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We report low-loss silicon waveguides and efficient grating coupler to couple light into
them. By using anisotropic wet etching technique, we reduced the side wall roughness
down to 1.2 nm. The waveguides were patterned along the [112] direction on a [110]
silicon-on-insulator substrate. The waveguide boundaries are decided by the [111]
planes, which are normal to the [110] surface. Fabricated waveguides show minimum
propagation loss of 0.85 dB/cm for TE polarization and 1.08 dB/cm for TM polarization.
The fabricated grating couplers show coupling efficiency of —4.16 dB at 1570 nm with
3 dB bandwidth of 46 nm.
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INTRODUCTION

Silicon photonics technology is seen as a potential solution to replace metal interconnects for board-
to-board and intra-chip optical interconnects (Miller, 2009). The most commonly used material
platform for silicon photonics, for realizing both passive and active optical devices, is silicon-
on-insulator (SOI). Besides the fact that silicon is transparent, the large refractive index contrast
between crystalline silicon (~3.5) and the buried oxide (~1.45) at telecommunication wavelengths
enables strong light confinement in the top silicon layer. By etching the silicon layer to form arib ora
wire waveguide, excellent lateral confinement can also be achieved such that optical waveguides with
small bend radii, and thus, compact photonic circuits are feasible in sub-micrometer scale. However,
such strong confinement comes with a price, as any irregularity in the refractive index would result
in a strong scattering loss, since scattering loss scales proportionally to (An)?® (Suzuki et al., 1994).
Usually, side wall roughness is a major contributing factor toward the optical loss in silicon photon-
ics components, especially for submicron size silicon waveguides. Thus, intensive research is being
carried out to develop an optimum fabrication process for realizing low-loss silicon waveguides, as
it is critical for the success of silicon photonics technology.

During the fabrication, side wall roughness arises mainly during the etching process. Therefore,
choosing the right etching technique is very important in order to reduce the waveguide loss. Dry
etching, the most commonly used etching technique to produce rectangular waveguides, often pro-
duces waveguides with higher propagation loss. For subwavelength waveguides, with dimension of
250 nm X 450 nm, the propagation losses reported previously are typically >2 dB/cm at the telecomm
wavelengths (Dumon et al., 2004; Bogaerts et al., 2005; Tsuchizawa et al., 2005, 2006; Gnan et al.,
2008; Qiu et al., 2014). This is due to large side wall roughness left behind by the dry etching process.
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Rib waveguides can reduce the propagation loss to 0.2 dB/cm by
reducing the overlap of optical mode with the waveguide side
walls (Schmidtchen et al., 1991; Fischer et al., 1996). However,
they are restricted to large cross-sectional dimensions in couple
of microns. To avoid the damages caused by dry etching process,
several research groups have also proposed etchless process of
creating waveguides using a technique based on the local oxi-
dation on silicon (LOCOS) process (Rowe et al., 2007; Gardes
et al., 2008; Cardenas et al., 2009; Pafchek et al., 2009). Since no
direct etching of the silicon is involved in this process, there is a
minimum roughness at silicon-SiO; interface. Using this fabrica-
tion process, the lowest optical loss for a submicron waveguide
reported was 0.3 dB/cm (Cardenas et al., 2009). However, due
to its very thin core region, the waveguides are highly polariza-
tion sensitive and only supports single Quasi-TE modes. This
makes the waveguides less suitable for polarization-independent
operations. In this work, to realize low propagation loss while
maintaining polarization insensitivity, we report a fabrication
process based on anisotropic wet etching technique. Using this
process, we demonstrated waveguides with propagation loss of
0.85 dB for TE polarization and 1.08 dB for TM polarization at
telecomm wavelength. Finally, in the second section of this paper,
we present a grating coupler design to couple light in and out
of such subwavelength waveguides efficiently. To improve the
efficiency of the grating coupler, we used a linearly apodized 2D
subwavelength grating. The calculated coupling efficiency was
—2.9 dB, and experimentally, we measured a coupling efficiency
of —4.16 dB with 3 dB bandwidth of 46 nm.

