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a b s t r a c t

A coupling structure with a shape of isosceles trapezoid is experimentally demonstrated for injecting
lightwave into silicon slot waveguide operating at 1064 nm. A transfer waveguide is adopted to mimic a
silicon emitter and the coupling losses of varied mode sizes of incident lightwave are measured. Ac-
cording to experimental results, the low coupling loss region of “o1 dB” is obtained with varied
structural parameters. Furthermore, the loss mechanism of our proposed coupling structure is also
analyzed.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Silicon photonics have always been attracting much interest
and made a great progress in the last decade since it is possible to
merge both electronics and photonics on a single silicon chip [1,2].
Most of the reported silicon photonic devices operate at the optical
communication wavelength around 1550 nm [3]. Actually, it
should be noticed that the silicon devices operating at shorter
wavelength have entered in the scope of researchers [4,5]. Based
on the achievement of silicon emitters [6,7], it is possible to obtain
all-silicon photonic integrated circuit (PIC) system with mature
complementary metal-oxide-semiconductor (CMOS) fabrication
process [8]. Meanwhile, the operating wavelength of material
processing and biological applications are primarily at 1064 nm
[9,10] and the operation window for optical trapping of biological
cells and small organisms is 750–1200 nm [11]. It would be very
attractive to apply silicon photonic devices and technology on the
aforementioned applications to take the advantages of multi-
functionality, low power consumption, and massive production.
For all-silicon PIC, the operating wavelength should be less than
1.1 μm, which is determined by the silicon emitter. It is well
known that light would be highly absorbed by silicon material
within such wavelength band [12]. Thus, the main challenge to
achieve all-silicon PIC is how to deal with the material absorption
loss. One feasible solution is utilizing slot waveguide as proposed
in our previous work [13]. A slot waveguide consists of two strips
with high refractive index and one slot with low refractive index,
in which the light is confined within slot region and thus the
.
.

absorption of strip material is not so crucial for the transmission
loss of the waveguide. Moreover, slot waveguide could also be
adopted for signal processing [14], optical manipulation [15] and
chemical/biological sensing [16,17] due to the high confinement of
lightwave [18]. In order to serve as the infrastructure of PIC, it is
required to couple lightwave from silicon emitter into a slot wa-
veguide efficiently. Such coupling would be more complicated
than a traditional coupling structure since the mode mismatch as
well as high material absorption should be considered [19,20].

In this paper, we have experimentally investigated the coupling
structure that could efficiently inject lightwave into a slot wave-
guide at operating wavelength of 1064 nm. In general, the mode
size of emitter is several micrometers, which is quite larger than
that of slot waveguide [5]. As a first step, a set of transfer wave-
guides with width of 2–6 μm is adopted to take the place of a
silicon emitter while the width of slot region of slot waveguide is
constant as 100 nm. Considering the mode mismatch and high
material absorption, the coupling structure is designed as isosceles
trapezoid shape. With varied parameters of the coupling structure,
the coupling losses between different transfer waveguides and slot
waveguide are measured. The coupling loss could be as low as
about 0.3–4 dB. According to experimental results, the “o1 dB”
region and the mechanism of coupling loss are discussed and
analyzed while some guidelines of designing coupling structure
are presented. We believe that this work provides an approach for
efficiently coupling lightwave into a silicon slot waveguide at high
material absorption band and takes a step towards the all-silicon
PIC.
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Fig. 2. (a) The SEM image of a fabricated sample with coupling structure and slot
waveguide. (b) The schematic setup of measurement system.
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2. Structure and fabrication

In our previous work [13], the silicon slot waveguide has been
fabricated and measured. Considering the high silicon absorption
at the operating wavelength, a SiO2 transfer waveguide is in-
troduced to take the place of silicon emitter with the wider mode
size. Fig. 1(a) shows the schematic of the fabricated sample. There
is a slot waveguide with one coupling structure at each end con-
nected to a transfer waveguide. The mode coupled from fiber is
converted to the propagation mode of the transfer waveguide with
different sizes according to the width of transfer waveguide w. The
slot waveguide consists of two silicon strips filled with and sur-
rounded by SiO2, and the widths of two strips and slot region are
all 100 nm, which agrees with our previous work [13]. The mode
field and the electric field distribution along x-axis (Fig. 1(a)) of
slot waveguide are shown in Fig. 1(b) and (c), respectively. These
results show that the mode size of slot waveguide is nearly as
same as the width of slot region but quite smaller than the typical
mode size of a silicon emitter (�μm). The lengths of the slot
waveguide, coupling structure, and transfer waveguide are de-
noted as Ls, Lc, and Lt, respectively. As shown in Fig. 1(a), the shape
of coupling structure is isosceles trapezoid and the width of the
broadside is w while the corresponding oblique angle is θ. It
should be mentioned that the core materials of both transfer
waveguide and coupling structure are designed as SiO2 to reduce
the transmission loss. Since the refractive index of SiO2 is lower
than that of Si, the optical confinement would be weakened. Such
Fig. 1. (a) The schematic of the sample. The mode profile (b)
impact on the transfer waveguide does not matter because the
transfer waveguide is used to mimic a silicon emitter and the
transmission loss would be deducted from the result. For coupling
structure, the impact of SiO2/Si interface would be discussed in the
last part of this paper.

