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We propose and experimentally demonstrate a 2 x 2 thermo-optic (TO) crossbar switch implemented by dual
photonic crystal nanobeam (PCN) cavities within a silicon-on-insulator (SOI) platform. By thermally tuning the
refractive index of silicon, the resonance wavelength of the PCN cavities can be red-shifted. With the help of the
ultrasmall mode volumes of the PCN cavities, only ~0.16 mW power is needed to change the switching state.
With a spectral passband of 0.09 nm at the 1583.75 nm operation wavelength, the insertion loss (IL) and crosstalk
(CT) performances were measured as IL(bar) = -0.2 dB, CT(bar) = -15 dB, IL(cross) = -1.5 dB, and
CT(cross) = -15 dB. Furthermore, the thermal tuning efficiency of the fabricated device is as high as

1.23 nm/mW. © 2017 Chinese Laser Press

OCIS codes: (130.3120) Integrated optics devices; (230.5298) Photonic crystals; (130.4815) Optical switching devices.
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1. INTRODUCTION

Optical switching is currently perceived as a promising
technique in optical communication systems including optical
add—drop multiplexing (OADM) systems and optical cross-
connects (OXCs) [1,2]. The cost-effective and power-efficient
optical switching networks require optical switches with low
power consumption and high capacity [3,4]. A 2 x 2 optical
crossbar switch, capable of routing an optical signal from an
input port to an unoccupied output port, is a key component
for these optical switching networks [5]. Such 2 x 2 units, when
cascaded and interconnected, are the building blocks that en-
able a high-radix IV x N switch fabric offering large numbers of
routing channels [6-8].

Silicon-on-insulator (SOI) offers a very attractive platform to
implement large-scale optical switches due to its high index
contrast and compatibility with complementary metal
oxide semiconductor (CMOS) foundry technology [9-12].
Furthermore, silicon has a large thermo-optic (TO) coefficient
(dn)dT = 1.86x 1074 K™! at 1.55 pm wavelength) [13]. To
date, various schemes have been demonstrated to implement
compact, low-loss, and low-power TO switches based on silicon
microring resonators (MRRs), Mach—Zehnder interferometers
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(MZIs), and so on [14,15]. The main requirement for TO
switches is a small device footprint and low switching power,
which is affected by the optical mode volume and the light—
matter interaction in the optical devices [16,17].

Compared with previous device configurations, a photonic
crystal nanobeam (PCN) cavity may be an effective solution to
achieve low-power optical switches, albeit resonant rather than
broadband. In a PCN cavity, photons are strongly confined
within a small area and light—matter interaction is highly
enhanced [18-23]. Thus, PCN cavities have ultrasmall mode
volumes, leading to a compact device footprint and low switch-
ing power in the TO switches based on PCN cavities. The
feasibility of a 2 x 2 optical switch based on PCN cavities
was analyzed by coupled mode theory and numerically demon-
strated using finite-difference time-domain (FDTD) simula-
tions [24]. Recently, we fabricated such a PCN-cavities-
based 2 x 2 TO switch and presented preliminary experimental
results, realizing a high Q-factor, a high extinction ratio at the
through port, and a low insertion loss (IL) at the drop port, but
not achieving the resonance-wavelength tuning [25].

In this paper, we perform a complete study of the proposed
2 x 2 TO switch based on dual silicon PCN cavities in terms of
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device design, fabrication, and thermal tuning of the resonance
wavelength. The experimental device performance is in good
agreement with numerical simulations [24]. To our knowledge,
this is the first nanobeam crossbar switch. By thermally tuning
the refractive index of silicon, the resonance wavelength of the
PCN cavities can be red-shifted by ~1.64 nm from 1583.75 to
1585.39 nm with an applied power varied from 0 to 1.31 mW.
Only ~0.16 mW is required to switch from the cross state
to the bar state and the thermal tuning efficiency of the TO
switch is ~1.23 nm/mW, which is higher than that of recently
reported typical silicon 2 x 2 TO switching devices with metal
heaters. This is mainly due to the ultrasmall mode volumes of
the PCN cavities. The observed IL and crosstalk (CT) of this
TO switch reveal high performance as is detailed below.

2. DEVICE DESIGN AND FABRICATION

The proposed 2 x 2 silicon TO switch is a compact four-port
system consisting of two cascaded PCN cavities as illustrated in
Fig. 1(a). In each PCN cavity, the central nanobeam waveguide
is side-coupled to two identical bus waveguides with equal
coupling strengths to form a three-waveguide (3W) directional
coupler. The central nanobeam waveguide etched with an array
of air-holes forms a Fabry—Perot (F-P) cavity, which consists of
a central-taper section and two side-reflector sections. The
central-taper section with 13 holes is optimized to reduce
the scattering loss and provide high phase matching between
the photonic crystal fundamental Bloch mode and the wave-
guide mode. The side-reflector sections are designed as two
symmetrical mirrors to reflect light to the central-taper section.
To achieve a relatively high Q-factor and a large extinction
ratio, the widths of the nanobeam waveguide and the identical
bus waveguides are optimized to be 0.565 and 0.6 pm, respec-
tively. The gap between the nanobeam waveguide and the bus
waveguides is 0.21 pm.

