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1 | INTRODUCTION

Paolo Bardella

Abstract

Semiconductor ring lasers have attracted remarkable interest as laser sources in photonic
integrated circuits. They result in bidirectional laser owing to the rotation symmetry
between the two counter-propagating modes of the ring cavity. This symmetry can be
broken embedding an S-bend waveguide in the racetrack resonator, which generates an
unbalanced loss mechanism and a non-reciprocal gain between clockwise and counter-
clockwise direction beams. The propagating field along the resonator in the undesirable
direction is evanescently coupled to the S element in correspondence of two coupling
regions and converted into the preferred one. The authors examined how the field
coupling coefficients of the couplers impact the resonator unidirectionality. In numerical
simulations, the authors changed the coupler gap distance and the coupler length of the
directional couplers to scan the full range of variability of the coefficients. The simulated
performances of the resonator are discussed in terms of the extinction ratio between the
clockwise and the counter-clockwise modes as well as the power truly circulated in the
two ditections of the resonator net of all losses. The finite-difference time-domain
method within Synopsys RSoft” suite was used to simulate the evolution of the counter-
propagating field along the racetrack.

other due to scattering or defects along the cavity, returning
frequency splitting and spectral complexity [8].

Semiconductor ring lasers (SRLs) have gained great interest
due to their numerous benefits ranging from excellent per-
formances to ease of integration in photonic integrated circuits
(PICs) [1].

The ring cavity of the SRLs, featured by a symmetric
resonatot, supports two counter-propagating beams, that is,
one circulating in clockwise (CW) direction and the other in
counter-clockwise (CCW). Therefore, if unbalanced loss
mechanism or non-reciprocal gain is not intentionally placed
depending on the direction of propagation, a strong mode
competition between the two counter-propagating lasing
modes was predicted and observed [1-6]. For example, the
competition gives rise to kinks in the light versus current
characteristic, or, in other words, a bistable behaviour with a
directional switching between the two instable unidirectional
laser modes [2, 7]. In addition, the two modes can couple each

However, several application fields demand unidirectional
SRL [8-12], which means a more longitudinal mode purity in
the pre-established direction of propagation and a reduced
sensitivity to the back-reflections. Notable examples include
optoelectronic gyroscope which uses SRL as source and
sensing element [9], high-speed modulation by exploiting
unidirectional whistle-geometry SRL as injection-locked laser
[10], tuneable orbital angular momenta (OAM) microring laser
as light sources emitting helical beams [8, 11] and high-repe-
tition rate optical pulses by self-pulsing in unidirectional ring
lasers [13].

Nevertheless, spontaneous unidirectional lasing was re-
ported in the literature just in few works, that is for triangular
SRLs [14, 15] and for large SRLs [16]. Such behaviour could be
due to some imperfections along the cavity as well as due to
the sidewall roughness of the waveguides promoting one lasing
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direction between CW and CCW which was unpredictable in
advance.

In the last decades, unidirectional emission from a bidi-
rectional disk or ring cavity laser, has been achieved by
breaking off their natural symmetrical behaviour with some
tricks.

Liang et al. [17] forced the unidirectionality of a triangular
ring laser cavity by employing a tapered section in one of the
straight waveguides, providing loss of imbalance between the
two opposite lasing directions, and a similar approach was
recently used by Lee et al. [18] in a square ring cavity.

Other groups achieved the unidirectional lasing by intro-
ducing a feedback mechanism from the cleaved end-facet
mirror [5, 6, 19] outside the ring where the undesirable field
was reflected back and re-coupled in the SRL into the
preferred direction. A similar strategy was used in heteroge-
neous micro-disk laser [20, 21].Unidirectional operation in SRL
was obtained incorporating asymmetric elements into the laser
cavity. Osinski et al. [10] studied the unidirectionality for a
whistle-geometry semiconductor ring laser (WRL [21]), where
the asymmetry was provided by a single Y-splitter which linked
the ring to a straight waveguide. Such a connection introduced
between the two
propagating modes in the ring with a large difference between

asymmetric optical losses counter-
the corresponding photon lifetimes.

