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Vertically coupled waveguides have been fabricated on a silicon-on-insulator platform using a
combination of reactive ion etching to pattern the device layer and high-energy proton beam
irradiation followed by electrochemical etching to pattern the substrate. Infra-red light can be
coupled from the lower rib waveguide within the substrate into the upper waveguide within the
device layer. By varying the proton energy along the lower waveguide, we have fabricated a tapered
profile which is thin at the coupling region for higher efficiency and thicker towards the outer ends
for easier coupling of light. A typical coupling efficiency of 26% has been achieved. © 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4801307]

Vertical coupling is a fundamental requirement for three-
dimensional (3D) integrated photonic structures. Due to the
limitation of conventional semiconductor machining techni-
ques for producing multilayer structures, wafer bonding' or
chemical vapor deposition (CVD)* and epitaxial growth
techniques® are usually used. Another route is by using a
modified SIMOX process,” involving patterned oxygen im-
plantation. Using a wafer bonding approach, devices are fabri-
cated on two separate chips, then the two aligned chips are
attached. CVD is mainly used for deposition of organics to
fabricate polymer devices. Epitaxial growth can help to fabri-
cate heterostructure devices using semiconductors such as
SiGe and GaAs. In this work, we demonstrate a process for
fabricating vertical coupling photonic structures using a single
silicon-on-insulator (SOI) wafer to give an all-silicon device.

High energy ions of a few hundred keV can penetrate
many micrometers into semiconductor materials, such as Si
and GaAs. In p-type silicon, a process has been developed to
combine ion irradiation with subsequent electrochemical
anodization to machine in 3D.>® The flow of anodization
current is deflected away from irradiated regions, leaving
them unetched, surrounded by porous silicon. Most ion
induced defects are located close to the end-of-range of the
ions, so for low fluences only the end-of-range region
remains unetched while regions closer to the surface become
anodized. Thus by varying the ion energy, it is possible to
directly fabricate 3D structures on Si and other semiconduc-
tors.” Here, we apply this process to make vertically coupled
waveguides on a SOI wafer in conjunction with reactive ion
etching (RIE).

SOI is widely used in photonics®’ as it provides an
excellent platform for the fabrication of various photonic
structures, with the advantage of high index contrast between
Si and SiO, and full integration of electronic and optical
devices on the same substrate. RIE is widely used in the fab-
rication of two-dimensional photonic structures®'° for sur-
face patterning but cannot achieve patterning in 3D. We use
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RIE to pattern the SOI device layer and then pattern the sub-
strate using our ion irradiation and etching process to fabri-
cate multilayer structures, as shown in Fig. 1.

The SOI device layer is 230 nm thick, the buried oxide
(BOX) layer is 145 nm thick, and the p-type substrate has a
resistivity 14-22 Q cm. First, we use UV lithography and
RIE to fabricate the upper Si waveguides on the device layer,
Fig. 1(c). After removing the first step photoresist, we spin
coat another layer of photoresist and perform an aligned
UV exposure to define the locations of the lower Si wave-
guides in the substrate. We then use proton beam irradiation,
Fig. 1(d), to transfer the pattern of the lower waveguides on
the photoresist into the substrate, forming a region contain-
ing ion induced defects both laterally and in depth. The
defect distribution as a function of depth is determined by
the proton beam energy.’ For our purposes, the most relevant
aspect is that defects are created along the full ion trajectory.
After removing the photoresist, the sample is placed in a
24% HF solution for 1 min to chemically etch away the
BOX layer to expose the substrate. The sample is then elec-
trochemically anodized (current density of 60mA/cm” for
1 min), Fig. 1(e). The porous Si (PSi) layer is then removed
using a dilute KOH solution and a second electrochemical
anodization (current density of 40 mA/cm? for 5 min) pro-
vides the PSi cladding of the bottom surface of the lower
waveguide, Fig. 1(f). As a final step, the sample is annealed
in low ambient pressure (~1 mbar) at 500°C for 10 h, to
anneal out the ion induced defects while providing a small
amount of oxidation-induced surface smoothening.”'"

