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Broadband Compact Silicon Wire to Silicon Slot
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Abstract—An ultra-compact 90◦ bend between silicon (Si) wire
and silicon slot waveguide (SSW) with a footprint of ∼725 nm ×
500 nm is experimentally demonstrated on silicon-on-insulator
substrate. By achieving momentum matching of the waveguides
through an orthogonal junction placement, and maximizing modal
overlap through an angled facet, coupling efficiency of ∼70% and
3-dB bandwidth of over 500 nm has been achieved. The nominal ex-
perimental transmission through cascaded input (Si wire to SSW)
and output (SSW to Si wire) orthogonal junctions match closely
those obtained from simulations, both in the range from 1270 to
1360 nm and from 1480 to 1590 nm. For slot widths ranging from
30 to 230 nm, our Si wire-SSW bend can achieve coupling effi-
ciency comparable to that of a direct butt-coupler over a 400 nm
bandwidth. This compact and wideband waveguide bend serves
as an important component to enable dense integration between
conventional Si wire and SSW.

Index Terms—Integrated optics, silicon photonics, slot wave-
guide.

I. INTRODUCTION

NANOPHOTONIC devices in the well developed silicon
(Si) platform have attracted increasing attention. They al-

low for large-scale, lower-cost optoelectronic integration that
can benefit a host of important applications such as sensing,
optical communications, and computing systems. Recently, the
Si slot waveguide (SSW), which guides an appreciable portion
of the EM field in the low index slot region between two ad-
jacent Si claddings, has emerged as a promising candidate for
nanophotonic devices [1]. SSWs offer more flexibility over tra-
ditional Si wire waveguides due to the enhanced light–matter
interaction within the subwavelength slot. For example, the ap-
preciable field confinement within the slot leads to a reduction
in the optical power required to invoke optical nonlinear effects.
Nonlinear processes such as ultrafast all-optical switching [2]
and optical modulation and detection [3] based on SSWs have
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Fig. 1. Schematics of (a) the parallel coupling configuration from Si wire
to SSW, (b) the orthogonal coupling configuration from Si wire to SSW, and
(c) the orthogonal coupling configuration from SSW to Si wire.

been demonstrated. Moreover, with enormous optical intensity
confined within the nanoscale slot region, it is also possible
to utilize SSWs for sensing applications [4] as well as optical
trapping and manipulation of nano-particles [5].

Despite these versatile attributes, SSWs have propagation loss
on the order of 10 dB/cm [6], which is significantly higher than
the loss of 1 dB/cm in the case of Si wire waveguides [7]. Thus,
to reduce insertion loss while achieving high performance and
compactness, it is advantageous to integrate the two types of
waveguides for photonic device design. This will require an
efficient and ultra-compact means of routing and coupling light
between Si wires and SSWs with minimum footprint on the
chip.

In the case of butt coupling (parallel configuration) between
silicon wire and SSW (Fig. 1(a)), a taper structure can be in-
troduced between them to increase the coupling efficiency; and
previous works have demonstrated up to 97% coupling effi-
ciency over a broad wavelength range [8]–[11]. However, the
length of the taper required is, for example, 8 μm for 97% cou-
pling efficiency [10] and 5 μm for 83% [11]. Thus, the footprint
of these couplers is comparable to that of the devices they are
designed to couple in and out of, thus setting an upper bound
for on-chip device integration density.

In addition, in recent years, great efforts have been dedicated
to increase the compatibility of silicon photonics with the stan-
dard CMOS fabrication process. In order to have electronic and
photonic devices coexisting on the same chip, one challenge
is the ability to utilize sharp bends for photonic devices as it
is for electronics. This will dramatically reduce the footprint,
and thus allow for more devices to be integrated on the same
chip. However, photonic devices that are based on total internal
reflection guiding approaches have mainly adiabatic structures
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Fig. 2. Plots of the relevant light momentum components as a function of
wavelength for (a) the orthogonal bend from Si wire to SSW, and (b) the
orthogonal bend from SSW to Si wire and the parallel coupler (light momenta
for Si wire waveguides of different widths are plotted).

for bends to avoid radiation losses. For example, it is shown
by simulation in [12] that SSW bend loss can be reduced by
shifting the location of the slot region to be closer to the outside
of the bend. However, in a 1 μm radius 90◦ bend, the bend loss
is approximately 20%; only when the bend radius is increased
to 5 μm does the loss become negligible. In [13], it is shown
that bend loss in a silicon wire waveguide can be significantly
reduced by improving the waveguide profile through optimized
etch chemistry. However, to achieve a negligible bend loss, a
bend radius of 2 μm is required, and the propagation loss is
adversely increased by the change in waveguide profile.

