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Abstract: We present a silicon slot microring resonator for efficient frequency conversion via
four-wave mixing (FWM). The slot consists of a narrow silicon waveguide pair with a gap of
80 nm, which is filled with a nonlinear optical polymer. The group velocity dispersion for the
microring is controlled by engineering the geometry of the slot structure. Because of the large
buildup factor of the slot microring, an FWM conversion efficiency of —27.4 dB is achieved
with an optical pump power of less than 1.0 mW. From the measured power dependence of
FWM generation, a nonlinear refractive index coefficient of 1.31 X 10717 m? W1 is obtained at a
wavelength of 1562 nm. This work presents a hybrid silicon slot and polymer microring as a
potential nonlinear device for applications in integrated photonic devices.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Slot waveguides have a fundamental advantage for allowing a high degree of optical confinement,
and thus provide unique optical properties in photonic applications when used as sub-micrometer-
scale optical structures [1-3]. Characteristic performance can be observed in a silicon slot with a
large difference in refractive index at the boundary of the high-refractive-index silicon region
and a low-refractive-index dielectric region. In the simplest form of the silicon slot, two narrow
silicon waveguides are separated by a distance of approximately 10 to 200 nm [4]. One of the
propagating modes tends to confine the optical field with increased energy density within the
slot, thereby resulting in a large overlap of the optical mode with the material filled in the gap.
The inside of the low-index slot can be filled with various materials such as a metal oxide, gas, or
polymer, enabling either light emission, sensing, or nonlinear optical properties [5-8].

In previous demonstrations, silicon-slot waveguides combined with nonlinear optical materials
enabled efficient functionalities on small chips for opto-electric applications. One straightforward
application is ultra-low-driving-voltage electro-optic modulators, which are fabricated by simply
embedding electro-optic polymers within the slot [9,10]. Such material-waveguide hybridization
is favorable in some electro-optic applications because silicon prohibits second-order nonlinear
effects as a result of its centrosymmetric crystal structure. In contrast, silicon has intrinsic third-
order nonlinearity that has been recognized as a promising property for all-optical switching and
wavelength-conversion devices. Therefore, wavelength conversion and optical signal processing
via the four-wave-mixing (FWM) process have been proposed for integrated silicon waveguides
[11,12]. Nevertheless, the high degree of confinement in the silicon waveguide seriously limits
the conversion efficiency and signal processing speed because of nonlinear losses, such as by
two-photon-absorption-induced free-carrier absorption [13,14]. Solutions to the shortcomings
that stem from the imperfect intrinsic material nature of silicon can be explored by combining
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silicon waveguides with other optical materials. Silicon nitride, silicon-rich silicon oxide,
hydrogen-terminated silicon, and chalcogenides have been investigated to compensate for the
limited optical properties of silicon optical devices [15-18].

Organic compounds and polymers with large nonlinear refractive-index coefficients are also
promising for overcoming the shortcomings of hybrid silicon slot waveguide devices. In
particular, third-order nonlinear molecules that exhibit weak two-photon absorption and free-
carrier absorption are promising for providing power-efficient wavelength conversion via the
FWM process. In the present study, we fabricate a hybrid silicon slot and polymer microring
resonator and demonstrate efficient nonlinear wavelength conversion. For a parametric process
such as FWM, the group-velocity dispersion (GVD) is a critical parameter for attaining high-
efficiency nonlinear conversion [19,20]. From this viewpoint, we extend the waveguide geometry
of the silicon waveguide to the slot structure to optimize the FWM parameters. Because of
the controlled reflective index profile across the high-refractive-index silicon region and the
low-refractive-index polymer region, optical parameters such as the effective mode area [8,16],
dispersion flatness, and zero-dispersion wavelength can be adjusted in the suitable silicon slot
structure [21]. In Ref. [22], the strong interaction of the optical mode with the nonlinear optical
compound can be seen in the straight silicon slot waveguide. A microring resonator designed
with a small round-trip dispersion will support the phase-matching requirement, which is required
for an efficient FWM generation. A dispersion-controlled microring was previously demonstrated
in an FWM application using a horizontal slot waveguide filled with silicon nanocrystals [23,24].
Here, basing our device on the more common silicon-on-insulator (SOI) substrate, we designed
an asymmetric slot in a waveguide to provide greater flexibility in tailoring the dispersion [25,26].
The microring is irradiated by pump and signal lasers at two different resonance wavelengths. The
idler power generated via FWM is completely scaled by linear and quadratic trends against the
signal and pump powers, respectively. The FWM conversion efficiency (CE) was —27.7 dB, with
a pump power smaller than 1.0 mW. The obtained CE leads to a waveguide nonlinear parameter
of 1034 W~! m~!, corresponding to a nonlinear refractive index of 1.31 x 10717 m?> W~!. To the
best of our knowledge, the efficiency of FWM and the measured nonlinear parameters are more
than one order higher than the values reported for state-of-the-art microring devices based on
nonlinear optical metal oxides and nitrides [27].

