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Abstract—Switches are essential components in several
optical applications, in which reduced footprints are highly
desirable for mass production of densely integrated circuits
at low cost. However, most conventional solutions rely on
making long switching structures, thus increasing the final
device size. Here, we propose and experimentally
demonstrate an ultra-compact 2x2 optical switch based on
slow-light-enhanced bimodal interferometry in one-
dimensional silicon photonic crystals. By properly
designing the band structure, the device exhibits a large
group index contrast between the fundamental even mode
and a higher order odd mode for TE polarization. Thereby,
highly dispersive and broadband bimodal regions for high-
performance operation are engineered by exploiting the
different symmetry of the modes. Two configurations are
considered in the experiments to analyze the dimensions
influence on the switching efficiency. As a result, a photonic
switch based on a bimodal single-channel interferometer
with a footprint of only 63 um?, a power consumption of 19.5
mW and a crosstalk of 15 dB is demonstrated for thermo-
optic tunability.

Index Terms—Optical switch, bimodal waveguide, slow light,
silicon photonics.

I. INTRODUCTION

WITCHES play a prominent role in current communication

networks to address the ever-growing increase in the data
centers traffic [1]. In this context, photonics offers remarkable
advantages in terms of low power consumption and high speed
operation for switching applications [2], [3]. Switching light is
usually accomplished by interference between signals that have
propagated along different optical paths. To this end, the most
common photonic structures employed are ring resonators and
Mach-Zehnder interferometers (MZIs). Resonant schemes
allow very small footprints but at expenses of decreasing the
optical bandwidth [4], [5]. In turn, MZI switches offer a broader
bandwidth as well as a higher tolerance to fabrication
deviations, although long optical paths that increase the
resulting footprint are required [6]-[8]. Optical switches based
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on multimode interferometers (MMIs) exhibit both a broadband
operation and robustness [9]. However, these types of structures
suffer from a higher power consumption, thus requiring further
improvement in the heaters geometry and fabrication to design
short devices [10].

On the other hand, ultra-compact phase shifters are possible
by integrating materials with unique optical properties in
silicon. Transparent conducting oxides, such as Indium Tin
Oxide (ITO), have been used either as a more efficient heater
[11] or in hybrid photonic waveguide as an active material [12]—
[14]. In the latter, phase shifter lengths in the micrometer range
have been demonstrated but with high insertion losses.
Thereby, the replacement of ITO by high-mobility transparent
conducting oxides such as cadmium oxide have been proposed
to reduce optical losses [15], [16]. Alternatively, photonic
crystals (PhCs) have also been largely investigated for thermo-
optic switching with ultra-compact lengths and low power
consumption [17]. PhCs allow to drastically reduce the group
velocity of the propagating mode, the so-called slow light
phenomenon, thus increasing the optical length interaction
while the physical length remains small [18]-[20]. This effect
is exploited, for instance, to develop 2D hole patterned array
PhC structures for all-optical switching based on high speed
MZIs [21], or for thermo-optic effects in high-performance
MMIs [22] and ultra-compact directional couplers of less than
100 pm? footprint [23], [24]. 2D PhCs configurations have also
been used to develop optical microcavities for extremely low
consumption at the sub-femtojoule level [25]. However,
decreasing the group velocity also makes light coupling to the
PhC modes to be more inefficient and reduces the optical
bandwidth, which must be addressed when using slow light
structures [26].

Due to its structural complexity, including 2D PhCs adds
extra difficulties in micro-structuring optical chips, which
hinders fabrication processes [27]. Accordingly, 1D PhCs
present more straightforward designs suitable for mass-level
production, while preserving the slow light advantages from
compactness [28]. In addition, this type of structures does not
need additional periodic cells in the transverse spatial direction,
thus reducing the lateral size and the footprint of the device. 1D
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PhCs have been demonstrated for tunable delay lines [29],
refractometric sensing [30], negative group velocity
phenomena [31], slow light engineering waveguides [32] and
biosensing [33], among others. Accordingly, high speed
electro-optic modulators based on 1D PhCs in MZI
configurations have also been demonstrated [34], although the
interferometric structure still poses a limit on the minimum
achievable footprint. To overcome some of these size
limitations, single-channel structures based on bimodal
interferometry in periodic subwavelength waveguides are
proposed for the development of ultra-sensitive sensors [35],
[36]. Furthermore, bimodal 1D PhC waveguides working in the
slow light regime have also been designed as ultra-compact
modulators with footprints of only 100 um? [37]. In these last
structures, the operation is based on the interference between
two modes of the same polarization and parity in a single-
channel silicon structure, with a large group velocity difference
and without the need of additional structures or other materials.