In this work, we report the design, fabrication, and characteri-
zation of a Si wire– SSW 90◦ sharp bend that has good coupling
efficiency over a wide wavelength range and sub-micrometer
footprint. It will be shown using numerical simulations and con-
firmed experimentally that the orthogonal placement of the two
waveguides (Fig. 1(b)) can help satisfy the momentum match-
ing condition and thus lead to sufficient energy transfer without
the need for an extended taper, thus achieving the goal to trade
off some of the coupling efficiency for ultra-compactness.

II. DESIGN OF THE SILICON WIRE TO SSW BEND

In our proposed design, momentum matching between the
two waveguides is established by cascading the Si wire and the
SSW in a 90◦ junction (see Fig. 1(b)). Such orthogonal coupling
technique has previously been experimentally demonstrated for
ultra-wideband coupling from Si wire to plasmonic slot waveg-
uides [14], [15]. When the Si wire and SSW are placed in a
parallel fashion (see Fig. 1(a)), there exists significant mismatch
over all wavelengths between kl,Si , the longitudinal momentum
component of the Si wire, and kl,SSW , the longitudinal mo-
mentum component of the SSW (see Fig. 2(b)). Thus, extended

Fig. 3. (a) Schematic of the Si wire to SSW orthogonal bend; the length of
the angled facet is 725 nm and the offset with respect to the outer cladding of
the SSW is 135 nm. (b) SEM image of the Si wire to SSW orthogonal coupling
platform for the 10 μm long SSW. Inset: SEM image of one orthogonal bend
junction. The thickness of the Si layer is 220 nm.

taper structures are necessary to enhance energy transfer. On the
other hand, when the two waveguides are placed in an orthogo-
nal fashion, kt,Si , the transverse momentum component of the Si
wire, is of more importance for the waveguide coupling. In this
configuration, the momentum mismatch reduces significantly in
comparison with that of the parallel configuration from 1200 to
1500 nm, and even intersects at a specific wavelength, which
represents the wavelength where coupling efficiency is maxi-
mized due to zero momentum mismatch (see Fig. 2(a)). This
means that broadband energy transfer can be readily obtained.
By adjusting the width of the Si wire, the momentum matching
condition can be tuned to specific wavelengths. Moreover, we
see that the orthogonal junction scheme also helps in reducing
the momentum mismatch when light is propagating from the
SSW into the Si wire. In this case, kt,SSW and kl,Si are the
components utilized for momentum matching (see Fig. 1(c)). It
can be observed that the location of the momentum matching
condition is preserved and the mismatch is minimal over a large
spectrum regardless of the EM wave’s direction of propagation
(see Fig. 2(b)).

In addition to creating orthogonal placement to achieve mo-
mentum matching, the Si wire also needs to be angled near the
junction to achieve compact and efficient energy transfer (see
Fig. 3(a)). A numerical study on a Si wire to SSW orthogonal
junction has previously been performed [16]; however, without
the angled facet, there is minimal spatial overlap between the
two waveguides such that only the evanescent field in the air
claddings of the Si wire would couple into the SSW despite the
matching momenta. The angled facet increases the spatial over-
lap by enhancing the magnitude of the evanescent field and also
serves as a reflector that redirects a fraction of the EM power
residing in the Si wire core towards the SSW. Furthermore, the
angled surface ensures that the total internal reflection condition
is still satisfied through the bend. Thus, the length and position
of the facet (offset from the outer cladding of the SSW) together
determine the spatial modal overlap between the two waveg-
uides and are important design parameters for the orthogonal
coupler. For a proof-of-concept demonstration, an orthogonal
bend operating near 1300 nm is designed and then experimen-
tally implemented and characterized. Using a commercial mode
solver from Lumerical and taking into account that the design
will be fabricated on a silicon-on-insulator (SOI) platform with
Si thickness of 220 nm, it is calculated that phase matching
between kt,Si and kl,SSW can be achieved at 1288 nm using a
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Fig. 4. 3-D isometric plot of coupling efficiency from Si wire to the SSW
slot region as a function of length and offset of the angled facet. The maximum
coupling efficiency occurs at an angled facet length of 0.87 μm and an offset of
0.135 μm.