2. Hybrid silicon slot and polymer microring

2.1. Design and fabrication

A schematic showing an overview and cross-section of the microring is presented in Fig. 1(a). As
the substrate, we used an SOI wafer with a 340-nm-thick silicon layer on a 3-um-thick oxide layer.
In the fabrication process, a 100-nm-thick SiO, film was deposited on top of the silicon layer
as a mask to translate the waveguide and microring patterns using electron-beam lithography
(ELS-G100, Elionix) and inductively coupled plasma etching (RIE-400iPB, SAMCO) using SFg.
The SiO, layer remained after etching was removed in dilute aqueous HF. A 10 wt% mixture
of 1,4-bis[4-4(dimethylamino)phenyl]-1,3-butyldiene (BDPB) in polymethyl methacrylate was
spin-coated from a cyclopentanone solution (5 wt%) to fill the slot area. An approximately
1.0-um-thick film was obtained after the spin-coated film was dried at 95°C for 24 h. BDPB is an
enhanced mt-electron conjugated molecule that provides third-order nonlinear conversion in the
fabricated microring via FWM [28,29]. The two-photon absorption maximum for BDPB appears
at ~640 nm, which is much shorter than the FWM wavelength discussed in the present study.
Thus, the two-photon absorption probability can be considered negligibly small.

For effective FWM generation, phase-matching in the waveguide should be satisfied, which
requires a near-zero or small anomalous GVD to compensate for the nonlinear phase shift. Here,
the GVD for the transverse electric (TE) mode in the silicon slot waveguides is characterized by
finite element method (FEM) calculations. We use slot structures (Fig. 1(a)) having different
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Fig. 1. Hybrid silicon slot and polymer microring. (a) Schematic and cross section of
microring (not to scale). (b) Fundamental TE mode in slot (W1 =170 nm, Wy,g =230nm,
and W) = 80nm). (c) SEM image of fabricated microring. (d) SEM image (magnified) of
slot in microring coupled to waveguide.

cross-sections (Wy,g1 and W) and a constant Wy, of 80 nm, where Wy,e1 2 and Wy are the
widths of the silicon waveguides and the slot distance, respectively. The calculated GVD, denoted
as the dispersion parameter D, for the slot waveguides is shown in Fig. 2. The range of Wyg1/Wye
provides GVD values from —1200 to 520 ps nm~! km~! at a wavelength of 1550 nm. Waveguides
with large Wy,e1 and Wy, (>280 nm) exhibit normal GVD. By comparison, waveguides with
anomalous dispersion are allowed when the slots of the waveguides with Wy, and Wy, are
smaller than 230 nm. For the silicon waveguides with Wy, =230 nm and Wy, =230 nm, the
wavelength at zero dispersion is observed at 1535 nm and the GVD is 49 ps nm~! km™! at 1550
nm. Such an anomalous waveguide can be ideal for achieving phase matching for the FWM
process. Nevertheless, the confinement in the slot becomes weak when the waveguide has a
small bend, such as in the case of a microring resonator. To maintain a high degree of the
confinement, the silicon slot is modified to be asymmetric [25,26]. The GVD for the asymmetric
slot in waveguides with Wy, =170 nm and Wy, =230 nm are calculated and compared to the
symmetric slot. The wavelength at zero dispersion is shifted to 1504 nm; thus, the anomalous
dispersion is expanded by 30 nm compared with that for the symmetric slot. The mode calculation
in Fig. 1(b) indicates a high degree of confinement in the designed slot. The mode confinement
factor in the gap is 36.6%, which is defined as the ratio of the optical power trapped within
the gap to the power for the entire waveguide. Thus, we chose the silicon slot of waveguides
with Wye1 =170 nm, Wyer =230 nm, and Wy = 80 nm for fabrication. The bus waveguide
has a width of 500 nm and supports a fundamental TE mode. It is noted that high-order modes
attenuate quickly in the waveguide. Figures 1(c) and 1(d) show scanning electron microscopy
(SEM; JSM-7000F, JEOL) images of the fabricated microring. In Fig. 1(c), a 50-um-radius
microring is coupled to the waveguide with a gap of 200 nm. The size parameters for the slot are
Wilor =80+ 3 nm, Wy, =173 + 3 nm, and Wy, =230 + 3 nm, which are confirmed by length
measurement analysis of the fabricated microring in the magnified SEM image in Fig. 1(d).

