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Silicon Slot Waveguides With Low Transmission
and Bending Losses at 1064 nm

Xiangdong Li, Xue Feng, Xian Xiao, Yihang Li, Kaiyu Cui, Fang Liu, and Yidong Huang, Member, IEEE

Abstract—Silicon slot waveguides operating at a wavelength
of high silicon absorption are fabricated on silicon-on-insulator
wafers. The measured transmission loss coefficient is as low
as 6~8 dB/cm at 1064 nm, which is much lower than the
material absorption. In addition, the bending loss of the slot
waveguides is measured as 4.1~4.6 dB/180° with a bending radius
of 15 yum. Both the transmission and bending losses are analyzed
and discussed. We believe that this work could pave the way to
achieve all-silicon photonic integrated circuits, which are very
promising for a future on-chip chemical/biological analysis.

Index Terms— Photonic integrated circuit, slot waveguide,
transmission loss, bending loss, high absorption.

I. INTRODUCTION

ILICON photonic integrated circuits (PICs) have attracted

much interest due to the possibility of merging electronics
and photonics monolithically [1]-[3]. Silicon photodetectors
are readily realized through implementing p-n junctions.
Silicon emitters have come a long way for emitting within
the wavelength of 800 nm - 1100 nm [4]-[6]. Thus, it is
possible to achieve all-silicon PICs with mature and cost-
effective complementary metal-oxide-semiconductor (CMOS)
fabrication process [7]. Furthermore, silicon PICs also
provide a versatile platform for chemical and biological
analysis [8]-[10]. Specifically, the wavelength window
(750 nm to 1200 nm) for optical trapping of biological
cells and small organisms [11] is fortunately falling into the
operational wavelength band of silicon emitters. Additionally,
the shortwave near-infrared (SW-NIR) wavelengths could also
be adopted for in-vivo imaging [12]. However, for a PIC
with silicon emitters and photodetectors, the transmission
line would be a major challenge since the emission from
silicon emitters would be highly absorbed by silicon wire
waveguides [13]. In [14] and [15], we have proposed and
demonstrated that slot waveguides are promising to reduce the
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Fig. 1. (a) Schematic of the silicon slot waveguide without a silica cladding
layer. (b) SEM image of the slot waveguide after PECVD with wg)o; = 60 nm.
(c) SEM image of the slot waveguide without a clading layer with wgot =
60 nm.

transmission loss due to material absorption since the light is
confined within the slot region [16], [17]. Besides the low
transmission loss, the slot region could also provide a useful
channel for interaction between the filler and the light [18]
or optical manipulation [19], which is desired in chemical and
biological analysis. Thus, silicon slot waveguides may provide
a possible solution for the transmission line in all-silicon PICs.

In this work, after optimizing the fabrication process,
we have experimentally investigated the transmission and
bending losses of slot waveguides fabricated on silicon-on-
insulator (SOI) wafers. For straight waveguides, the measured
transmission loss coefficient at the wavelength of 1064 nm
could be as low as 5.98 & 0.45 dB/cm and 7.97 £ 1.56 dB/cm
with the slot width of 120 nm and 60 nm, respectively.
Such values are much lower than the silicon absorption
(50 dB/cm @ 1064 nm). For bending slot waveguides with
a radius of 15 um, the measured values of bending loss are
4.09 £ 0.40 dB/180° and 4.59 £+ 0.55 dB/180° for the
samples with a slot width of 120 nm and 60 nm, respectively.
Furthermore, we have also analyzed and discussed the impact
of structural parameters and fabrication process on the
transmission and bending losses.