FABRICATION BY ANISOTROPIC WET
ETCHING

For anisotropic wet etching of crystalline silicon, aqueous solu-
tion of tetramethylammonium hydroxide (TMAH) is widely
used. Due to its strong alkalinity, TMAH reacts very differently
with crystalline silicon depending on which crystal plane is
exposed. For example, while the [100] and [110] planes get
etched, the [111] plane remains almost unaffected by the solu-
tion. This effect can allow very high anisotropic etching, where
the [111] plane acts as an etch stop. This wet etching technique
can produce waveguides with very low scattering loss because it
is a completely chemical process, and the waveguide side walls
will be decided by the silicon crystal planes, which ideally have
irregularity at the atomic scale. This method was first proposed
in Lee et al. (2001) to reduce side wall roughness of silicon
waveguides fabricated using dry etching process. The waveguides
were designed to lie along [110] direction on a [100]-oriented
silicon wafer. As a result, the waveguide had a trapezoidal shape,
due to the fact that [111] planes are inclined at an angle of 54.7°
with respect to the [100] surface along [110] direction. This is
demonstrated schematically in Figure 1A. Waveguides with
trapezoidal shape are not ideal for realizing polarization insensi-
tive waveguides, and moreover, for nanophotonic components,
generally vertical side walls are preferred. In this work, we use
a [110]-oriented SOI wafer. [110]-oriented wafers are com-
mercially available and have already been adopted for fin field

effect transistors (inFET) in CMOS technology (Liu et al., 2008).
The advantage of choosing [110] oriented wafer lies in the fact
that there are [111]-planes normal to the [110] surface along
[112] directions, which can be used as vertical side walls for the
waveguide, as shown in Figure 1B. Using this arrangement and
etching process, we demonstrated waveguides with propagation
loss of 0.85 dB for TE polarization and 1.08 dB for TM polariza-
tion at telecomm wavelength. Finally, in the second section of
this paper, we present a grating coupler design to couple light in
and out of such subwavelength waveguides efficiently. To improve
the efficiency of the grating coupler, we used a linearly apodized
2D subwavelength grating. The calculated coupling efficiency was
—2.9 dB, and experimentally, we measured a coupling efficiency
of —4.16 dB with 3 dB bandwidth of 46 nm.

Figure 2 outlines the fabrication steps used in this work for
realizing waveguides and grating couplers using anisotropic
wet etching process. We used a [110]-oriented SOI substrate
with 340-nm thick top silicon layer on 2-pm thick buried oxide
(BOx). First, we covered the silicon top surface with 10-nm
thick thermally grown SiO, and deposited another 10-nm thick
layer of SisN, using plasma-enhanced chemical vapor deposition
(PECVD) system. This combination acts as a hard mask during
the wet etching process. The substrate was then spin-coated with
30 nm thick hydrogen silsesquioxane (HSQ), a negative electron-
beam (e-beam) resist. Using e-beam lithography, desired patterns
were then written onto the HSQ layer. After developing the HSQ
layer, the patterns were transferred to the hard mask Si:N./SiO,
using a combination of dry [using reactive ion etching (RIE)] and
wet etching (using HF) process. This approach was adopted to
avoid any damage to the silicon surface, since the TMAH etching
process does not commence if the silicon surface is damaged due
to the dry etching process or in the presence of any native oxide.
After etching of the hard mask, the sample was immersed in a
25% aqueous solution of TMAH at room temperature. To remove
the hard mask after TMAH etching, we used a combination of
dry and wet etching (using HF) processes. Finally, the waveguides
were spin-coated with a 1-pm thick spin-on-glass (Fox-16, Dow
Corning), which acts as an upper cladding for the waveguides.
After curing at 400°C, Fox-16 has similar refractive index as the
Box layer (Song et al., 2011).

For comparison, we have also fabricated waveguides using
standard dry etching process. We used the same substrate as used
for wet etching process. The substrate was spin-coated with ZEP-
520A resist, and waveguide patterns were written on to the resist
using e-beam lithography. The patterns were then transferred to
the silicon layer using inductively coupled plasma (ICP) etching
process. The substrate was then treated in an O, Plasma Asher to
remove the resist before covering with 1-pm thick layer of Fox-16.