Hohimer et al. [2, 23] introduced an active S-shaped
waveguide linked with two Y-splitters to the semiconductor
ring diode laser to redirect part of the CCW field into the
opposite CW one. Cao et al. [24] applied the same S-waveguide
for an SRL with quantum-dot active region.

In the literature, different designs were proposed for the
splitter between the SLR and the S-waveguide with the goal to
more effectively suppress the unwanted mode favouring the
mode propagating in the preselected direction [25, 20].

Several works [8, 11, 27, 28] included the S-waveguide
inside the SRL by exploiting the evanescent coupling rather
than Y-splitters to allow the mode conversion from CCW to
CW or vice versa, according to the S orientation. Despite this
change, the introduction of the S involved different intrinsic
losses between the two counter-propagating modes in the
SRLs. Sacher et al. [27] demonstrated the unidirectional laser
oscillation for an SRL with an internal amplifying S-waveguide
with 72% cross-coupled power coefficient, resulting in an
extinction ratio between CW and CCW fields up to 18.6 dB.
Ren et al. [8] and Hayenga et al. [11] recently exploited a similar
active design for parity-time symmetric microring lasers to
foster the unidirectional light emission used to generate vector
vortex beams orthogonally to the chip growth plane. They
experimentally measured the extinction ratio for the SRL with
and without the S-waveguide achieving 28 and 0.1 dB,
respectively.

Most of the cited papers regarding the unidirectional
operation of the SRL with the S-waveguide are limited to a
single design with fixed coupler power coefficients for the
couplers or fixed splitting percentage in case of Y-splitter.
Moreover, not every work reported such details which should
be optimized for a higher unidirectionality of the device.

It is worthwhile to highlight that the structure consisting of
a microresonator with an embedded S-shaped element, also
referred to as taiji resonator, beyond the employment in uni-
directional SRLs; it has recently shown a promising use as a
unidirectional reflector in an optical integrated circuit [29]. The
authors reported that best configuration of the unidirectional
reflector was achieved with a critical coupling regime between
the directional couplers of their device.

Finally, it should be mentioned that several works report
unidirectional semiconductor disk laser (SDL) [20, 21, 30, 31]
heterogeneously integrated on Silicon on Insulator (SOI)
platform is compatible with Si complementary metal-oxide-
semiconductor (CMOS) fab [1]. These works focused on
different main aspects ranging from efficient coupling (hence
sufficient phase matching) between the fundamental mode in
the disk cavity and the fundamental waveguide mode [20, 30]
to the integration of a passive distributed Bragg reflector
(DBR) achieving an extra unidirectional gain resulting in a
highly unidirectional emission of the laser [21]. The authors
focused on the asymmetric resonator composed by a racetrack
and an S-waveguide which mutually evanescently coupled the
field in correspondence of the two coupling regions. We have
explored the influence of the field through- and cross-coupling
coefficients of the couplers on the unidirectional operation of
the resonator. For this purpose, we have numerically simulated
the evolution of both CW and CCW pulses launched in the
asymmetric resonator using the finite-difference time-domain
(FDTD) method evaluating the extinction ratio between the
two counter-propagating modes in the cavity.