II. PRINCIPLE, DESIGN AND FABRICATION

Figure 1(a) depicts the schematic of a silicon slot
waveguide. The width of the total waveguide wiy can be
determined by wiotal = Wslot + 2 X W, where wglor and w are
the widths of the slot region and the silicon strips, respectively.
We have adopted w as 90 nm with wgjo of 120 nm and 60 nm.
All waveguides are fabricated on SOI wafers, in which the
thickness of the top silicon layer is 4 = 220 nm and that of the
buried oxide layer is 3 um. The pattern is defined with elec-
tron beam lithography (EBL). All the waveguides are etched
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Fig. 2. (a) Schematic of the measurement system. (b) Normalized output
under different input positions.

by inductively coupled plasma reactive ion etch (ICP-RIE)
with the gases of SFg and O;. In [14], the transmission
loss coefficient of silicon slot waveguides was measured to
be as high as ~ 23 dB/cm at the operating wavelength of
A = 1064 nm, which is mainly due to the scattering loss
caused by the surface roughness of sidewalls. In this work,
the operating wavelength is still 1064 nm but the etching
parameters in terms of gas flow, gas pressure and etching
power are optimized to improve etching quality of waveguides,
especially the sidewall roughness. After etching, the silicon
waveguides are covered by a SiO, cladding layer with a
thickness of 600 nm through plasma enhanced chemical vapor
deposition (PECVD) with SiH4 and N>O. Here, the cladding
layer is adopted to protect the silicon slot waveguide since
lapping, grinding and polishing are needed in our fabrication
process, which is the same as in [14]. The photographs of
scanning electron microscopy (SEM) for the slot waveguide
(Wslot = 60 nm) with and without the cladding layer are shown
in Figs. 1(b) and (c), respectively.

The samples are characterized with a measurement system
as shown in Fig. 2(a), including a 1064 nm laser, a polarization
controller (PC, Agilent 11896A), and a power meter
(PM, Agilent 81624A). Two single-mode lensed optical fibers
with a spot radius of about 2 um, which are separately
mounted on a computer-controlled alignment stage, are used
to couple light in and out of the slot waveguides directly. The
output power of the laser is set as a constant value of 1 mW
(0 dBm). Only the transverse-electric (TE) polarization is
measured since the loss of the transverse-magnetic (TM)
mode is much higher than that of the TE mode [14].
In order to ensure the light transmits through the slot
waveguide, the output power under different positions of both
the input and output lensed fibers along the x-axis has been
measured for each sample. For simplicity, only a typical
output with varied positions of the input lensed fiber is shown
in Fig. 2(b). The point of 0 #m represents the origin position
after alignment and the power is also normalized with the
maximum value, which indicates that the light is coupled into
the slot waveguide.

By subtracting the output power of the system from the laser
output, we obtain the total transmission loss of the system,
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Fig. 3. Measured transmission losses of slot
(a) wglot = 120 nm and (b) wgor = 60 nm, respectively.

waveguides for

which is the sum of the insertion loss of PC, the coupling
loss between the tapered fiber and the waveguide, and the
transmission loss of the slot waveguide. In order to extract
the transmission loss of slot waveguide, samples with varied
length (from 3 mm to 6 mm) for each wg are prepared.
Here, all waveguides with different lengths are fabricated on
the same chip, while the waveguide length is determined by
the mask layout with the same bending (the radius is 10 gm)
and different straight lengths. Thus, the transmission loss
coefficient could be revealed by linear fitting the measured
transmission losses among the waveguides with different
lengths. Since all waveguides are fabricated on the same chip,
the surface roughness is supposed to be similar. Furthermore,
for each pair of wgo and waveguide length (L), there are
five samples so that the fluctuation of coupling loss could be
averaged by measuring all the five samples.

III. MEASUREMENTS, RESULTS AND ANALYSIS

In Figs. 3(a) and (b), the measured losses of waveguides
are shown as functions of L for two cases, wsiot = 120 and
60 nm, respectively. For each curve, the data are normalized
to the transmission loss of the waveguide with a length
of 3 mm. In Fig. 3, each data point and error bar represents
the average loss and the standard deviation, respectively.
The standard deviation is 0.24 dB ~ 0.47 dB, which may
be introduced by the varied coupling. The red solid lines
are the linear fitting results, and the slope represents the
transmission loss coefficient, which is 5.98 £ 0.45 dB/cm and
7.97 £ 1.56 dB/cm for w0120 nm and 60 nm, respectively.
Both of them are much lower than the material absorption of
silicon (50 dB/cm @ 1064 nm), which indicates that silicon
slot waveguides could be applied to transmit light within
the high silicon absorption band. For example, if the total
transmission loss of PICs should be less than 10 dB, the
transmission distance of our samples could be more than
1cm (1.2 cm ~ 1.5 cm).