The optical field distribution of a single PCN 3W structure
is shown in Fig. 2(a) based on the Lumerical 2.5D variational
FDTD simulation with a mesh size of 25 nm in the x direction
and 25 nm in the y direction, with x, 3, z directions indicated in
Fig. 1(a). It can be seen that the light power concentrates in an
ultrasmall area and the effective length for the thermal tuning
is only ~2 pm as expected. Figure 2(b) shows the simulated
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Fig. 1. (a) Schematic diagram of the proposed 2 x 2 TO switch
based on dual PCN cavities. The phase difference between the two
arms (@, - @,) is equal to 7. (b) Cross-section view of the coupled
region in one half of the proposed 2 x 2 TO switch.
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Fig. 2. (a) Calculated electric field distribution of a single PCN 3W
structure at the resonant wavelength based on 2.5D variational FDTD
simulation. (b) Simulated transmission spectra of a single PCN 3W
structure.

transmission spectra of a single PCN 3W structure. The trans-
mission efficiency at each port is about 25%; thus, an ~6 dB
extinction ratio is achieved at the through port.

To realize a high drop-port transmission at the cross state of
the TO switch, two identical PCN 3W structures are cascaded
with a properly chosen phase difference between the two
connecting bus waveguides. Based on the coupled mode theory,
most light power goes to the drop port if the phase difference
between the two arms |®; - ®,| is equal to 7 radians [26,27],
where the device works at the cross state. The switching state
can be changed to bar state by tuning the resonant wavelengths
of the PCN cavities with the help of the embedded microheat-
ers as shown in Fig. 1(b). Since the mode volume of a resonant
cavity is less than 1/10 of that in [27], the PCN 3W structure in
this work enables ultra-low switching power in the TO switch.

The designed device was fabricated on an SOI wafer with a
220 nm thick top silicon layer and a 3 pm thick buried dioxide
layer. The device was fabricated by e-beam lithography and
reactive ion etching (RIE). A thick layer of 1.5 pm of silicon
dioxide was deposited upon the exposed top surface of both
3W regions by plasma-enhanced chemical vapor deposition
(PECVD). First, a 100 nm thick patterned titanium layer
was sputtered on that oxide to form the microheaters. Then
a2 pm thick aluminum layer was sputtered to form the contact
pads. The connecting arms between the 3W structures have a
third microheater. The micrograph of the fabricated 2 x 2 TO
switch based on dual PCN 3W structures is shown in Fig. 3(a).
The overall optical device was fabricated with a footprint of
30 pm x 150 pm. The lengths of heater #1 and heater #2 for
nanobeam resonance wavelength shifts are ~13 pm, and the

length of heater #3 for a 7 phase difference is ~150 pm.
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Fig. 3. (a) Micrograph of the fabricated 2 x 2 TO switch based on
dual PCN 3W structures. (b) SEM image of the fabricated PCN 3W

structure. (c) Device after wire bonding to a PCB.

Figure 3(b) shows the scanning electron microscope (SEM) im-
age of the fabricated PCN 3W structure. In the measurements,
the TE-polarized light from a tunable laser scanning from 1570
to 1590 nm was vertically coupled into/out of the chip by gra-
ting couplers. The device was wire-bonded to a printed circuit
board (PCB) for electrical connections, as shown in Fig. 3(c).

3. EXPERIMENTAL RESULTS AND DISCUSSION

The optical performance of a single PCN 3W structure in our
fabricated device is first evaluated, and the corresponding ports
are ordered, as shown in Fig. 2(a). As Fig. 4, shows, the extinc-
tion ratio of the transmission spectrum at the through port is
~5 dB (red solid line), while the transmission spectra at the

drop port (green solid line) and the add port (blue dashed line)
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Fig. 4. Transmission spectra of a fabricated single PCN 3W struc-
ture in through (red solid), drop (green solid), and add (blue dash)
ports. Note that the transmissions are normalized to a reference wave-
guide and the same to the below measured transmission spectra.
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are similar. The experiment results agree with the simulation
results in Fig. 2(b): The extinction ratio of ~5 dB is a little
less than the theoretical value of ~6 dB due to the fabrication
errors.