In this paper, we propose the use of bimodal 1D PhC
waveguides based on silicon as highly efficient and ultra-
compact 2x2 optical switches. We optimize the periodic unit
cell of the 1D PhC to support two TE-like modes of both even
and odd symmetry, designed with a large group velocity
difference. The device is experimentally demonstrated for
thermo-optic switching with a very good agreement with
simulations. Our design encompasses the benefits from 1D
PhCs and bimodal waveguides, to validate this type of
structures for optical switching with extremely reduced
footprints.

Il. CONCEPT AND DESIGN

The proposed design of the device is presented in Fig. 1, with
a periodic bimodal waveguide acting as the switching structure
and four single-mode silicon waveguides acting as input and
output ports. The unit cell of the periodic bimodal section is
designed to be within the photonic crystal regime and to support
the fundamental even mode and a higher order odd mode at the
transversal plane, both for the transverse-electric (TE)
polarization. Due to symmetry conditions, the fundamental
mode of the displaced single-mode input waveguide excites the
even and odd parity modes in the bimodal section, which
propagate and interfere at the abrupt discontinuity with the
single-mode output waveguides. Therefore, the transferred
power may be expressed as a function of the phase shift
accumulated between these two modes in the bimodal section,
thus creating an interference pattern in the transmitted spectra.
In addition, a rectangular taper section for an efficient modal
excitation is placed at the interface between the access ports and
the bimodal waveguide.

In PhC theory, when two modes of the same polarization and
parity are expected to intersect, they couple in the same band
and form an anti-crossing point [37], [38]. In contrast, modes of
different parity do not interact in the band formation, so that
they can be overlapped with different dispersion properties.
Consequently, using modes of even and odd symmetry provides
an additional degree of freedom in obtaining broadband and
highly dispersive bimodal regions, since their dispersion

relationships can be designed independently by a proper control
of the unit cell dimensions. Figure 2(a) shows the first seven
bands for a unit cell with pitch a = 370 nm, transversal element
width w; = 220 nm, transversal element length w, = 1700 nm
and central waveguide width w = 650 nm, everything in a fully
etched silicon layer of 220 nm thickness covered by a silica
cladding. The rest of the design parameters considered are
single-mode waveguide width w, = 450 nm, taper length t =
1200 nm and distance between the ports d = 300 nm. To obtain
the bands structure of the 1D PhC, definite-frequency
eigenstates of Maxwell’s equations have been computed by
Plane Wave Expansion (PWE) numerical methods using the
MIT Photonics Bands (MPB) software [39]. As a result, a
bimodal behavior between the third even band and the second
odd band is obtained for an operating wavelength around 1550
nm, as depicted by the green shaded area in Fig. 2(a). In this
region, the third even and second odd bands are formed by the
fundamental and the first higher order odd modes folded into
the Brillouin zone. Note that the odd mode presents a slow light
behavior at two different wavelengths: at the anti-crossing point
with the third odd band and at the end of the first Brillouin zone,
both marked with circles in Fig. 2(a) and (b). At these
wavelengths, the group index of the odd mode is drastically
increased whereas a highly dispersive region with a large
bandwidth is obtained in between, as shown in the lower graph
in Fig. 2(b). On the other hand, the even mode presents a non-
dispersive behavior with low group index values for the entire
bimodal region. Therefore, a relatively flat and broad spectral
region exhibiting a large group index contrast between the even
and odd modes is obtained in the bimodal region.

The electric field distribution of the even and odd modes at
the flat region of the group index is shown in Fig. 2(c). The even
mode is strongly confined within the central waveguide, while
the odd mode interacts with the transversal corrugations, which
causes the highly dispersive behavior of this mode. Fully-
vectorial 3D Finite-Difference Time-Domain (FDTD)
simulations using CST Studio software have been employed to
compute the electric field propagation in the optical switch by
injecting light into an input waveguide port, as depicted in Fig.
2(d). The complete device with the input and output single-
mode waveguides, the tapers and the bimodal periodic structure
has been considered to evaluate the switching performance
when the silicon refractive index is changed. The full optical
switching from the bar to the cross states can be achieved by a
bimodal structure of only N = 100 periods with a silicon
refractive index change of 0.0137.

