency
shift of ~6.5 GHz. Theoretically the IM value is lower than what was achieved experimentally
as not all the simulation parameters account for experimental conditions such as imperfect
anti-reflective coatings on RSOA and PhC chip facets. Nevertheless both the theoretical and
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experimental results show a very small IM which has the potential to realise a pure FM laser that
can find applications in wavelength scanning absorption techniques such as FM spectroscopy
and trace-gas detection where a narrow tuning range is sufficient and a high sensitivity FM is
required. The p-n junction was operated in forward bias at low modulation speeds to study the
thermo-optic effect. With these devices, the p-n junction can also be operated in reverse bias for
carrier depletion which has the potential to achieve GHz speeds which can find applications in
the optical communications field.
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