Figure 3A shows the remaining Si thickness as a function of
etching time with an SEM cross-sectional view of the waveguides
at different point of time. On an unpatterned SOI substrate, the
etching rate was found to be 37 nm/min for the [110] direction,
so that 340 nm thick top silicon layer was expected to be etched
away in <10 min. However, for a patterned substrate, e.g., while
fabricating waveguide structures, we found silicon residues at the
bottom of the waveguide even after a long etching time [see inset
(i) in Figure 3A]. This result indicates that the plane of the residual
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FIGURE 1 | Wet anisotropically etched regions in (A) a [100]-oriented silicon substrate. The side walls are formed by stable [111] planes at an angle of 54.7°
with respect to the wafer surface. (B) A [110]-oriented silicon substrate. The side walls are formed by stable [111] panes perpendicular to the wafer surface.
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A

FIGURE 2 | Anisotropic wet etching process: (A) A [110]-SOI substrate
is covered with thin layers of SiO., SizsN4, and HSQ. (B) Desired patterns
are written in HSQ layer using e-beam lithography and then transferred to the
hard mask (SiO. and SisNa) using dry and wet etching processes. (C) The
patterns were transferred to the SOI using TMAH solution. (D) Finally, the
hard mask was removed using a combination of dry and wet etching
processes.

silicon, near the bottom of the waveguide, is semi-stable, and the
etching rate is much slower than the Si [110] plane. Consequently,
the substrates were overetched for 140 min to completely get rid
of the residues [see inset (ii) in Figure 3A]. Interestingly, we did
not observe any significant etching along the [111]-plane; in other
words, the width of the waveguides remained almost unaltered
during such prolonged etching process.

We also measured the roughness of the waveguide side walls
using atomic force microscopy (AFM) and found that the surface
of the silicon core is very smooth, as shown in Figure 3B. A more

detailed AFM analysis (Figure 3C) reveals that the RMS rough-
ness value was only 1.2 nm confirming minimal sidewall rough-
ness, arising during the lithography and dry etching process of
the hard mask, was transferred to the silicon layer. On the other
hand, the RMS value of the side wall roughness was 7 nm, as
shown in Figure 3D, for the waveguides fabricated by dry etching
process.

LOW-LOSS WAVEGUIDES

To evaluate the propagating loss, we prepared straight waveguides
with four different lengths ranging from 0.2 to 1.6 cm. The wave-
guide width was 380 nm, which supports only the fundamental
transverse electric (TE) and transverse magnetic (TM) modes.
A cut-back method was used to estimate the propagation loss of
the waveguides. The waveguides were tested using a tunable laser
source with a tuning range from 1520 to 1630 nm. In order to
select different polarizations, we have used a fiber polarization
controller. Light was launched and collected from the wave-
guides using a fiber coupler setup. The collected light was then
sent to a photodetector, which automatically plots the output vs.
wavelength.

We have measured the transmission of the waveguides with
different lengths for both TE and TM polarizations and also
different etching conditions. For each propagation length, we
measured a set of five waveguides and considered the average
value to estimate the propagation loss. This was done to avoid any
unwanted variation in the coupling condition for different wave-
guides. According to the cut-back method, the propagation loss
can be estimated from the slope of the fitted line. Figures 4A,B
show the normalized transmission for TE and TM polarization,
respectively, at 1550-nm wavelength. In both Figures 4A,B,
the red squares represent the normalized transmission for wet
etched waveguides and the black circles represent the normal-
ized transmission for dry etched waveguides. The red and black
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FIGURE 3 | (A) Remaining silicon thickness as a function of time. Different
patterned SOI samples were used to estimate the remaining Si height for
different etching time. As one can notice initially the etch rate is quite fast, but
at the end due to the presence of a semi-stable crystal plane, a long etch
time was needed to completely remove the silicon around the waveguide.
Inset () shows the waveguide cross-section with the presence of semi-stable
plane after 10 min etching time. Inset (i) shows the waveguide cross-section
after 140 min of etching time. (B) AFM image of a silicon waveguide
fabricated using wet etching process. (C) Close up view of the surface
reveals a RMS roughness of 1.2 nm. (D) AFM image of a silicon waveguide
fabricated using dry etching process with RMS roughness of 7 nm.