To optimize the switching performance, the most critical
design parameter that determines the effective index contrast
between the even and odd modes is the transversal element
length of the periodic structure, w,. By increasing this
parameter, the spectral distance between the slow light regions
is reduced, thus increasing the group index in the flat region,
but at expenses of reducing the optical bandwidth. This fact is
due to the influence of such parameter on the cut-off frequency
of the higher order odd mode. However, increasing the group
index of slow light modes also leads to a reduction of the
coupling efficiency that increases the insertion losses, which
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must be also considered. Additionally, insertion losses are also
due to the field distribution mismatch between the fundamental
mode of the in-output waveguide and the higher order mode of
the PhC. Figure 3(a) shows the trade-off between the group
index obtained for the odd mode and the insertion losses, both
in the flat region. Note that these values remain around 2 dB up
to a w, of 1700 nm, from which the design becomes highly
lossy as the group index increases. Therefore, the design
presents high tolerances to fabrication deviations regarding
w,_ Two different designs of w,,; = 1600 nm and w,, = 1700
nm with odd mode group indices of 7.85 and 9.14, respectively,
have been considered for changes in the silicon refractive index.
In bimodal waveguides, since both modes interact with
variations in the material optical properties, the length required
to obtain a phase shift of « for a given change in refractive index
is mathematically expressed as

A
Lﬂ B 2(Anef'f,o _Anef'f,e) (l)

where 4 is the wavelength, and An.¢r, and Anss,. is the
change in the effective index of the odd and even modes,
respectively. Figure 3(b) depicts the n lengths obtained for
different silicon refractive index changes at a wavelength of
1560 nm, which is within the flat region of group index. Both
we; and w,, designs of the bimodal 1D PhC have been
computed, as well as for a conventional homogeneous single-
mode waveguide of 450 nm width and 220 nm thickness. The
length obtained in the 1D PhC waveguides is shorter than in the
homogeneous waveguide, even though in the bimodal case the
resulting effective index change is the difference between the
two modes contribution. In addition, the length obtained in the
w,, design is clearly shorter than in the w,, case, due to the
higher group index obtained for the first configuration. As a
result, compact footprints can be achieved in the w,, design
since the interferometry is produced in a single-channel
waveguide and very short lengths are needed. Specifically, two
lengths of 37 um and 74 um, corresponding to 100 and 200
periods, are considered for the experimental evaluation for the
w,, and w,, configurations, respectively.

I1l. FABRICATION AND CHARACTERIZATION OF THE CHIP

The two w,,; and the w,, bimodal PhC designs with their
respective lengths previously determined have been fabricated
on a silicon-on-insulator platform with a silicon layer thickness
of 220 nm and a silica buried layer of 2 um. Regarding the
fabrication process, 30 KeV of acceleration voltage and 30 um
of aperture size have been employed in the electron-beam
lithography process to expose the photonic structures on a
hydrogen silsesquioxane (HSQ) negative resist. Likewise,
inductively plasma etching has been used to transfer the
photonic designs onto the silicon layer. Finally, a silica cover
layer of 700 nm has been deposited on the sample, on which a
lift-off process has been used to evaporate titanium heaters of
160 nm thickness over the 1D PhC structures. The heaters
dimensions are 37 pm x 4 pm in the short w,, design and 74
pm X 4 pm in the long w,, design. The dimensions of the
titanium pads are 100 um x 100 pum in both configurations, with

a separation between them of 200 pm.

Figure 4(a) shows the optical microscope images of the
fabricated chip with both w,, and w,, designs, and their
corresponding heaters. A scanning electron microscope (SEM)
image of the entire fabricated switching structure of N = 200
periods and w,, is shown in Fig. 4(b) and a detailed image of
the bimodal 1D PhC waveguide is shown in Fig. 4(c). For the
optical characterization, a continuous wave laser (Keysight
81980) with a TE polarizer was employed to inject light into the
chip by using on-chip grating couplers. A synchronized power
meter (Keysight 81636B) at the output, controlled by a
LabVIEW application, was used to record the transmitted
spectra.

