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Abstract: We demonstrate a hybrid silicon ring laser with an internal am-
plifying S-bend that couples afraction of the counter-clockwise circulating
light into the the clockwise direction. The device supported single-mode,
unidirectional laser oscillation at certain bias conditions. A spatial field
distribution model is derived to describe the unidirectional operation. A
unidirectional clockwise laser output with a suppression ratio up to 18.6 dB
over the counter-clockwise mode was achieved.
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1. Introduction

Ring resonators are common in today’s silicon (Si) and hybrid Si integrated photonics plat-
forms, because their critical dimensions are amenable to the resolution of foundry fabrication
processes using 193 nm or 248 nm deep ultraviolet lithography [1-4]. For ring lasers, it is
often desirable to have only one sense of light circulation in the cavity for single-mode op-
eration, to prevent emission of light into an undesired direction, and to eliminate spatial hole
burning, which may reduce the laser noise and linewidth [5, 6]. Unidirectional ring lasers typi-
cally require anon-reciprocal loss element in the laser cavity, such as an optical isolator. While
magneto-optic materials can be flip-chip bonded onto Si waveguides [7-9], the extra bonding
step complicates the fabrication process of chip-scale ring lasers.

To achieve unidirectional emission in ring laserswithout an isolator, several approaches have
been proposed. Spiral geometries and whispering gallery mode resonators with notches in the
periphery can have highly directional far-field emission patterns[10,11]. Triangular and square
shaped resonators can also be used [12,13]. Another strategy isto couple afraction of the power
in the counter-clockwise (CCW) circulating mode into the clockwise (CW) circulating mode to
preferentially enable CW laser emission. This coupling can be achieved either by an external
reflector placed at the output port of the CCW mode [14-17], or by incorporating an amplifying
S-bend into the ring cavity asin [15, 18]. In hybrid 111-V-on-Si platforms, only unidirectional
ring lasers that use an external reflector have been reported [16, 17], but the demonstrations did
not include monitors to directly measure the ratio of the CCW and CW intracavity circulating
powers. Compared to monoalithic lasers, hybrid Si lasers potentially have added intracavity
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Fig. 1. Schematic of aring laser with an integrated S-bend. The CW and CCW electric field
amplitudes are labeled over arrows. The couplers have field through and cross-coupling
coefficientsof ¢ and «, respectively. Thefield amplitude gains of the S-bend and ring SOAs
are /Gs and /Gy, respectively. The complex phase-shifts for the left and right halves of
thering, and the S-bend are ¢1, ¢, and ¢3, respectively.

reflections due to the high index contrast of Si waveguides and the inter-layer transitions. Such
intracavity reflections affect the unidirectional operation.

Inthisarticle, we study ahybrid I11-V-on-Si ring laser with an integrated amplifying S-bend
path capable of unidirectional operation. A spatially distributed steady-state analysis shows that
the design can robustly lead to unidirectional laser oscillation. Our laser uses standard building
blocks in the UCSB hybrid Si integrated photonics platform [19]. In contrast to [16, 17], here,
the CW and CCW intracavity powers were directly compared to quantify the unidirectional
operation using a power tap in the ring at the expense of added lossesin the resonator.

2. Devicegeometry and analysis

The laser geometry based on [18] isillustrated in Fig. 1. The ring contains an S-bend and semi-
conductor optical amplifiers (SOAS) in the ring path and in the S-bend. The S-bend connects
to the ring using two couplers, and it diverts a fraction of the CCW power and spontaneous
emission generated in the S-bend into the CW mode. The CW mode remains in the ring and
does not couple into the CCW mode. Although the round-trip losses experienced by the CW
and CCW modes are identical (asall the elementsin thering resonator are reciprocal), the non-
reciprocal injection of afraction of the CCW circulating optical power into the CW mode leads
to unidirectional laser emission. A rate equation analysis of this effect was presented in [20] for
fiber ring lasers with SOAs. Here, we present an alternative analytical model of the laser.

In Fig. 1, the CW and CCW field amplitudes in the ring are E; cw, E1cow, E2cw, and
Eo cow, and the field amplitudes in the S-bend are Ez and E4. The main CW output is Eout cw .
We assume the two couplers that connect the S-bend to the ring have identical field through-
and cross-coupling coefficients, o and «, respectively. For simplicity, we neglect spontaneous
emission. The optical power gain of the main SOA inthering is G; and the gain of the SOA in
the S-bend is Gs. We let ¢1, ¢» and ¢3 be complex to represent the phase accumulation and field
attenuation in the left part of the ring, the right part of the ring, and the S-bend, respectively.
With these definitions, the field amplitudes are

E1cw = K1 /Gre_i(¢l+¢2>E2,CW +04 /Gse“<¢1+¢3)E4, (1a)

E2cw = kEicw + OEs, (1b)

E1cow = KEzcow, (1c)

Excow = kv/Gre (1H92)E) ooy, (1d)
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Es = oe '017%) /GEy cew, (1e)
E4 = 0Ezccw, (1f)
Eowow = 0+/Gre 2Bz cw + Kk1/Gse ™' %Ey. (19)

To include spontaneous emission, a small stochastic noise term can be added to the equations,
which will lead to afluctuating amplitude originating from each of the SOAs.