The transmission spectra of our 2 x 2 TO switch are shown
in Fig. 5(a). The solid lines present the initial transmission
spectra at different ports. Since the resonance wavelengths of
the two PCNss were different due to fabrication errors, a ther-
mal tuning with an applied power of 1.8 mW was used to align
the resonance wavelengths. When the resonance wavelengths
were aligned at 1583.6 nm (red line with plus symbol), the
extinction ratio at the through port increased to ~9 dB. The
output power at the drop port (blue line with triangle symbol)
also increased and the output power at the add port (green line
with circle symbol) decreased. To obtain a high output at the
drop port, a 7 phase difference |®; - ®,| between the two arms
is needed, and this can be achieved by carefully designing the
MZI arms with an ~220 nm length difference to eliminate the
need for a heater to tune the relative phase shift. In our experi-
ment, a heater was used simply to provide a full tuning range to
characterize the device and compare with the theory. A static
heating power of 17.4 mW was applied to heater #3, which can
be reduced to zero in theory. Figure 5(b) shows the transmis-
sion spectra of the 2 x 2 TO switch when the 7 phase difference
is achieved. The extinction ratio at the through port reaches
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Fig. 5. (a) Transmission spectra of the fabricated 2 x 2 TO switch
based on dual PCN 3W structures with the unaligned wavelength state
(solid lines) and the aligned wavelength state (lines with symbols).
(b) Transmission spectra of the fabricated 2 x 2 TO switch based
on dual PCN 3W structures with a z phase difference at through
(red line)/drop (blue line)/add (green line) ports.
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Fig. 6. (a) Transmission spectra of the fabricated 2 x 2 TO switch
based on dual PCN 3W structures with various applied powers
(Py, Py, P3) at the through ports (solid lines) and the drop ports (lines
with symbols). (b) Fitting curve of the resonance wavelength shift of
2 x2 TO switch based on dual PCN 3W structures as a function
of the applied power.

~15 dB and the IL at the drop port is ~1.5 dB at the resonant
wavelength of 1583.75 nm. The FWHM of the transmission
spectrum at the through port is ~0.09 nm with a quality factor
of ~18000.

The TO crossbar switching process was then demonstrated
by applying thermal power onto each of the two microheaters
on the top of the PCN cavities. The spectra corresponding
to three different total powers of 0, 0.16, and 0.53 mW
are illustrated in Fig. 6(a). Taking 4; = 1583.75 nm as the
operation wavelength, ~70% (~1.5 dB) of the input optical
power was transmitted to the drop port and the device worked
at the cross state if the applied power was P; = 0 mW.

The switch changed to the bar state and ~95% (-0.2 dB)
of the optical power went to the through port if the applied
power was P, = 0.16 mW. Thus, only ~0.16 mW is required
to change the state from the cross state to the bar state. Here
the total power is defined as the increased power on the two
PCN cavities after the resonance wavelengths of the PCN
cavities are aligned and the 7 phase difference is obtained.
The solid lines and the lines with symbols indicate the
transmission spectra of the through port and the drop port,
respectively. At the operation wavelength of 1583.75 nm,
we then determine the performance metrics of the 2 x 2
switch by inspection of Fig. 6(a), where we find the following
results: IL(bar) = -0.2 dB, CT(bar) = -15 dB, IL(cross) =
-1.5 dB and CT(cross) = -15 dB. The IL of the switch in
the bar state is ~0.2 dB. To characterize the thermal tuning
efficiency of the TO switch, the resonance wavelength shift
was measured as a function of the power applied on the micro-
heaters, as shown in Fig. 6(b), and the observed TO tuning
efficiency is as high as 1.23 nm/mW. Furthermore, response
times with a rising time constant of 7, = 3.1 ps and a fall-
ing time constant of 7g; = 4.5 ps were measured in the
experiment.

Table 1 provides comparisons of the operational perfor-
mance of our work versus several recently reported typical
on-chip TO switches. The switching power is much lower than
that of the TO switches with the silicon-on-silica structures and
metal heaters. The proposed device enables a small footprint
and high tuning efficiency for the on-chip integrated circuits.

4. CONCLUSION

In conclusion, we have experimentally demonstrated a compact
2 x 2 TO crossbar switch based on dual silicon PCN cavities
embedded in 3W directional couplers. The TE-mode opti-
cal device was fabricated on an SOI platform with a small
device footprint of 30 pm x 150 pm. By thermally tuning
the refractive index of the 2 pm silicon central region, the res-
onance wavelength of the PCN cavities can be red-shifted.
Only ~0.16 mW is needed to implement the optical cross-
to-bar switching process. We measured IL(bar) = -0.2 dB,
CT(bar) = -15 dB, IL(cross) = -1.5 dB, and CT(cross) =
-15 dB at 1583.75 nm. The thermal tuning efficiency of our
fabricated TO switch is as high as 1.23 nm/mW. With the
advantages of a compact device footprint and submilliwatt
switching power, the proposed device may have potential ap-
plications for next generation compact, low power and recon-
figurable wavelength-division multiplexed (WDM) networks.

Table 1. Comparisons of the Operation Performances of Various Silicon TO Switches

Types Device Footprint Thermal Tuning Efficiency Switching Power
Adiabatic bend-based MZI [28] ~5000 pm? - 12.7 mW
MRR [29] ~400 pm? 0.25 nm/mW 33 mW
MZI [30] >10000 pm? - 30 mW
Dual MRRs [31] ~1000 pm? 0.9 nm/mW 6.8 mW
Photonic crystal [32] 35 pm x 10 pm 0.63 nm/mW 18.2 mW
2D waveguide-based MZI [33] 42 pm x 42 pm - 26 mW
Our work 30 pm x 150 pm 1.23 nm/mW 0.16 mW
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