2.2. Transmission spectrum and GVD

To measure the transmission spectrum of the microring resonator, we coupled TE polarized
light from a tunable laser (Santec, TLS550) to the waveguide. The wavelength of the laser
was swept with a step size of 1.0 pm, and the output power was recorded by a power monitor
(Santec, MPM-210H). In Fig. 3(a), The transmission spectrum of the fabricated microring
was recorded in the wavelength range from 1510 to 1610 nm. The beams were TE polarized
using fiber polarization controllers and were coupled to the waveguide using a high-NA optical
fiber. The transmission power in Fig. 3(a) is normalized to the maximum loss of about 8§ dB
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Fig. 2. Simulated GVD as a function of wavelength for silicon slots with various silicon
widths. The slot distance is constant (80 nm).

which includes the 6.0 dB input and output coupling loss and 2 dB device insertion loss. To
quantify the intrinsic quality factor and the propagation loss for the microring, we derived the
transmission function from the recorded spectra using traveling wave theory [30]. According to
the theoretical model, the fraction of laser coupling between the waveguide and the microring,
and the fraction of propagation loss per round-trip in the microring, are defined as x> and sz,
respectively. The parameter «” is the power coupling coefficient expressed as k> = X 61 X
(1- yl/ 2)/FSR, where 04 is the —3 dB bandwidth, y is the minimum power transmission, and
FSR is the free-spectral range. The parameter sz is the propagation loss coefficient expressed
as kp> =27 X 54 X y'/2/FSR. Using k>, we can express the propagation loss in the microring
as —10 xlog(1 — sz)/L in units of dB cm™!, where L is the microring perimeter. From the
recorded transmission spectrum of the microring, the measured Q factor of 3500 is measured
as Q= /61 = 2nA/[FSR x (2k* + sz)], whereas the intrinsic quality factor is derived as
Qi =21 p/(FSR X k,?) = Q/y'/2. Taking one particular resonance at a wavelength of 1561.85
nm in Fig. 3(b), we obtain 64 = 0.445 nm and FSR =8.91 nm. The extracted x> and &> values
are 0.137 and 0.0395, respectively. Then, Q; is determined to be 27,900, which corresponds to a
propagation loss of 0.56 dB mm~'. Compared to the symmetric slot in the straight line [22],
rather lower loss is partially attributed to the asymmetric structure in which the field distribution
of the optical mode is somewhat shifted into the wider silicon line. In calculations the losses of
the bend slot waveguides with silicon widths of 170 nm/230 nm and 170 nm/170 nm are about
5.6 dB/cm and 13.9 dB/cm, respectively. The Q factors of the two designs are calculated to be
3500 and 3220, respectively by using the theoretical equation of single ring resonator [31]. It
decreases by 8%. Note that, other parameter from the fitting results of Fig. 3(b) were used for
calculations.

From the recorded transmission spectrum, the group index (ng) and the GVD for the microring
are characterized using the theoretical formulas ny = A2/(FSR x2ntR) and D = (I/c)dng/dA, where
R is the radius of the ring [20]. Figure 4 shows dispersion curves of n; and D between 1510 and
1610 nm. The measured GVD for the microring is positive (i.e., the dispersion is anomalous),
as expected from the estimated result. At a wavelength of ~1550 nm, the GVD is calculated
to be 1100 ps nm~!' km™', which will result in a small round-trip dispersion (0.0033 ps nm™")
and supports the phase-matching requirement as observed in the FWM property discussed in
the next section. Note that, though tendency of the measured GVD to increase with increasing
wavelength agrees with the calculated result, a difference occurs in the absolute values. This
might be due to the structural imperfection of the fabricated slot.
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Fig. 3. (a) Transmission spectrum of microring. (b) Zoomed view of resonance peak at

1561.85 nm.
2.205 1500
2.200
2,195 | — 1259
x —_
8 s £
2 2190 T
o 1000 <
§ 2.185 - g
o [a)
2.180 750
2175
2170 500

1500 1520 1540 1560 1580 1600 1620

Wavelength (nm)

Fig. 4. Group index and GVD of hybrid silicon slot and polymer microring extracted from
measured transmission spectrum.

2.3. Conversion via FWM

Figure 5(a) shows the experimental setup for acquiring the FWM spectra. Two tunable continuous-
wave lasers were used, and one was connected to an erbium-doped fiber amplifier (EDFA) and
filtered by a 1-nm tunable bandpass filter as the pump input. Another laser was used as the signal
input and was combined with the pump input using a 50:50 coupler. The output light from the
waveguide was conducted to an optical spectrum analyzer. The measured wavelength conversion
via FWM can be found in the transmission spectrum shown in Fig. 5(b). The light power for the
pump at 1561.85 nm and the signal at 1570.87 nm were 3 dBm and —15.6 dBm, respectively. The
converted idler light was generated at 1552.97 nm, which was identical to a resonance wavelength
of the microring. The conversion efficiency (17), defined as the power ratio between the output
idler and the signal, is —27.4 dB. The intensity of the pump power was controlled lower than 3
dBm. Though a certain power handling should be concerned during the spectral measurement,
the measured FWM spectra were stable with little degradation of the idler power under such
pump power condition.