2 | DESIGN OF THE SLR WITH AN S-
WAVEGUIDE

An S-bent waveguide inside the racetrack resonator was used
to break off the natural symmetrical behaviour of the SRLs
(Figure 1a), allowing the mode conversion from CCW to CW
for our schematic. We briefly describe as this behaviour takes
place, just considering only the racetrack and the S-waveguide
of Figure 1a under two counter-propagating modes, CW and
CCW, launched from the same position A (Figure 1a). We
describe the optical events that they encounter along with a
whole racetrack revolution; for the sake of simplicity, only the
propagation of the fundamental mode TE of the waveguide
was assumed, without internal and bending losses. Let us
consider the CW mode. Its associated field moves from A to
the coupling region B; between the two waveguides, propa-
gating for a quarter of circumference without changes. In By,
the field partially evanescently couple with the S-waveguide,
propagating towards Cy, that is, the tapered S-end. Such field is
spread outside the waveguide (radiation loss). The remaining
CW field in the racetrack goes towards B, where analogue
optical event happens to the previous one, hence the coupling
field in the blind branch of the S-waveguide is radiated by the
reversed taper C,. Finally, the softened field propagates along
the racetrack completing the round, reaching the starting
point A.
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FIGURE 1 (a) Schematic of the racetrack resonator long 86.8 um with
the S-shaped waveguide which includes tapered terminators Cy and C,. CW
and CCW represents the two counter-propagating modes, excited from the
launch position A. The layout changes as a function of the coupler gap
(G) distance and the coupler length (CL) of the directional couplers By and
B, as shown in (b) and (c), respectively

On the other hand, the CCW field launched from A when
comes in B, is partially evanescently coupled with the
S-waveguide and the rest transmitted ahead along the racetrack.
The latter field undergoes the same splitting in correspondence
of the subsequent coupler, By. As regard the CCW field
coupled to the S-waveguide, it is driven within it reaching the
coupler in the flip side of the S, that is, from B, to By or vice
versa. Due to the coupler, as always, the field is splitted be-
tween the two close waveguides; the part which returns into
the racetrack is converted in the CW mode, while that trans-
mitted towards the tapered end-S (C, or Cy) is loosed.

In summary, despite both CW and CCW fields intensity
being reduced after a whole racetrack revolution, a part of the
CCW mode is converted into the opposite one, thanks to the
S-waveguide; therefore, the CW mode dominates the CCW
mode.

Some important notes can be highlighted. First, the tapered
ends-S are required to avoid the back reflection in corre-
spondence of the extremities of the S-waveguide, which would
result in the undesirable conversion from CW to CCW mode.

The power splitting in correspondence of the directional
coupler depends on the value of the coupling coefficient,
which in turn is controlled by the geometry of the coupling
region. From one side, to reduce the CW round-trip losses, it
would require that the coupled CW field with the S-waveguide
is the smallest possible. From the other, to maximize the mode
convetsion from CCW to CW, it would be desirable to have a
large coupling with the S-waveguide.

Our asymmetric resonator of Figure la was designed in
order to study the influence of the field coupling x and field
transmission ¢ coefficients of the directional couplers (between
the racetrack and the S-waveguide) on the resonator unidir-
ectionality. To vary in a wide range the coupling-transmission
coefficients, the design of the Figure 1a changed the coupler

gap (G) distance and the coupler length (CL) of the directional
couplers By and B,, as shown in Figure 1b,c, respectively,
preserving the original optical lengths of the racetrack.

The designed device was simulated with the FullWAVE
RSoft suite, based on FDTD
method. As regard the waveguide geometry and the material,

module of the Synopsys©

0.45-um-wide and 0.22-um-deep silicon rib waveguide sur-
rounded by silicon oxide as background material was used
because it is able to support the propagation of the funda-
mental TE mode at 1.55 pm.

Indeed, the propagation of the electric field along such
waveguide for the TE mode entails propagation loss and group
velocity of 0.105 dB/cm and 0.275 ¢, respectively, whete ¢ is
the speed of light in vacuum. [32].

Moreover, in order to reduce the computational cost of the
simulations due to the 3D domain of the structure, the
simulations were carried out using the effective refractive index
method (2.5D). The simulation software included the spectral
dispersion of optical properties.