The samples are fabricated on a SOI wafer with a 220 nm top
silicon layer and a 3 μm buried oxide layer. Thus, the heights of all
the silicon waveguides are 220 nm. The pattern is defined with
electron beam lithography (EBL). All the waveguides are etched
with inductively coupled plasma reactive ion etch (ICP-RIE), and
then covered by a SiO2 cladding layer through plasma enhanced
chemical vapor deposition (PECVD). Fig. 2(a) is the scanning
electron microscope (SEM) image of one fabricated coupling
structure without SiO2 cladding.
and the electric field distribution (c) of slot waveguide.



Fig. 3. Normalized output spectrum under varied input position.
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Following our previous work [13], the operating wavelength is
also 1064 nm, where the material absorption of bulk silicon is as
high as �5 dB/mm [12]. The prepared samples are characterized
with a common system as shown in Fig. 2(b), including a 1064 nm
laser, a polarization controller (PC), and a power meter (PM). Two
single-mode lensed optical fibers, mounted on a computer-con-
trolled alignment stage, are used to couple light in and out of the
waveguides. The output power of the laser source is set as a
constant value of 1 mW (0 dBm). Here, only the transmission loss
of TE polarization is measured, because the transmission loss of
slot waveguide for TM is much higher than that for TE [13]. In
experiment, the polarization of light coupled out from the lensed
fiber is aligned utilizing a single mode waveguide. By subtracting
the output power of the system from the laser output, the total
transmission loss of the entire system (βe) is obtained. Obviously,
the measured result is the sum of transmission loss of slot wave-
guide (βs¼αsLs), transfer waveguide (βt¼αtLt), the coupling loss of
two identical coupling structures (βc), and other losses (βo) which
includes the insertion loss of PC and the coupling losses between
the lensed fibers and sample. Thus, the measured result could be
expressed as:

L L 1e s s t t c oβ α α β β= ⋅ + ⋅ + + ( )

And the coupling loss can be expressed as:

L L 2c e s s t t oβ β α α β= − ⋅ − ⋅ − ( )

In order to obtain the coupling loss of the coupling structure,
the values of βe, αs, αt and βo should be first determined. For this
purpose, three groups of samples are fabricated and the details are
shown in Table. 1. In Group 1, there are only slot waveguides with
varied lengths so that the attenuation coefficient of slot waveguide
(αs) could be obtained by linear fitting the measured data. In
Group 2, there are only transfer waveguides with varied both
lengths (Lt) and widths (w) in order to calculate the values of αt

and βo. In Group 3, each sample includes all the structures shown
in Fig. 1(a), where the coupling structures with varied widths (w)
and oblique angles (θ) are fabricated. Here, the different widths w
(2 μm, 4 μm, and 6 μm) in Group 2 and 3 are in order to in-
vestigate the coupling between slot waveguide and different-size
modes. And different angles θ under each w are designed in Group
3 to reveal the dependence of coupling loss on θ and achieve low
loss coupler structure. It should be mentioned that all samples of
three groups are fabricated on the same wafer and cleaved at the
same time. Thus, we assume that the coupling loss between the
lensed fiber and transfer waveguide is only dependent on the
waveguide width (w) in despite of samples in Group 2 or Group 3.
Then, after the value of βo is obtained by measuring the samples of
Group 2, such value would be applied for the corresponding
samples of Group 3 with the same transfer waveguide width.
3. Measurement and results

In order to make sure the light transmits through the
Table 1
The structural parameters of fabricated samples.

Group 1 2 3

Ls (mm) 2.0/2.5/3.0 0 1
Lt (mm) 0 2.0 / 2.5 / 3.0 2
Coupling structure No No Yes
w (μm) – 2/4/6 2/4/6
θ (°) – – 5/10/15
Number 5 per Ls 5 per Lt per w 3 per w per θ
corresponding waveguide, the output power under different input
position and output position along the x-axis in Fig. 1(a) is mea-
sured for each measurement. One typical normalized output
spectrum under different input positions is shown in Fig. 3. The
position 0 μm in Fig. 3 shows where maximum output is achieved.
The output under varied output position with constant input po-
sition is similar. These measurements indicate that the light have
been coupled into the waveguide.