IV. EXPERIMENTAL DEMONSTRATION

The normalized transmitted spectra for the bar and cross states
are depicted for both w,, and w,, configurations in Fig. 5. As
it is shown, an interference pattern is experimentally obtained
as a result of the constructive and destructive interferences
between the even and odd modes in the bimodal 1D PhC. The
number of spectral peaks available in Fig. 5(a) is higher than in
Fig. 5(b) due to the increment in the physical length in the first
case. It should be also noted that the modal excitation is
decreased for those wavelengths near the slow light regions
predicted in Fig. 2(b), while the coupling efficiency is improved
in between. In this region, experimental insertion losses around
1.9 dB and extinction ratios higher than 17 dB are observed for
we, and w,, configurations at a wavelength of 1576 nm and
1590 nm, respectively, which is in a good agreement with the
simulations. For these wavelengths, a crosstalk of 15 dB
between bar and cross states is measured with a bandwidth of
0.5 nm and 1 nm for w,, and w,, configurations, respectively.

To determine the dispersive behavior of the bimodal 1D PhC
[18], the experimental group index of the higher order odd

mode is calculated from the bimodal oscillations in the
transmitted spectra by using the following equation:
A A
n° ()= max Z“min +ne(A (2)
g( ) 2L(ﬂm 9( )

ax _;i’min)
where 1,,,, is the maxima and 4,,,;,, the minima positions of the
transmission bimodal oscillations, L the length of the bimodal
region and ng is the simulated group index of the even mode as
a function of wavelength. In Fig. 5(a) and (b) the positions of
the maxima and minima are marked with circles for the bar port
transmitted spectrum. The resulting experimental group index
obtained is depicted in Fig. 5(c), as well as the fitting curve and
the simulated even mode group index. These experimental
measurements match the theoretical results in Fig. 2(b),
regarding the definition of two slow light zones of extremely
large group index contrast. Between these two zones, a flat
region of almost a constant group index for the odd mode is
obtained. A specific group index value of 7.6 and 9 at the
wavelengths previously considered is experimentally obtained
for the w,; and w,, configurations, respectively, which
perfectly match the simulations in Fig. 3(a). Moreover, the
optical bandwidth of the group index flat region is reduced
because of the influence of the w,, dimension in the band
structure formation, as it was theoretically predicted. A large
group index contrast flat region of 45 nm and 33 nm is
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experimentally measured for the w,, and w,, designs,
respectively.

To validate the device as an optical switch, the transmitted
spectra in the bar and cross states have been recorded when
applying an electrical signal to the titanium heaters. Due to the
thermo-optic coefficient of silicon, the optical response is tuned
by the temperature changes in the structure caused by the
heaters. Figure 6(a) and (b) shows the optical response in the
bar and cross states of the w,, and w,, switches, respectively,
for different voltages. The results present a positive spectral
shift originated by an increment in the temperature, which
corresponds to a phase shift around = for both designs. To
determine the power consumption of the switch, the spectral
dips previously detailed at 1576 nm and 1590 nm have been
considered in the w,, and w,, designs, respectively. The phase
shift accumulated in the bimodal waveguide may be obtained
from the transmitted spectra as:

Ago(ﬂ,) _ 2AA ©)
(FSR, +FSR,)

where AA is the spectral shift of the transmission dip, and
FSRy ;, are the free spectral range between consecutive dips at
higher and lower wavelengths, respectively. In the left graph of
Fig. 6(c), the estimated phase shift with Eq. (3) is depicted as a
function of the applied electrical power. As it was previously
predicted, the w,, design presents a higher switching efficiency
than the w,, design, as a result of the higher odd mode group
index for this configuration. Concretely, a power consumption
of 19.5 mW is demonstrated in the w,, configuration, whereas
24.5 mW is obtained in the w,, configuration, for a m-phase
shift. The right graph of Fig. 6(c) depicts the optical power of
the bar and cross states versus the applied electrical power, for
both wavelengths previously considered within the flat region
of the group index. It is shown that a lower electrical power is
needed in the w,, design to switch from a minimum optical
peak to a maximum. Consequently, a higher power
consumption is required in the w,; design, which confirms the
higher efficiency obtained for the w,, configuration.