lines represent the linear fits for the wet etched waveguide and
dry etched waveguide data. To emphasize the effect of different
etching techniques and polarizations on the propagation loss,
waveguide transmissions were normalized by setting the back-
ground loss (which includes coupling loss and setup loss) to 0 dB.
From Figure 4A, for TE polarization, the estimated propagation
loss for the wet etched waveguide was only 0.85 dB/cm, which is
significantly smaller than the propagation loss of 4.69 dB/cm for
the dry etched waveguides. On the other hand, for TM polari-
zation, the propagation losses are quite similar for wet-etched
waveguides and dry-etched waveguides with 1.08 and 1.67 dB/
cm, respectively, as shown in Figure 4B. It is important to men-
tion here that the propagation loss for our dry etched waveguides
is relatively higher than the previously reported results (Dumon
et al., 2004; Bogaerts et al., 2005; Tsuchizawa et al., 2005, 2006;
Gnan et al., 2008; Qiu et al., 2014).

For dry etched waveguides, TE modes tend to have more
propagation loss than TM modes. This is due to the fact that
while TM mode concentrates most of its energy along the top
and bottom surface, TE mode, on the other hand, concentrates
along the side walls. The two modes are shown in the insets of
Figures 4A,B. Since dry etching tends to leave a rougher side
wall, as it is apparent from Figure 3D, TE mode suffers more
propagation loss than TM mode. However, in case of wet etch-
ing process, side wall roughness is considerably reduced and

becomes comparable to the roughness of the top and bottom
surface. Hence, the loss for TE and TM is almost the same in
case of wet etched waveguides. This could be the first step for
polarization-independent Si optical circuits.

GRATING COUPLER

Surface grating couplers are the most popular way to couple
light between a high-index contrast silicon waveguide and a
single mode optical fiber. The optical mode from the compact
silicon waveguide is first expanded laterally along an adiabati-
cally tapered waveguide and then redirected out-of-plane by the
grating coupler toward the optical fiber, which is normally
placed at a near-normal orientation over the grating coupler. The
coupling efficiency of a grating coupler is decided by how well it
directs light toward the optical fiber and how well the radiated
field matches the Gaussian field profile of the fiber mode. Several
grating coupler designs with high coupling efficiency have been
previously proposed both using 1D line gratings (Taillaert et al.,
2004; Cheben et al., 2006; Roelkens et al., 2008; Tang et al., 2010)
and 2D subwavelength structures (Chen and Tsang, 2009; Halir
etal., 2010).

While designing grating coupler for wet etching process, we
have to consider the restrictions imposed by the wet etching pro-
cess, since the crystal planes dictates the shape of the structures
to be fabricated. For a [110]-oriented SOI wafer, only [112] and
[11-2] directions give stable vertical side walls. Therefore, these
two crystal directions were used to design the grating coupler
and the associated waveguide. Since the angle between these
two planes is 109.47°, a 1D grating is difficult to design. This is
due to the fact that in a 1D grating coupler, the grooves need to
be perpendicular to the direction of the waveguide for efficient
coupling. Consequently, we opted for a 2D subwavelength grating
design, as shown in Figure 5A. The optimized design parameters
were determined with 3D finite-difference time domain (FDTD)
method using Lumerical, a commercially available software. We
have also linearly apodized the grating structure along the direc-
tion of light propagation to improve the coupling efficiency. Along
x-direction, the periodicity was kept constant at a. = 350 nm with
30 rows of grooves. Along y-direction, the first 11 periods had
periodicity of a, = 600 nm, and then the periodicity was linearly
varied from 600 nm down to 550 nm over the next 11 periods
to achieve apodization. The shape of the grooves, shown in
Figure 5B, is a parallelogram with its longer arms along [11-2]
direction, same as the waveguide, and the shorter arms along [112]
direction. Along with the [111] planes perpendicular to [112] and
[11-2] directions, there are other two [111] planes, at an angle of
35.3° with the [110] surface, which also decide the extent of the
groove depth. The grooves in the uniform (unapodized) section
are [ = 430 nm long and w = 200 nm wide. In the apodized sec-
tion, while the width was kept constant at w = 200 nm, the length
was linearly varied from [ = 430 to 270 nm. Finally, the length of
the adiabatic waveguide taper required to create lossless transi-
tion between a 380-nm wide silicon waveguide and the 10-pm
wide grating coupler was chosen to be 500 pm. Interestingly, in
the fabricated device, we did not see any noticeable effect of the
anisotropy of the wet etching process, this is probably because
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FIGURE 4 | (A) TE polarization: normalized transmission of the fabricated waveguides using wet etching (red squares) and dry etching (black circles) techniques.
The transmission of the wet etched and dry etched waveguides were normalized relative to —15.68 and —16.41 dB, respectively, which corresponds to the setup
and grating coupler losses. (B) TM polarization: normalized transmission of the fabricated waveguides using wet etching (red squares) and dry etching (black circles)
techniques. The transmission of the wet etched and dry etched waveguides were normalized relative to —20.78 and —20.67 dB, respectively. The insets show the
mode profiles of the TE and TM modes. We measured the minimum propagation loss of 0.85 dB/cm for TE polarization and 1.08 dB/cm for TM polarization for wet