500 nm Si wire and a SSW with 300 nm claddings and 130 nm
gap (see Fig. 2(a)). The 130 nm slot is chosen since that is the
minimum resolution achievable by the fabrication technology
available to us. With these dimensions, the waveguides support
only the fundamental TE modes at 1288 nm.

The SSW can support both the symmetric and antisymmetric
supermodes of the two silicon claddings waveguide system. The
orthogonal coupler demonstrated in this work couples to both
the symmetric and antisymmetric modes of the SSW. Since the
symmetric mode, also referred to as the slot mode, has an appre-
ciable portion of power residing in the slot region, it is responsi-
ble for the field enhancement effect; whereas the antisymmetric
mode that is also supported has power mostly contained within
the silicon claddings. Using 3-D FDTD simulation software by
Lumerical, the design of an orthogonal junction with waveguide
dimensions specified above is optimized for maximum coupling
efficiency to the slot mode of the SSW. First, optimization of
the amount of power residing within the SSW slot region is
performed by sweeping the length of the angled facet from 0
to 1000 nm and the offset from 0 to 800 nm. The optimal an-
gled facet dimensions are determined to be 870 nm in length and
135 nm in offset (see Fig. 4). To ensure that the parameters of the
orthogonal junction optimized for maximum coupling to the slot
mode is not very far from the parameters optimized for overall
coupling efficiency to the SSW, which would be detrimental for
the coupler design, the coupling efficiency into the entire SSW,
including the power within the Si claddings, is maximized. The
optimization results show that by decreasing the angled facet
length to 725 nm, high SSW coupling efficiency is achieved
with only a slight decrease in power coupling to SSW slot re-
gion. The optimization maximized the overall power coupled
to the SSW, but it is found that the power coupled into the slot
mode using the same angled facet parameters is close to maxi-
mum. As a result, the orthogonal coupler design has an angled
facet length of 725 nm and is located 135 nm away from the
outer-cladding of the SSW (see Fig. 3(a)). Fig. 5 shows that

Fig. 5. Plots of coupling efficiencies of input Si wire to SSW orthogonal bends
with and without angled facet, and output SSW to Si wire orthogonal bends with
and without angled facet.

the implementation of the angled facet leads to almost a three-
fold magnification in coupling efficiency of the Si wire–SSW
junction. Peak coupling efficiency of around 70% and a 3-dB
bandwidth of over 500 nm are achieved through the orthogonal
coupler that occupies only 725 nm × 500 nm. The footprint of
the orthogonal coupler is based on the right-angled triangle that
the tilted facet forms, with perpendicular sides of length 725 nm
(length of angled facet) and 500 nm (width of Si wire), as shown
in Fig. 3(a). The wavelength of peak coupling efficiency offsets
from the phase matching wavelength of 1288 nm as shown in
Fig. 2(a), because the angled facet represents a modification of
the ideal orthogonal configuration of the Si wire to SSW in-
terface. On the other hand, by including the same optimized
angled facet, the coupling efficiency of a SSW–Si wire junction
is also significantly improved and reaches ∼40%, even though
this is lower than that of a Si wire–SSW junction (see Fig. 5).
The coupling efficiencies for the input and output couplers are
different, because in the simulation of the output coupler, only
the symmetric mode is launched into the SSW, whereas the Si
wire mode excites both symmetric and antisymmetric modes of
the SSW through the input coupler. As such, if both the sym-
metric and antisymmetric modes, with the same power ratio as
excited by the input coupler, is launched into the SSW, then
the transmission of the output coupler would be the same as
that of the input coupler. On the other hand, different angled
facet parameters are required for optimizing efficient redirec-
tion of modal energy for the SSW–Si wire junction if only the
symmetric mode is launched into the SSW.