Substituting Eq. (1b) into Eq. (1a) and simplifying using Egs. (1d)-(1f), we arrive at an
expression for the unidirectionality factor, U, representing the ratio between the CW and CCW
circulating optical powers:

U

‘ Erow |° 4/k|?|o|*a,asG; Gs .

Eicow| 1+|k[*aG; —2vaG,|Kk[2cos(20,+ o)

In the above, ¢ = Re(¢1 + ¢2) isthe round-trip phase-shift in thering, 6, is the phase-shift of
the coupler (i.e, k = [k|e %), a; = [Re(e 0171%2)] ? isthe round-trip power attenuation in the
ring, and as = [Re(e~19171%3)] % i's the power attenuation of the path taken by the fraction of the
CCW circulating amplitude, E;1 ccw, that isinjected into the CW direction. U does not depend
on the phase-shift in the S-bend because the two possible paths that divert E; cow into Eqxcw
have the same phase-shift.

From Eq. (2), wefind that unidirectional CW laser emission occurs (U — o) when the round-
trip phase and gain conditions are satisfied as follows:

20+ ¢y = 2nmt, wherenisan integer; (33
1

=— 3b

r |K|4ar7 ( )

which results in a denominator that is equal to zero. The laser condition in Eq. (3) isidentical
to that of a ring without the injection of CCW light into the CW mode via the S-bend. In
other words, ideally, the laser is expected to be unidirectional when the threshold condition
determined by the ring is met. Equation (2) also shows that unidirectional CCW laser emission
isnot possible because the numerator cannot equal zero. However, due to spontaneous emission,
U isfinite in practice. At agiven value of G, (i.e., at a given pump current applied to the ring
SOA and a given optical output power), Eqg. (2) predicts that the unidirectionality increases
linearly with the gain of the SOA in the S-bend at a given wavelength. Thus, U would increase
roughly linearly at low injection currents and low optical intensities, but would decrease as Gs
isreduced, e.g., due to gain saturation or compression.

Finally, from Eq. (1g), the main CW output, Eqyt cw, IS the superposition of the fields exiting
the ring and the S-bend. Therefore, if the laser is not strongly unidirectional, the interference
leads to a complicated dependence of the output power on the relative phase between the ring
and S-bend paths. This interference may be controlled using phase-shiftersin the ring and S-
bend paths. Alternatively, to avoid thisinterference, apower tap in the ring path can be used for
the laser output instead of the couplers at the junctionsin the two end of the S-bend. The laser
output at the power tap would simply be proportional to the intracavity CW power.

The above model is meant to highlight the mechanism behind the unidirectional behavior, and
the model’s simplicity (e.g., neglect of small intracavity reflections) prevents accurate fitting to
the experimental datain Section 4.
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Fig. 2. (a) Schematic and (b) annotated optical micrograph of the fabricated hybrid Si laser
with an integrated amplifying S-bend. The CW monitor port and secondary CW output port
are adjacent and difficult to distinguish in the micrograph.

3. Fabricated device

The device was implemented in the UCSB hybrid Si integrated photonics platform [19], and a
schematic and optical micrograph of the device are shown in Fig. 2. To monitor the CW and
CCW intracavity light, we incorporated a 5% directional coupler tap into the ring. Two 28:72
multimode interference (MMI) couplers (i.e., with 72% cross-coupled power coefficient) were
used to incorporate the S-bend into the ring. Si rib waveguides were formed in a silicon-on-
insulator substrate with a500 nm thick top Si layer, a250 nm thick partially-etched Si slab, and
al umthick buried oxide layer. Cleaved 111-V dies were wafer-bonded onto the Si using alow
temperature hydrophilic bonding process [21] and reactive ion etching was used to define the
SOAs. Pd/Ge/Pd/Au and Pd/Ti/Pd/Au contacts were deposited to form the N and P contacts,
respectively. The laser operated in the transverse-electric polarization, and adiabatic tapersin
thelll-V and Si layerswere used to transition the Si rib waveguide modeinto the hybrid mode of
the SOA regions[22]. The ring and S-bend SOA lengths were 1 mm long, the Si rib waveguide
loss was about 8 dB/cm, the loss per transition was about 0.8 dB, and the reflection from each
transition was about -29 dB. To reduce the reflections at the facets, the output waveguides were
tilted at an angle of 7° relative to the polished facets, and the facets were coated with atwo-layer
anti-reflection coating for a-33 dB power reflection per facet.