In order to attain insights of the loss mechanism, we have
carried out some numerical simulations and calculations. First,
the absorption loss of slot waveguides due to silicon material
is simulated by finite-element method (FEM) as in [15].
The electric-field distributions of TE polarization and the
corresponding electric field intensities distributing along the
x-axis for slot waveguides with wgor = 120 nm and 60 nm
are shown in Fig. 4. According to the scanning electron
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Fig. 4. Simulated profiles of TE polarization for slot waveguides with
(@) wglot = 120 nm and (b) wgot = 60 nm. The corresponding electric
field intensity distributing along the x-axis for (c) wgot = 120 nm and
(d) wglor = 60 nm, respectively.

microscope (SEM) photograph shown in Fig. 1(b), the slot
waveguide is surrounded by silica but filled with air. Under this
condition, the transmission loss coefficients for the two cases
are calculated as 0.60 dB/cm and 1.3 dB/cm, respectively.
These losses are much lower than our measured results. Thus,
the transmission loss is not mainly determined by the material
absorption. As discussed in [14], the transmission loss would
be introduced by not only absorption loss but also scattering
loss. Scattering loss is mainly introduced by the roughness of
the etched sidewalls. There are some reports about the three-
dimensional accurate modeling of scattering loss [20], [21].
Here, in order to obtain some clear and simple guidelines
for practical fabrications, the scattering loss is approximately
estimated with a simple analytical formula as in [22] and [23]:

a:azk(z)h' E}
B | E?dx

(1

where o is the standard deviation of interface roughness, ko is
the free-space wave number, An is the difference between the
refractive indices of the core and the cladding, f is the modal
propagation constant, 4 is the transverse propagation constant,
while E2/ [ E%dx is the normalized electric field intensity at
the interface. From the SEM image shown in Fig. 1(c), the
amplitude of the surface roughness at etched sidewalls of our
fabricated samples is about 5 nm. Following the result shown
in [23], we estimate ¢ ~ 2 nm. The electric field intensities
distributing along the x-axis for wgor = 120 nm/60 nm are
shown in Fig. 4(c)/(d).

Here, Es; and E;; represent the maxima of the elec-
tric field intensities on the strip waveguide inner and outer
sidewalls, respectively. The values of Es /Eg; are about
1.4 and 1.9 for the two structures. This indicates that the
light confinement in the slot region is more pronounced
as wglot is narrowed, while the scattering loss is also
higher according to Eq. (1). The scattering loss coeffi-
cients could be estimated as 4.7 dB/cm and 5.9 dB/cm for
Wwslot = 120 nm and 60 nm, respectively. Thus, the total
transmission losses, including material absorption and sidewall
scattering, can be estimated as 5.3 dB/cm and 7.2 dB/cm for
Wwslot = 120 nm and 60 nm, respectively. These values are

(@) 63 () 7
6o} . i
e A
& )
E 50F 3 5 {
¥ 4s) I ¥ 1
4
4.0 [ {
35— . . . . 3
5 10 15 20 25 5 10 15 20 25
R (pm) R (pm)
Fig. 5. Measured bending loss (per 180°) for different bending radii with

(a) wglot = 120 nm and (b) wgjor = 60 nm.

very close to the experimental results of 5.98 dB/cm and
7.97 dB/cm. According to the aforementioned calculations,
the transmission loss in this work is improved mainly by
reducing the sidewall roughness but the scattering loss is still
dominant. Thus, there is still some room to further improve
the transmission loss. Additionally, it should be mentioned that
the structural parameters are not the optimal ones according
to our simulation [15]. Taking wgw = 300 nm as an
example, the optimal structural parameters are w = 60 nm
and wgot = 140 nm, while the transmission loss coefficient
(without scattering loss) is ~ 0.4 dB/cm, which is only slightly
lower than that in this work (~ 0.60 dB/cm at w = 90 nm
and wgor = 120 nm). However, such an optimized structure is
more difficult to fabricate (w = 60 nm vs. w = 90 nm), while
the improvement is limited (~ 0.4 dB/cm vs. ~ 0.6 dB/cm).
Thus, we believe that it would be more valuable to reduce the
sidewall roughness so that better transmission loss coefficient
can be achieved.