The complex S-shaped waveguide design let to vary both
its length and the CLs without changing the coupling regions
By and B,. In this regard, the bending radius of the S-wave-
guide was fixed at 5 pm, corresponding to the minimum radius
of the bent waveguide for which most Silicon Photonics
platforms guarantees negligible curvature losses for the
considered waveguide. This choice let us simulate a device of
small dimensions that assures reduced simulation time cost.
The device of Figure 1a consists of an 86.8-um-long racetrack
with an S-waveguide with half-length between the two direc-
tional couplers B; and B, and a straight waveguide placed at
the top in Figure 1a which collects a part of the CW and CCW
field circulating in the resonator for field measuring purposes.
The directional coupler D evanescently couples the CW and
CCW racetrack fields driving towards the two monitors, Mcy
and Mccwy, located at opposite positions along the piking
waveguide which are named as the circulating field emerging
from the resonator that they track.

3 | RESULTS AND DISCUSSION

As already mentioned, we examined how the coupling co-
efficients of the directional couplers between the racetrack and
the S-waveguide promoting the CW direction of propagation,
hence, the device unidirectionality.

Figure 2 shows, in a 3D plot, the behaviour at 1.55 pm of
K> and #2 coefficients for the directional couplers By and B, as
a function of the coupler gap distance and the CL. In detail,
the coefficients are plotted for CI. = 0 um, when the coupler
gap is reduced from 500 to 100 nm and for fixed
G = 100 nm, when the CL is elongated from 0 to 6 um. The
coefficients come from simulations in RSoft of the directional
coupler of Figure 1b,c and computed as the fraction of the
power coupled P from one waveguide to the other or the
fraction of the power remaining Pthrough in the original
waveguide [33]:
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FIGURE 2 Field coupling (x) and transmission
(t) coefficients at A = 1.55 pm as a function of the
coupler gap distance and the coupler length of the

[ ] - = — ’; directional couplers By and B, as shown in Figure 1
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where Py is the input optical powet.

The designed device of Figure la was simulated for a
discrete number of coupling coefficients which are marked
with filled dots in Figure 2, in way to cover the full range of
variability, from 0 to 1. Such selected coefficients correspond
to device configurations of appropriate G and CL values.
Explicitly, from left to right, fixed CL. = 0 um and variable gap
G =0.5,0.4,0.3,0.2, 0.1 um and vice versa, fixed G = 0.1 pm
and variable CL CL. =0, 1, 2, 3, 4, 5.4 um. The last marked pair
(x; 2) in Figure 2 was selected because the length LC = 5.4 pm
corresponds to the cross-over length for the wavelength of
1.55 pm.

For simplicity's sake, we refer to the LC rather than
LC + Lye,q where the extra length takes into account the
contribution to the coupling dues by the bent waveguides [33].

Concerning the directional coupler D between the race-
track and the piking waveguide, the gap distance is fixed to
100 nm for all the simulations, which corresponds to x = 0.6
and ¢t = 0.8 at 1.55 pum.

To investigate how the S-waveguide with different
coupling coefficients impacts on the resonator unidir-
ectionality, we excited inside the racetrack several optical
pulses centred at 1.55 pm propagating in both the CW and
CCW directions. This could be seen as spontaneous (or
stimulated) emission of photons in the cavity. The use of
the pulses as launch mode in RSoft let to take into accounts
different

the dispersion behaviour of propagation at

wavelengths.

FIGURE 3 Contour Maps of the simulation for the device in Figure 1a
with G = 0.1 pm and CL = 0 pm after (a) 5.5 pm and (b) 140 um in unit of
¢T. The colours indicate the values of the field of the TE modes (CW and
CCW)

The simulations were carried out exciting simultaneously
32 electromagnetic sources from 16 random positions along
the racetrack which emit one pulse in the CW direction and the
other in CCW one.

For example, Figure 3 shows two simulation frames of the
device configuration with CL = 0 um and G = 100 nm, for 16
launch positions randomly distributed along the racetrack. In
detail, Figure 3a displays the TE mode field distribution after
5.5 um in unit of ¢7 with T time and c¢ speed of light in vacuum



GIANNUZZI anp BARDELLA | 135
FIGURE 4 (a) Emission spectra relative to the (a) 5 y (b)
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(ie. 183 fs). Each pair of red spots represents the two
counter-propagating pulses irradiated from the same launch
position placed in the middle. Figure 3b shows the field
distribution after 140 um, highlighting the role of the
S-waveguide in driving the CCW field evanescently coupled
to the S-waveguide from one coupler toward the opposite
one, reinforcing the CW one. From Figure 3b, it can be noted
how part of the propagating fields in the device are collected
by the piking waveguide propagating towards the two mon-
itors mentioned earlier.