First, the attenuation coefficient of silicon slot waveguide (αs) is
measured. As shown in Group 1 of Table 1, three lengths of
Ls¼2.0 mm, 2.5 mm, and 3.0 mm are adopted and there are five
samples for each length. The measured results are shown in Fig. 4,
in which each square represents the average value of the five
samples and the error bar represents the corresponding stan-
dard deviation. By linear fitting, the solid line is obtained as
βe¼2.28� Lsþ35.1. And the slope of fitting line represents
the attenuation coefficient as 2.2870.03 dB/mm. Thus,
αs¼2.28 dB/mm is adopted in the following step. In addition, the
intercept of the fitting line (�35.1 dB) indicates the total trans-
mission loss of system with Ls¼0, including the coupling losses
between slot waveguide and two lensed fibers as well as the in-
sertion loss of PC. After subtracting the insertion loss of PC
(�2 dB), the single-side coupling loss between slot waveguide and
lensed fiber is estimated as high as 16.5 dB.

Secondly, the samples of Group 2 are measured. The widths of
transfer waveguide are w¼2 μm, 4 μm, and 6 μm and the
Fig. 4. Measured total transmission losses βe of slot waveguides.



Fig. 5. Measured total transmission losses βe of transfer waveguides with w¼2 μm
(a), 4 μm (b) and 6 μm (c), respectively. Fig. 6. The coupling losses versus the angle θ under different w.

Fig. 7. Gray scale map of coupling losses under different lengths Lc and angles θ.
(For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)
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measured transmission losses are shown in Fig. 5(a)–(c), respec-
tively. For each length, there are also five identical samples. Similar
to Fig. 4, the transmission loss coefficient αt is also obtained
by linear fitting. According to the results shown in Fig. 5, the
fitting lines are βe¼2.80� Lsþ31.7, βe¼3.08� Lsþ25.5, and
βe¼2.46� Lsþ27.2 for three cases. Thus, αt¼2.80 dB/mm, 3.08 dB/
mm, and 2.46 dB/mm are adopted for the transfer waveguides of
w¼2 μm, 4 μm, and 6 μm, respectively. In theory, αt should de-
crease as w increases. But the experimental results are a little
different. The value for w¼4 μm (3.08 dB/mm) is a little higher
than that for 2 μm (2.80 dB/mm). Such abnormal results may
come from the fabrication and measurement errors, there is a
possible interpretation from the fact that the error bars of ex-
perimental results for w¼4 μm are higher. Similarly, the other
losses (βo) could be achieved from the intercepts of the solid lines
in Fig. 5 and the results are βo¼31.7 dB, 25.5 dB, and 27.2 dB,
respectively.

After βe, αs, αt and βo are determined, the coupling loss of slot
coupling structure can be determined. In order to investigate the
coupling between slot waveguide and silicon emitters with dif-
ferent-size modes, the widths of transfer waveguides are
w¼2 μm, 4 μm, 6 μm. And for each w, different angles (θ¼5°, 10°,
and 15 °) are designed. For each type, the values of αs, αt and βo are
shown in Table 2. In experiment, for each type of the coupling
structure, there are three identical samples and the final result of
βe is the average value of them. The length of slot waveguide Ls is
1 mm, and the two transfer waveguides, including input and
output part, are both 1 mm long, which is long enough to insure
the light has been transferred into the mode, whose size is in
keeping with w. Thus the coupling loss βc of two coupling struc-
tures could be calculated according to Eq. (2). Fig. 6 shows that the
coupling loss versus θ under different w. Ιt is obvious that for
different-size modes (w), there are different optimized θ according
to experimental results. That is, the coupling structure of slot
waveguide should be designed according to the objective mode.
The losses of the coupling structures with w¼2 μm, 4 μm, and
Table 2
αs, αt and βo for each type of coupling structure.

αs (dB/mm)/αt (dB/mm)/βo (dB) w (μm)

2

θ (°) 5 2.28/2.8
10 2.28/2.8
15 2.28/2.8
6 μm could be as low as 0.5 dB, 0.3 dB and 4 dB, respectively. In
order to get deep insight of the coupling mechanism behind the
results shown in Fig. 6, some calculations and further analysis have
been done.