Finally, the transmission response of a SSW orthogonal cou-
pling platform that includes both Si wire to SSW input bend and
SSW to Si wire output bend is shown in Fig. 7. Separate sim-
ulations for the input and output bends are performed and the
spectra are multiplied to yield the transmission response of the
overall coupling platform. This is used as a reference for com-
paring with experimental transmission results for the orthogonal
coupling platform, as the transmission or cutback measurements
will not allow us to resolve the coupling efficiencies of the input
and output bends separately and can only provide us with the
overall transmission of light going through both junctions.



1402 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 7, APRIL 1, 2014

Fig. 6. Plots of transmission of Si wire waveguide in the wavelength ranges
from (a) 1270 to 1360 nm and from (b) 1480 to 1590 nm.

III. EXPERIMENTAL REALIZATION OF THE 90◦ BEND

To experimentally demonstrate the performance of our 90◦

bend, the optimized design shown in Fig. 3(a) is fabricated
on SOI wafer with 220 nm top Si layer. The waveguides are
patterned using 193 nm deep UV lithography, 130 nm mask
technology, and inductively coupled plasma reactive ion etching.
A scanning electron microscope (SEM) image of the fabricated
structure is shown in Fig. 3(b). The bandwidth of the bend is
demonstrated by performing transmission measurements in two
wavelength regimes: from 1270 to 1360 nm and from 1480
to 1590 nm. A standard end-fire coupling rig is used with input
coupling to the edge of the sample from a tapered tip optical fiber
and the output light collected with a microscope objective lens.
At the sample edge, the width of the Si wire is 2 μm, which is
tapered down to 500 nm before reaching the orthogonal coupler
to the SSW. The transmission of the Si wire–SSW coupling
platform is first measured and then normalized to that of a nearby
straight Si wire to isolate the performance of the bends. The
transmission of the Si wire waveguide for the wavelength ranges
from 1270 to 1360 nm and from 1480 to 1590 nm are shown in
Fig. 6, which includes the input and output coupling, and also
the propagation loss within the Si wire, and thus it represents
the total insertion loss of the waveguide. Measurements are
carried out on many Si wire waveguides on the sample, with the
transmission for the different waveguides varying from 0.7% to
1.3%. Fig. 6 shows the average of the transmission of these Si
wire waveguides. The low transmission of the Si wire waveguide
(high insertion loss) is predominantly due to input coupling loss,
because there is a large spatial mode mismatch between the input
fiber tip Gaussian beam and the highly elongated elliptical mode
of the Si wire at the edge of the sample that is 2 μm in width
and 220 nm in height.

Given that the propagation loss in a SSW is close to 10 dB/cm
in the characterized wavelength regimes [6] and the longest SSW
in the fabricated samples is 50 μm, optical power is only atten-
uated by less than 2% within the SSW section. This means the
insertion loss of the fabricated orthogonal coupler is dominated
by the input and output coupling losses. Thus, it is a valid ap-
proximation to compare the measured spectrum directly to the
simulation result, which does not include the intermediate SSW
section. However, it should be noted that the various waveguide
interfaces will induce reflections and hence create resonance
features in the measured spectrum. Nonetheless, from Fig. 7, it

Fig. 7. Plots of multiplication of the simulated transmissions of the input Si
wire to SSW and output SSW to Si wire orthogonal bends, and the experimental
transmission of the Si wire to SSW orthogonal coupling platform, as a function
of wavelength.

Fig. 8. Plots of the simulated and experimental transmissions of the Si wire
to SSW orthogonal coupling platform as a function of wavelength in the range
(a) from 1270 nm to 1360 nm and (b) from 1480 nm to 1590 nm.

can be observed that the nominal values of the experimental data
match closely with simulated results: in the 1270 to 1360 nm
range, the average experimental and simulated transmissions are
18% and 23%, respectively; and in the 1480 to 1590 nm range,
the average experimental and simulated transmissions are 14%
and 15%, respectively.

In order to verify that the resonances in the measured data are
due to the SSW section, an additional 3-D FDTD simulation is
performed that includes the 50 μm SSW section, which repre-
sents the actual orthogonal coupling platform. It can be seen in
Fig. 8(a) and (b) that resonances with similar periods are present
in the 1270 to 1360 nm and 1480 to 1590 nm wavelength ranges,
respectively. This confirms that the SSW section is in fact the
cause of the observed resonances.