The final output optical spectra, evaluated at the monitors
by the FDTD simulation for the case reported in Figure 3, are
plotted in Figure 4a with solid lines for a wavelength interval of
20 nm centred around 1.55 um. As expected in the case of the
racetrack resonator, the spectra show peaks in correspondence
of the resonant wavelengths but we focused on the resonance
peak around 1.55 pum.

The different amplitudes between the CW and the CCW
optical spectra highlight the asymmetric behaviour led by the
S-waveguide on the two counter-propagating fields.

The same device configuration was simulated 20 times
varying the distributions of the 32 random launches keeping
fixed the monitors locations, untying the results from a peculiar
launches distribution, and improving the accuracy of the re-
sults. In addition, a further analysis of the simulation results
was conducted. The fields summation of the 20 simulations
carried out for the same device configuration, return the
overall field owed to the 640 launches. Figure 4a shows the

Wavelength [pum]

overall wavelengths spectra (dashed lines) of the specific
structure with CL = 0 um and G = 100 nm, related to the 320
launches positions whose spatial distribution is depicted in
Figure 4c.

Apart the peaks intensity between the resulting spectra
from 32 or 640 launches shown in Figure 4a, the unbalance
between the two counter-propagating modes CW and CCW
was quantified in order to compare such results with that
obtained by other device configurations. The unidirectionality
of the device was expressed by the directional extinction ratio
(DER) [8], expressed in decibel as follows:

P
DER = 10log; v (2)
CCwW

that is the ratio in decibels of the power captured by the two
monitors, Pcyw by Mcyw and Peew by Mccw. The larger
(positive) the DER value, the greater was the unidirectionality
of the device (CW field dominant on CCW one).

From the simulations shown in Figure 4a, we obtained
DERg4 = 5.26 dB and DER;, = 4.78 dB, while the more
representative DER value averaged on the 20 simulations is
<DERz;> = (3.47 & 2.22) dB. Such values were calculated in
correspondence to the resonant peak around 1.55 um.

As already mentioned, 20 simulations with different launch
positions were carried out for the coupling coefficients marked
in Figure 2 or equivalently for the device configurations with
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corresponding parameters G and CL. Figure 5 summarizes the
comprehensive results of all simulations: for each device
configuration was plotted the average and the standard devi-
ation of the DER over 20 runs, <DER3,> with error bar, and
the overall value DER4q (black stars). In addition, the grey bar
represents the reference DER value obtained from the simu-
lations of the lonely resonator without the S-waveguide. This is
<DER3,> = 0.059 dB + 0.261 dB, which confirms no clear
predominance between CW and CCW fields in case of sym-
metric resonator. Despite the expected DER value for a
symmetric resonator was 0 dB, such non-zero value underlined
the dependence of the measured field intensity from the
positions of the launch sources and the monitors.

It is noticeable as the introduction of the S-waveguide
moves the resonator response toward a unidirectional behav-
iour, especially reducing the gap distance and increasing the
CL. For large gap, that is, 0.5 um, or equivalently a coupling
coefficient k extremely low, the S-waveguide footprint looks
negligible and not very useful for the unidirectional purpose.
Reducing G until to 0.1 um, passing from k =~ 0 to k = 0.4, the
unbalanced effect owed to the S-waveguide becomes notice-
able; the CW field is more and more reinforced by the major
fraction of CCW field coupled to the S-waveguide. We observe
the most attractive results for the configurations with
G = 0.1 um and variable CL from 0 to 5.4 um, due to the
positive DER values, hence a CW mode predominant.
Nevertheless, to a large variation of the coupling coefficients
seen in Figure 2, from CL = 0 pm to the cross-over length,
corresponds a gentle increasing of the average DER value.