4. Measurements

The die was mounted on a temperature-controlled stage set at 20°C, and light was collected
from the output ports using lensed single-mode fibers with anominal spot diameter of 2.5 um at
1550 nm. The unidirectionality factor was extracted from fiber-coupled optical power measure-
ments at the CW and CCW monitor ports. Throughout the measurements, we optimized for the
fiber-to-chip alignment using the waveguide path between the two monitor ports. By assuming
the fiber-to-chip coupling losses were identical at the two monitor ports and calibrating for the
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fiber-to-chip coupling loss, we extracted the on-chip optical power at the main CW output port.

Figures 3(a) and (b) show the on-chip optical power at the main CW output port and the
unidirectionality factor as afunction of the ring and S-bend SOA currents. The S-bend and ring
SOA currents were stepped in increments of 5 mA and 10 mA, respectively. For greater clarity,
Figs. 3(c) and (d) show afew vertical slices of the data. U tended to increase with the S-bend
SOA current, confirming the analysisin Section 2. When the S-bend SOA current was < 55 mA,
U was generally low (between about 0.3 and 3), since the S-bend path was effectively removed.
The laser output power did not increase linearly with the ring SOA current, especially when the
S-bend current increased. Thisis likely due to the combined effects of the interference in Eq.
(1g), multi longitudinal mode oscillation, and minute intracavity reflections. Intracavity reflec-
tions cause parasitic power coupling from the CW mode to the CCW mode, which can result
in multistability [23, 24]. The reflections could be from the MMI couplers, sidewall roughness,
and transitions between the Si waveguides and SOAs. The plot of the sum of the on-chip pow-
ers at the CW and CCW monitor portsvs. ring SOA current in Fig. 3(e) exhibits kinks that are
suggestive of multimode oscillation and the presence of intracavity reflections.

The highest value of U measured was 72 or 18.6 dB, when the S-bend SOA current was
137.5 mA and the ring SOA current was 112.5 mA. This value is not captured in the coarse
sweep in Fig. 3(b). Figure 4(a) shows the main CW output power and U at a S-bend SOA
current of 137.5 mA asafunction of thering SOA current. The output power and unidirectional
operation were sensitive to the current applied to the ring SOA. The CW and CCW monitor port
powers in Fig. 4(b) show that the intracavity CW power is maximized when U is maximized
(U = 72). The main CW output spectrum when U = 72 is shown in Fig. 4(c). Interestingly, at

Main CW output power (mW) Unidirectionality factor (U)
160 160
—~ 1 ~~
< <
£ E 30
£ 120f & o 08 £ 129
g g
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Fig. 3. (&) On-chip main CW output power and (b) U as afunction of the ring and S-bend
SOA currents. (c) On-chip main CW output power, (d) U, and (e) sum of on-chip CW and
CCW monitor port powers vs. the ring SOA current at various S-bend SOA currents. (c)
and (d) are vertical dlices of (a) and (b), respectively.
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Fig. 4. (@) On-chip main CW output power and U vs. ring SOA current for an S-bend
SOA current of 137.5 mA. (b) On-chip CW and CCW monitor port powers vs. ring SOA
current for an S-bend SOA current of 137.5 mA. (c) Spectrum of the main CW output at
the maximum U operating point. (d) Spectra of the CW and CCW monitor ports at the
maximum U point.

this maximal value of U, the laser emission appeared to be single-mode up to the resolution of
the optical spectrum analyzer of 0.1 nm. Furthermore, in Fig. 4(d), the CW and CCW monitor
port spectra for the maximum U value show that the intracavity CW and CCW fields are both
single-mode with the same wavelength. This mode selectivity provides further evidence for
the impact of reflections within the cavity on the complex behaviour of the laser output power
and unidirectional operation. Additional spectra were measured at lower U values between 1
and 34; some operating points were single-mode while others were multi-mode, and no simple
dependence of the side-mode suppression ratio on U could be identified.

The output power and stability limitations of the laser can be overcome through straightfor-
ward optimization approaches. First, the output power can be improved by reducing the cavity
losses. By reducing the 8 dB/cm Si waveguide lossto 1 dB/cm, asin [25], the ring path losses
can be reduced by about 2.7 dB. Second, reducing intracavity reflections can improve the sta-
bility for high unidirectionality over a wider range of SOA currents. Importantly, the MMI
couplers have not been optimized for low reflection, and by appropriate angling of the MMI
interfaces the reflections could be greatly reduced asin [26].
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5. Conclusions

We have demonstrated the unidirectional operation of a hybrid Si ring laser with an internal
amplifying S-bend. A suppression of the CCW power relative to the CW power up to 18.6
dB and single-mode operation was observed. A drawback of the device was the sensitivity of
the unidirectionality and output power to the SOA currents. Devices with reduced intracavity
reflections and losses will improve the unidirectionality and output power.
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