For a practical PIC, bending waveguide is also desired.
Thus, the bending loss (ap) of silicon slot waveguides has also
been investigated at wavelength of 1064 nm. In experiments,
several samples with a varied bending radius (R) of 5 um,
10 um, 15 pm, and 25 um are fabricated. For each sample,
the length along the z-axis is 3 mm and the bending angles
are all 180°. On the same wafer, the straight slot waveguides
with a length of 3 mm are also fabricated as reference. There
are three samples for each bending radius, while there are five
for each straight waveguide, with wgjor = 120 nm and 60 nm.
Thus, the bending loss could be determined by subtracting the
transmission loss of straight slot waveguides from that with
a bending slot waveguide. Figure 5 shows the bending loss
(per 180°) would decrease as the radius increases and is nearly
constant after the radius is larger than 15 gm. The values at
R =15 ymare 4.09 £ 0.40 dB/180° and 4.59 + 0.55 dB/180°
for wgor = 120 nm and 60 nm, respectively. It should be noted
that the variation for wgot = 60 nm and R = 25 um is larger
than those of other cases, which may be originated from the
fabrication errors.

Moreover, we have performed simulations to attain
insights of the bending loss mechanism. The results are
shown in Fig. 6. As the bending radius increases from
R =5 pum to 25 um, the loss would decrease from several
dB to ~1 dB. Specifically, when R = 5 um, the calculated
bending loss is as high as about 3.8 dB and 5.6 dB for
Wslot = 120 nm and wgo¢ = 60 nm, respectively. At a small
bending radius, a high bending loss is mainly because the light
field would tend to distribute into the lateral sidewall as shown
in the left inset in Fig. 6 (wsot = 120 nm and R = 5 um).
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Fig. 6. Simulated bending losses (per 180° for different bending radii with
Wwslot = 120 nm (black squares) and wgjo; = 60 nm (red circles). The left and
right insets are the electric field distributions of TE polarization for wgor =
120 nm at R =5 pm and at R = 25 um, respectively.

Thus, some energy would be transferred to radiation modes,
while the propagation mode would experience more absorption
due to the silicon strip. However, as the bending radius
increases, the asymmetry of the propagation mode would be
reduced as shown in the right inset in Fig. 6 (wgor = 120 nm
and R = 25 um) so that the bending loss could be lower.
Comparing the results shown in Fig. 5 and Fig. 6, we find that
the variation trend of the measured bending loss with bending
radius is quite similar to the simulated result, except the mea-
sured loss exceeds the calculated one. But the measured loss is
higher than the calculated one. The reason is that the calculated
bending loss only includes absorption loss and radiation loss
but without scattering loss. Actually, it is very hard to calculate
the scattering loss despite of the analytical and numerical
methods. Although the calculated value is not consistent with
that measured in experiments, it also provides some useful
guidelines. With the comparison between the calculated and
measured values, we believe that the bending loss could be
improved by reducing the fabrication error and the sidewall
roughness as discussed for the straight waveguides. Besides
improving the fabrication process, another possible way to
reduce the bending loss is to introduce asymmetrical slot
waveguide [24] and the related work is still ongoing.

IV. CONCLUSIONS

In conclusion, silicon slot waveguides are fabricated on SOI
wafers and both the transmission loss and the bending loss are
experimentally investigated at the wavelength of 1064 nm. The
measured transmission loss coefficients for wgot = 120 nm
and 60 nm could be as low as 598 + 045 dB/cm
and 7.97 £ 1.56 dB/cm, respectively. The bending loss at
R =15 pumis 4.09 £ 0.40 dB/180° and 4.59 + 0.55 dB/180°
for wgor = 120 nm and 60 nm, respectively. Furthermore, we
have calculated the absorption loss and estimated the scattering
loss of our fabricated slot waveguides. The result indicates that
the measured transmission loss is mainly due to scattering
by the surface irregularities. The mechanism of bending loss
is also discussed and the possible way to improve it is also
discussed. All in all, we believe that silicon slot waveguides
provide a possible solution to realize all-silicon PICs for on-
chip chemical/biological analysis.
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