Coupler Length [um]
2 3 4

Similar comments for the analysis of the overall DERg4, which
values are consistent with the average DER previously
discussed, depicting inside the error bar of <DERj3,>.

However, it is advisable to discuss how an increase in the
value of CL, next to the gentle increasing of the DER, as
discussed eatlier, leads to an increasingly small power circu-
lating in the resonator. Figure 6 shows the power of the
resonant peak closest to 1.55 um (normalized) versus the CL
of the different device configurations simulated. The box plots
for each CL depict the statistic distribution of the peak power
values on the 20 simulations, both the CW and the CCW mode,
which intensity strongly depends on the launch positions, as
previously commented. The stars plot the overall CW and
CCW fields on the 640 total launches. Each configuration
highlights the predominance of the CW field (blue descriptors)
with respect to the CCW one (red descriptors), hence the
positive DER in Figure 5.

By comparing the powers for the different configurations,
it emerges a decreasing trend by increasing the CL or equiva-
lently rising the coupling between the racetrack and the
S-waveguide. This power attenuation is ascribed to the field
fraction coupled to the S-waveguide and spread outside the
device by the S-terminators. We point out that such tapered
terminators are essential to avoid the back reflections of the
CW field into the unwanted CCW.

Consequently, a trade-off between the coupling coefficients
and the attenuation power is required. In particular, the
simulated configurations with G = 0.1 um and CL ranged
from 0 to 2 um represent the better compromise solution to

0 1 5 6
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FIGURE 5 Directional extinction ratio (DER)
versus the gap distance (bottom axis) and the
coupler length (top axis) estimated to the peak

. resonator wavelength around 1.55 um. The average
DER and the standard deviation evaluated over 20

— : runs is plotted as blank dot with error bars while the

overall DER on the 640 launches with filled stars.
The horizontal grey bar represents the average DER
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value and std obtained without the S-shaped
waveguide in Figure 1a, corresponding to the

symmetric case
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achieve positive DER, from 3 to 7 dB on average, saving
power losses, namely « from 0.40 to 0.74.

Our simulation results were obtained from merely statis-
tical considerations on a discrete number of sources spread
along the racetrack. Nevertheless, the DER positivity found in
the configurations mentioned earlier, is expected to be
enhanced operating with active resonator, as reported in the
literature for SRL [1, 15]. Moreover, an active S-waveguide
would encourage a stronger device unidirectionality, since the
amplified radiation is then coupled back into the SRL in the
preferred direction [23, 26].

4 | CONCLUSION

Many unidirectional SRLs have been proposed in the literature
to improve the performances of the rotation symmetry ring
lasers for suitable application fields.

The considered device consisted of a racetrack embedding
an S-bend waveguide which drove the evanescently coupled
field to the S-waveguide from CCW to CW propagation
direction.

We studied the influence of the field coupling coefficients
of the couplers on the unidirectionality of the resonator.
Varying the design parameters of the couplers (gap distance

and coupler length) we have explored the full range of vari-
ability of the coefficients from O to 1. Simulations were carried
out by making use of the FullWAVE module of the Synopsys©
RSoft suite, based on FDTD method. It is shown that varying
the design parameters of the coupler enabled the unidirectional
operation, namely modified the ratio between CW and CCW
power while preserving the single mode light emission.

Our simulation results provide a careful reference in term
of field coupling coefficients for future design of integrated
unidirectional ring lasers: the range 0.40 < k < 0.74 results a
good trade-off between the highest values of DER between
CW and CCW modes and the power attenuation due to the
overall losses of the resonator. Finally, the employment of an
active biased S-waveguide could add a non-reciprocal gain in
favour of the CW mode [24, 27] increasing the achieved DER
values and will be the object of investigation of future works.
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