V. CONCLUSION

To conclude, we have demonstrated an ultra-compact
electro-optical 2x2 switch based on a slow-light-enhanced
bimodal waveguide and driven by the thermo-optic effect in
silicon. In contrast to other similar work [37], the periodic unit
cell is designed to support two modes of both even and odd
symmetries in the bimodal part of the band structure. We
benefit from this fact to engineer a broadband region of large
group index contrast, thereby improving the switching
performance. Two different designs have been considered to
show the trade-off between the group index contrast and the
insertion losses. In comparison with the literature, simulations
have demonstrated a higher efficiency for both slow-light-
enhanced bimodal configurations compared to a standard
silicon waveguide integrated in ring resonators and MZI-based
switches [3], [4], [6]. Moreover, the interferometry has been
carried out in a single-channel structure without the need of
additional photonic elements, which have significantly reduced
the final size of the device. As a result, an ultra-compact switch
with a footprint of only 63 pm? was achieved, which is smaller

than the ones reported in related PhC-based works in MZI
configurations [17], [21] and similar to the ones observed in 2D
PhC [22]-[25], but in our case in a straightforward design that
eases the fabrication processes and cost for high-level
production. An insertion loss of 1.8 dB and a crosstalk of 15 dB
over a 1 nm bandwidth were obtained with a power
consumption of 19.5 mW. The resulting bandwidth is smaller
than for conventional MZI switches [7] but higher than in the
case of RR switches [5]. On the other hand, insertion losses is
higher than in conventional MZIs or ring resonators, where
values below 0.5 dB have been reported by using thermo-optic
phase shifters [40], [41]. However, the taper geometry could be
further optimized to minimize insertion losses [42], while
power consumption could also be reduced with an improved
design of the heaters [11]. The results suggest the use of these
types of structures in photonic switching for datacenters in
which large matrices are not required and the overall photonic
integrated circuit size would be drastically reduced [43].
Furthermore, future work in lowering losses would be highly
desirable for improving scalability and addressing other
potential applications such as LIDAR systems, programmable
circuits, or neuromorphic computing.
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Fig. 1. Device schematic of the proposed 2x2 optical switch design, composed
of two input and output single-mode silicon waveguides, a bimodal 1D PhC
structure and a rectangular taper or transition between these two parts, placed
both at the input and output interfaces.
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Fig. 2. (a) Band structure of the 1D PhC periodic unit cell for the TE-like
polarized bands. The dimensions considered for the simulations are a = 370
nm, w; = 220 nm, w, = 1700 nm, w = 650 nm and w,; = 450 nm, with a height
of 220 nm. The roman numerals indicate the band formation order for the even
and odd parity bands. The green shaded area indicates the bimodal region of
interest, where the odd parity band becomes slow light. Circles mark the region
where the group velocity of the band is critically reduced. (b) Detailed band
structure and group index for both even and odd modes in the bimodal region,
upper and lower graph, respectively. (c) Absolute value of the electric field x-
component at y = 0 nm plane for the third even parity band and the second odd
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parity band, both at the bimodal region at 1564 nm. (d) 3D-FDTD simulation
of the real part x-component electric field propagation at y = 0 nm plane when
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Fig. 5. Normalized transmission spectra of the fabricated optical 2x2 switches
with a transversal element width (a) w,, and (b) w,, with a silica cover as upper
cladding. The normalization has been calculated respect to a reference
waveguide of the same length. The filtered spectra are shown over the raw
experimental data, in dark and light colors, respectively. Maxima and minima
peaks corresponding to the constructive and destructive interferences are
marked with circles. (c) Experimental group index calculated from the spectra
minima and maxima peaks as a function of wavelength for both w,, and w,,
designs.

Fig. 4. (a) Optical microscope image of the fabricated chip with the input and
output grating couplers, the titanium (Ti) heaters and lateral pads. Upper and
lower switches have a length of 37 pm and 74 um for w,, and w,, designs,
respectively. (b) SEM image of the optical switch of N = 200 periods and w, =
1600 nm with the input and output single mode waveguides and (c) detailed 1D
PhC structure in silicon.
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Fig. 6. Normalized transmission spectra for different voltages and for both
designs of (a) w,, = 1600 nm with a device length of 74 ym and (b) w,, =
1700 nm with a device length of 37 um. (c) Phase shift and optical power as a
function of the electrical power applied, left and right graph, respectively. A
wavelength of 1576 nm and 1590 nm have been considered for the w,, and w,,
designs, respectively, both in the flat region of the group index.
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