For more clarity, the coupling loss versus Lc
(LcEw/(2tanθ)Ew/(2θ)) and θ is re-plotted as gray scale map in
Fig. 7. It could be found that the coupling loss is low within a
certain region. As shown in the blue region in Fig. 7, βco1 dB.
Thus, the “o 1 dB region” could be considered as about θo12°
and Lco12 μm, which means that both of the oblique angle and
the length of coupling structure should be small. Thus, in order to
4 6

0/31.7 2.28/3.08/25.5 2.28/2.46/27.2
0/31.7 2.28/3.08/25.5 2.28/2.46/27.2
0/31.7 2.28/3.08/25.5 2.28/2.46/27.2



Fig. 8. (a) The transmission mode in the coupling structure. (b) The simplified schematic diagram of the coupling structure. (c) The ratio between refracted light and incident
light versus the angle θ.

X. Li et al. / Optics Communications 359 (2016) 129–134 133
realize low loss coupling loss (o1 dB), the size of mode satisfies
wE2θLco5 μm approximately. The white region represents lack
of experimental results.

In terms of length Lc, it is quite obvious since longer length
would introduce more absorption and scattering loss. However, for
oblique angle θ, it is not so intuitive to understand the results. For
deep insight, some calculations are carried on. First, the trans-
mission mode in the coupling structure is simulated and the result
is shown in Fig. 8(a). Here, though only two-dimensional calcu-
lation is carried out, some qualitative characteristics of the pro-
pagation mode could also be obtained. Fig. 8(a) shows that a small
fraction of light would enter silicon region from SiO2 while pro-
pagating within the coupling structure. Thus, in our coupling
structure, since the light transmits from SiO2 (low refractive index)
into silicon (high refractive index), the additional loss introduced
by refraction (βr) should be considered. The coupling structure is
simplified as shown in Fig. 8(b). The light ray 1 represents the
incident light in SiO2 and 2 is the refracted light in silicon. The
angle of incidence i¼90�θ, and the refraction angle could be
expressed:

⎛
⎝⎜

⎞
⎠⎟r
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3
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Si
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( )

where nSiO2 and nSi are the refractive index of SiO2 and silicon.
According to Fresnel formulas [21], the relationship between re-
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⎧
⎨
⎪⎪

⎩
⎪⎪

E
E

r i
i r

s

r i
i r i r

p

2 sin cos
sin

, for polarization

2 sin cos
sin cos

, for polarization
4

2

1
=

( ) ( )
( + )

−

( ) ( )
( + ) ( − )

−
( )

where E1 and E2 represent the electric fields of incident light and
refracted light, and s and p are the two polarizations of light, re-
spectively. The ratios between refracted and incident light, in-
cluding |E2/E1|2 for s (black, square) and p (black, circle) polariza-
tions, versus the angle θ are shown in Fig. 8(c). The two red lines in
Fig. 8(c) represent the losses introduced by refraction
(βr¼10*log(1–|E2/E1|2)) for s (square) and p (circle), respectively.
Because the incident light is quasi-TE polarization, the case in
experiment is close to p in Fig. 8. More precisely, the loss βr in
experiment is between that of s and p. The results show that as θ
increases, the refractive light power would increase. According to
the experimental results, if θ¼12 °, |E2/E1|2¼0.03 for s and 0.09 for
p, and the loss due to refraction (βr) is 0.13–0.40 dB. From the
calculations, it is clear that the loss due to refraction would in-
crease with the oblique angle. And the loss of coupling structure
would be higher. So, the angle θ is also limited in order to achieve
low coupling loss.

According to the experimental results and the analysis, the low
coupling loss could be achieved when the coupling structure is in a
certain region (Fig. 7). And if the objective mode size is “narrow”

(o5 μm), the low loss (o1 dB) coupling could be achieved
through the proper design. The coupling would be harder as the
size of the mode increases (w increases), which is actually obvious.
4. Conclusions

In this paper, we have demonstrated a low loss coupling
structure of silicon slot waveguide operating at the wavelength of
1064 nm. As a preliminary work, a set of transfer waveguides with
widths of 2 μm�6 μm are adopted to take the place of silicon
emitters. The coupling losses between slot waveguide and transfer
waveguides are measured and the loss mechanism of coupling is
also analyzed. It is found that there is a “o1 dB” region within
combinations of the coupling structural parameters (the length Lc
and oblique angle θ). In our special case, the mode width (w) of
input light should satisfy wE2θLco5 μm so that the coupling loss
could be less than 1 dB. In other words, for silicon emitters with
different mode sizes, the coupling structure should be carefully
designed so that lightwave could be coupled into the slot wave-
guide as much as possible.
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