In the simulation result, there are actually two distinct reso-
nance features, namely the smaller period fringes and the large
envelope fringes. Here we show that the smaller period fringes
are caused by the SSW acting as a Fabry–Perót cavity, and



WONG et al.: BROADBAND COMPACT SILICON WIRE TO SILICON SLOT WAVEGUIDE ORTHOGONAL BEND 1403

the large envelop fringes are due to the beating between the
quasi-TE symmetric and antisymmetric supermodes of the two
coupled waveguides (Si claddings) that form the SSW. This is
because the Si wire fundamental quasi-TE mode actually cou-
ples to both fundamental quasi-TE modes of the SSW through
the 90◦ bend, and the mode with higher optical power concen-
trated in the slot region is the symmetric mode. To calculate
the period of the smaller fringes, the group index (ng ) of the
quasi-TE symmetric mode of the SSW is deduced from disper-
sion data obtained from simulations using the mode solver by
Lumerical Inc. It is essentially the free spectral range (FSR) of
the SSW cavity, which is given by: FSR = λ2 / (2ng L), where λ

is the wavelength and L is the length of the SSW. Around λ =
1300 nm, ng is approximately 4.78, which results in FSR ∼
3.5 nm; and near λ = 1550 nm, ng is approximately 3.93, which
results in FSR ∼ 6.1 nm. These FSR values compare quite well
to that of the 3-D FDTD simulation shown in Fig. 8. In order to
calculate the larger envelop fringe period (Δλ), the group index
of the quasi-TE antisymmetric mode of the SSW must also be
known. The fringe period due to the beating of two modes is
given by: Δλ = λ2 / (ΔngL), where Δng is the difference in
group index of the two modes. Using a mode solver, the group
indices of the quasi-TE antisymmetric modes of the SSW at
the wavelengths of 1300 nm and 1550 nm are 5.29 and 2.95,
respectively. From these values of group indices, the large en-
velop fringe period near λ = 1300 nm is calculated to be Δλ

∼ 66.3 nm; and near λ = 1550, it is Δλ ∼ 49.0 nm. The large
envelop fringe period near 1300 nm compares very well to the
simulation result in the range from 1270 to 1360 nm, as shown
in Fig. 8(a). However, in the range from 1480 to 1590 nm (see
Fig. 8(b)), the calculated fringe period does not compare as well
to the simulation result, although they are still on the same order
of magnitude. It is noted that the fringes in the experimental data
represent the effect of beating between the quasi-TE symmetric
and antisymmetric modes of the SSW, while the fringes due
to multiple reflections within the SSW cavity are not resolved
because more closely spaced data points in wavelength would
be required in the measurements.

To measure the SSW propagation loss and further verify the
results obtained from the preceding experimental method, the
cut-back method is carried out by measuring transmission as a
function of SSW length for three different wavelengths: 1450,
1550, and 1650 nm. Multiple devices that contain SSW of the
same length are measured to generate the error bar and the results
are shown in Fig. 9(a). By performing a linear fit of logarithmic
transmission as a function of SSW length, the propagation loss
of (or transmission within) the SSW can be obtained from the
slope of the respective fit, and the multiplication of input and
output coupling efficiencies can be calculated from the intercept
on the log(T ) axis. It is measured that the transmissions within
a 50 μm length SSW are approximately 55%, 72%, and 86%,
for the wavelengths of 1450 nm, 1550 nm, and 1650 nm, re-
spectively. Also, the multiplication of input and output coupling
efficiencies are determined to be approximately 17%, 21%, and
3%. Finally, by multiplying the transmission within the SSW and
the input and output coupling efficiencies, the overall transmis-
sions of approximately 9.2%, 15.4%, and 2.5% are obtained (see

Fig. 9. (a) Linear fits of the logarithm of transmission log(T ) as a function of
SSW length for the wavelengths of 1450 nm, 1550 nm, and 1650 nm. (b) Overall
transmission of Si wire to SSW coupling platform as a function of wavelength.

Fig. 10. Plots of coupling efficiencies of the Si wire to SSW butt coupler and
orthogonal bend as a function of wavelength.