Fig. 2 shows scanning electron micrographs (SEMs) of
the final structure. Fig. 2(a) shows a plan view at low magni-
fication where the curved, lower waveguide and straight,
upper waveguide are seen. The upper waveguide is designed
to be 3mm long and free-standing. However, such a thin
upper waveguide is not rigid enough to withstand such a
long free-standing length, resulting in bending downwards
towards the lower waveguide, giving a gap close to zero at
the coupling region rather than equal to the BOX thickness.
At either end of the coupling region, the upper waveguide is
clearly bent, which contributes further losses. Such bending
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FIG. 2. SEM images of the structure, showing low magnification views of
(a) the full structure and (b) the coupling region, (c) high magnification cross
section of the thick lower waveguide (~5.4 um x 2.5 um), (d) plan view of
the tapered portion of the lower waveguide.

could be mitigated by making a shorter free-standing length.
The lower waveguide shown in Fig. 2 was irradiated by two
different proton beam energies, 50keV at the coupling
region and 200 keV away from this region. Fig. 2(b) shows
the coupling region, which is about 25 um long in this case.
Figs. 2(c) and 2(d), respectively, show a cross-section profile
at one end of the lower waveguide and a plan view of the
tapered portion between the two different proton beam ener-
gies used to fabricate it. The width of the lower waveguide is
mainly determined by the photolithographic pattern and its
thickness by the proton beam energy and fluence. A uniform
proton beam current of 100 nA, distributed over an area of
1x1 cm?, was used to irradiate the sample after photolithog-
raphy'? with a fluence of 2 x 10" protons/cm®. A 200keV
proton beam energy (range ~1.9 um in silicon, according to
SRIM'?) was used to produce a lower waveguide thickness
of about 2.5 um; such a thick waveguide allows easy cou-
pling of light from a tapered optical fiber or focal lens but at
the expense of a lower coupling efficiency into the upper
waveguide. To improve the efficiency, a proton beam energy
of 50keV was used to irradiate the coupling region, the

sions, (c) RIE to fabricate the top Si
waveguide (WG), (d) proton beam irradi-
ation to create a high defect density
(HDD) region for the lower waveguide in
the substrate, (¢) anodization resulting in
oxide layer partial removal and PSi for-
mation, (f) final anodization step to under-
cut the lower waveguide, followed by
annealing to remove the lattice damage.

reduced energy producing a much thinner lower waveguide
and consequently higher coupling efficiency, as described
below.

Simulations were performed using RSoft'* to better pre-
dict and understand the dependence of the coupling effi-
ciency on the waveguide dimensions within the vertical
structure. Fig. 3(a) shows a simplified schematic of the simu-
lated structure. The incoming light wavelength is set as
1550 nm on changing it between 1530 nm and 1570 nm; the
results are almost constant for a coupling length of 20 um.
As the device layer of the SOI wafer is fixed, the thickness
of the upper waveguide is fixed at Ty=230nm. As dis-
cussed above, the two waveguides are almost in contact, so
the gap between them is set as zero. Their width is designed
as 4.5 um. Experimentally, the proton beam energy which is
used to define the lower waveguide can be varied in order to
change its thickness Ty ; in the simulations, we studied thick-
nesses from 0.1 um to 2 um. Fig. 3(a) shows the coupling
efficiency of four different thicknesses (Tp=0.23 um,
0.5 um, 1 yum, 2 um) along a coupling length of 11 um. With
T =0.23 um, the simulated maximum coupling efficiency is
over 90% within a coupling length of 1.2 yum. However, very
accurate control over the dimensions is required to utilize
such high coupling efficiency. For Ty =0.5 um, the maxi-
mum coupling efficiency decreases to ~35%, but the toler-
ance of the required dimensions increases. For Ty =1 um
and 2 um, the coupling efficiency is below 10% and 2%,
respectively. To summarize, when two waveguides are of a
similar thickness, the maximum coupling efficiency is very
high, and the maximum coupling efficiency rapidly decreases
with increasing Tp. In simulations, a gap of 0.2 um between
the two layers of waveguides was found to produce strongly
polarization-dependent results, whereas when the gap is close
to zero, the polarization dependence is very weak.