The relationship between the generated idler power and the input light power expected for the
FWM process can be described by
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Fig. 5. (a) Experimental setup for FWM. EDFA: erbium-doped fiber amplifier, BPF: tunable
bandpass filter. (b) Recorded FWM spectrum of hybrid slot and polymer microring.

where vy is the nonlinear waveguide parameter, c is the speed of light, wp is the frequency of the
pump, and Py, Ps, and Pp are the idler, signal, and pump light powers, respectively [30].

Figures 6(a) and 6(b) show the signal and pump power dependence of the generated idler
power, respectively. The optical power is given in units of dBm. The circles and the solid lines
represent the experimental data and linear fits to the data, respectively. The resultant linear
fits give slopes of 1.00 and 1.98, which indicate linear and quadratic relationships between
the input and idler powers, as expected for the FWM process. The relatively large conversion
efficiency of the microring is attributed to the large third-order nonlinear optical efficiency of
the molecules embedded in the silicon slot. The linear curves that well fit the measured data
suggest negligible nonlinear losses from other nonlinear process such as two-photon absorption
or free-carrier absorption. According to the mode calculation, the light is confined in the
polymer in the gap of the slot structure, whereas only 18.4% of the total optical power propagates
within the silicon. Hence, the slot mode is weakly affected by the nonlinear losses due to
two-photon-absorption-induced free-carrier absorption [25].

The nonlinear parameter y can be expressed as

~ (n )2 ngp\gifgs L \/71
LAY Vs PpOpVOIOs V Ps’
where Ap is the pump wavelength [30,32]. Under the various FWM conditions used in Fig. 6(a)
and 6(b), y was calculated; the results are shown in Fig. 7. The mean value of y was ~1034 w-!
m~!, which is due to the sum of the material’s nonlinear optical effect and mode confinement
in the slot structure. The nonlinear refractive index (n,) of the polymer can be estimated using
the equation ny=ycA.g/wp. The A.g is the effective mode area of the slot waveguide and
calculated as 0.051 um~2 according to the field profile of the fundamental mode [3,33]. Using
the calculated A.g and the measured y value, we estimated a material’s np of 1.31 X 10717 m?
W~!. The measured nonlinear refractive index is larger than those for silica, silicon, and other
nonlinear optical waveguide materials such as SiN, ZnO, and AIN [34-36]. This result supports
our expectation that the nonlinear material in the silicon slot provided fundamental advantages
for building efficient functionalities on a small chip and exploring various nonlinear optical
applications.
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Fig. 6. Measured power for idler at different signal and pump powers. (a) Signal power is
varied while pump power is constant at 3 dBm. The slope of the fitted line is 1.00. (b) Pump
power is varied while signal power is constant at —15.6 dBm. The slope of the fitted line is
1.98.

Notably, the microring provides optical power magnification at the resonance, as described by
the field enhancement factor. In the FWM process in the microring, the conversion efficiency is
the product of the nonlinear waveguide parameter with an effective length and the buildup factor
(F) for the resonance, as expressed by = P/Ps = |(27tn2/AAetp)-PpLeir|*F*, where Leg is the
effective propagation length for the microring [26]. In our microring structure, we calculated Leg
of 118.5 mm and the buildup factor of ~10.7. The L¢g and buildup factor are influenced by the
propagation loss, coupling coefficient, and phase mismatching. Therefore, further enhancement
of the nonlinear optical response can be expected in the high-Q resonator while the light is
circulating in the slot microring.
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Fig. 7. Nonlinear parameter estimated using the theoretical equation. Blue and red squares
correspond to experimental results in Figs. 6(a) and 6(b), respectively. The dashed horizontal

line represents the mean y value of 1034 W~ m~!.

3. Conclusion

A highly efficient FWM was experimentally demonstrated in a hybrid polymer—silicon compact
slot microring resonator, with a Q factor of 3500 and a buildup factor of 10.7. The mode
confinement in the silicon slot microring resonator exhibits strong interaction of the optical
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field with the nonlinear polymer, which resulted in a larger effective length. From measured
conversion efficiency, we obtained large nonlinear waveguide parameter, which enabled an efficient
wavelength conversion of —27.4 dB with a low input pump power. The nonlinear waveguide
parameter is 1034 W~! m~!, corresponding to a nonlinear refractive index of 1.31 x 10~!7 m?
w-L
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