Fig. 9(b)). Indeed, in comparison to Fig. 7, these values match
closely with simulation results: from 1450 to 1550 nm, the aver-
age simulated transmission of the SSW is around 15%, and near
1650 nm, it is approximately 8%. The deviation of experimen-
tal result from simulation study can be attributed to fabrication
imperfections. For example, sidewall roughness would lead to
appreciable propagation loss within the SSW not accounted for
in simulation, and the trapezoidal Si waveguide cross-section
and rounded waveguide corners (see Fig. 3(b)) can alter the
waveguide effective indices and thus affect the phase matching
condition and induce scattering loss.

IV. DEVICE PERFORMANCE AND SENSITIVITY ANALYSIS

The 90◦ waveguide bend from Si wire to SSW is a component
that will serve to increase the integration density of on-chip pho-
tonic devices, because it allows for a change in light propagation
direction from one waveguide to another with minimal space re-
quirements. As such, its performance must be compared to the
butt (parallel) coupler from Si wire to SSW (inset of Fig. 10),
which is the baseline case when the direction of propagation is
not altered. 3-D FDTD simulation is performed on one butt cou-
pler junction from Si wire to SSW, and the coupling efficiency
is shown in Fig. 10. It can be seen that the 90◦ bend (orthogonal
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Fig. 11. (a) Plots of coupling efficiency of the 90◦ bend and the butt coupler
from Si wire to SSW as a function of slot width at the wavelength of 1300 nm.
(b) Plots of fraction of mode power within the slot region for coupling with the
90◦ bend and butt coupler from Si wire to the SSW as a function of slot width
at the wavelength of 1300 nm.

coupler) designed in this work has a similar spectral transmis-
sion profile as the butt coupler, and only has significantly lower
transmission for wavelengths above 1600 nm. This confirms
that our design methodology for the orthogonal bend is capa-
ble of achieving transmission characteristics approaching that
of direct butt coupling.

A sensitivity analysis is performed by varying the slot width
while keeping the Si cladding width of the SSW and the angled
facet dimensions constant. As seen in Fig. 11(a), the coupling
efficiency from the Si wire to the SSW at the wavelength of
1300 nm (wavelength at which the 90◦ bend is designed for)
decreases when the slot width is increased from 30 to 230 nm,
in both the orthogonal bend and the butt coupling configuration.
The decrease in coupling efficiency is more pronounced for the
butt coupler, which means that the orthogonal bend is slightly
less sensitive to changes the SSW slot width. An explanation for
Fig. 11(a) is that as the slot width is increased, the effective index
of the SSW mode deviates more from the effective index of the Si
wire mode, leading to increased phase and modal mismatches
that decreases coupling efficiency. From Fig. 11(b), it can be
seen that at the same wavelength of 1300 nm, as the SSW slot
width is increased from 30 to 230 nm, the fraction of mode
power inside of the slot region is more than doubled, for both
the orthogonal bend and the butt coupler. This is because as
the two Si claddings of the SSW are moved apart, more power
would reside within the larger slot region in between. Over the
range of slot widths studied, the fraction of mode power within
the slot region varies from <5% to >12% (Fig. 11(b)), which is
consistent with the value of∼8.4% obtained from the Lumerical
mode solver for the SSW with 300 nm Si claddings and 130 nm
slot width. Note that while the fraction of mode power is quite
low hovering near 10%, the fraction of electric field intensity
within the slot region is at around 30%. Fig. 11 shows that

while the coupling efficiency into the overall SSW is similar for
the orthogonal bend and the butt coupler, slightly less power is
coupled into the slot mode (TE symmetric mode) of the SSW
for the orthogonal bend over the entire range of slot widths. This
further supports the hypothesis that the orthogonal bend from
Si wire also excites the TE antisymmetric mode of the SSW,
whereas the butt coupler only excites the TE symmetric mode.

V. CONCLUSION

We have experimentally demonstrated the proof-of-concept
of a Si wire-to-slot waveguide 90◦ bend that has theoretical 3-
dB bandwidth of over 500 nm, peak efficiency of around 70%,
and a footprint of ∼725 nm × 500 nm. Through momentum
matching via orthogonal waveguide placement, coupling char-
acteristics comparable to that of direct butt coupler is achieved.
The experimental data matches well with simulation results, and
the device can be further improved by optimizing the parameters
of the output bend. Overall, the orthogonal bend configuration
presented can lead to more densely integrated silicon photonic
circuits containing devices and interconnects that utilize both
the Si wire and slot waveguides.
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