the deviation of the taper side wall from the [112] direction was
below 1°.

The grating couplers were fabricated simultaneously with
the low-loss waveguides and using the same fabrication pro-
cess as discussed in previous sections. Although the grooves
were designed to have four sides only along [112] and [11-2]
directions, due to proximity effect in the e-beam system, the
corners of the openings on the hard mask was rounded, as
shown in Figure 5C. For a [110]-oriented silicon substrate,
along with [112] directions, [110] direction also produces stable
planes, but at an angle of 35.3° with the surface. As a result,
the fabricated grating had grooves with hexagonal shape, as
shown in Figure 5D. Figure 5E shows the overall view of the
fabricated grating coupler. The black curve in Figure 5F shows
the simulated wavelength spectrum of the grating coupler for
TE polarization, which predicts a maximum coupling efficiency
of —2.9 dB around 1570 nm wavelength when the input fiber is
tilted at an angle of 10° with respect to the surface normal. The
measurement was performed by coupling light in and out of two
grating couplers, connected by a silicon waveguide, with two
single mode fibers both tilted at a specific angle relative to the
surface normal of the grating couplers. The coupling efficiency
of the individual grating coupler was then extracted from the
overall insertion loss of the device after subtracting the loss due
to the interconnecting waveguide. Four different spectra of the
same grating coupler design are plotted. It can be seen that all the
spectra closely coincide (with ~0.5 dB variation) demonstrating
good repeatability in the fabrication process. The maximum
efficiency was estimated to be —4.16 dB, deviating by 1.26 dB
from the simulated efficiency, and the spectrum is centered on
1570 nm closely matching the simulated structure. However,
the slight discrepancy between the simulation and the meas-
ured efficiency could have caused mainly due to accumulated
fabrication errors, as controlling the exact position of the [110]

sides of the grooves is difficult. The measured 3-dB bandwidth
was about 46 nm in comparison to 48 nm as estimated from
the simulation.

CONCLUSION AND FUTURE WORK

In conclusion, we have proposed a novel and simple fabrication
technique for realizing low-loss silicon waveguides and grating
coupler using anisotropic wet etching technique. To realize
vertical side walls of a waveguide, we used the [111] planes of a
[110]-oriented SOI substrate. The AFM imaging shows a signifi-
cant improvement in the side wall roughness of 1.2 nm for wet
etched waveguides in comparison to 7 nm for dry etched wave-
guides. For TE polarization, we have achieved a propagation loss
of only 0.85 dB/cm for wet etched waveguides. This is significantly
smaller than the propagation loss of 4.69 dB/cm measured for dry
etched waveguides. Besides, the propagation loss for TM polari-
zation was 1.08 dB/cm, which suggests that this proposed wet
etching process can be used to fabricate polarization-insensitive
waveguide structures. We have also demonstrated an efficient
grating coupler fabricated using the same wet etching technique.
The grating coupler consists of grooves with hexagonal shape. The
groove shape and depth are decided by the stable crystal planes
along [111]. The measured coupling efficiency of the optimized
grating coupler was found to be —4.3 dB at 1565 nm with 3 dB
bandwidth of 38 nm.
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