According to simulation results, a thinner lower wave-
guide is necessary in order to increase the coupling effi-
ciency. From SRIM, a lower proton energy of 50keV can
produce a lower waveguide thickness of about 200 nm at the
coupling region. However, usually there is a “tail” remaining
after electrochemical anodization, Fig. 2(c), which results in
an almost triangular profile of the lower waveguide. In the
simulations in Fig. 3(b), we incorporated a more realistic
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FIG. 3. Simulation results: (a) upper
shows a schematic of the simulated
structure, the waveguides width W and
the upper waveguide thickness Ty are
fixed. The two waveguides are attached,

the lower waveguide thickness Ty, is var-
ied. (a) lower: plots the coupling effi-
ciency for different Ty, along a coupling
length of 11 um. (b) Upper shows the
actual triangular profile of the lower
waveguide and simplified triangular pro-
file used in the simulation. (b) lower:
plots the coupling efficiency of this pro-
file along a coupling length of 50 um.
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triangular profile of the lower waveguide, having a width of
4.5 ym and a maximum thickness of 1 um. With such a trian-
gular profile, the coupling efficiency reaches around 27% at
a coupling length of 22 um, which is higher than what would
typically be achieved for a uniform thickness of Ty =1 um
in Fig. 3(a). If necessary, this tail portion may be removed
by reducing the width of the lower waveguide from its pres-
ent value to ~1 um, based on our previous experience.’

Optical characterization was carried out in both TE and
TM polarizations with a broad band source from 1530 nm to
1570 nm. A broad band laser was coupled into the waveguide
using a 60x objective lens. A polarizing beam splitter and a
half-wave plate before the objective lens enabled selection
of TE or TM polarization. A InGaAs IR camera was used to
monitor the scattered light from the top of the sample. Use of
a tunable diode laser with a single wavelength at 1530 nm,
1540 nm, 1550 nm, 1560 nm, 1570 nm coupled into the bot-
tom waveguide gave similar coupling efficiency as the broad
band light source.

When the lower waveguide has a sub-micron thickness
at the coupling region, Fig. 4 shows light coupling between
the two layers of waveguides, viewing the scattered light
from the top of the device and scattered light intensity meas-
urements along the waveguides. Along the thin portion of
the lower waveguide (A to B and C to D), there is more scat-
tered light, in keeping with a thinner, curved geometry.
However, measurement of scattered light from this portion is
also influenced by its proximity to the coupling region,
where a high background intensity of scattered light sur-
rounding this region is observed. Because of this, the closest
data points on either side of the coupling region are deemed
to be not valid for the purpose of measuring the coupling
efficiency, so are not joined to the main curve. The measured
coupling efficiency of 26% = 10% is defined as the (Input-
Outputl)/Input, with the values of I (Input) and O; (Outputl)
chosen as the average of the two valid data points in Fig. 4
which are close to the coupling region, within the zones A to
B and C to D. For other similarly fabricated samples, we
measured coupling efficiencies ranging from 16% to 35%

with single wavelengths or broad band light, compared to
only ~3% measured in a sample where the lower waveguide
was much thicker (~2.5um) at the coupling region. We
believe that the measured variations of the coupling efficiency
largely arise from limitations of the normal UV lithography
and UV alignment. The coupling efficiency is similar to that
achieved using a typical grating coupler.'” The loss from the
upper waveguide could be reduced with a shorter free-
standing length and optimization of the UV lithography and
RIE steps.

The propagation loss is measured by measuring the scat-
tered light along a 3 mm length for the lower waveguide and
a I mm length for the upper waveguide. Light was injected
into each one in turn, with the coupling region playing no
part in the measurements. From the measurements, losses of
~3 dB/cm for the thick lower waveguide and ~60 dB/cm for
the upper waveguide were recorded. The loss of ~60dB/cm
through the upper waveguide is significant, presumably
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FIG. 4. IR image and scan of the scattering light intensity along the
waveguides.
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arising from its high roughness. Along the lower waveguide,
there are two different parts: the thin coupling region and the
thick portion away from the coupling region. The measured
loss is that of the thick portion as the thin portion is short,
curved and some portion of it interacts with the upper wave-
guide at the coupling region, making a meaningful loss mea-
surement very difficult. However, from the straight end of
Input to the straight beginning of Outputl, a total loss of
~32% was measured, so apart from a 26% coupling, it sug-
gests a total loss of 6%, including the tapering loss, bending
loss, and propagation loss through the whole thin part.

In conclusion, a process for fabricating vertically
coupled structures using a combination of RIE and proton
beam irradiation followed by an electrochemical etching of
an SOI wafer is demonstrated. Reasonably efficient light
coupling of ~16% to 35% between the two layers of wave-
guides was obtained. Further work is aimed at optimizing the
fabrication process to improve the repeatability of the cou-
pling efficiency using deep UV alignment. Such vertically
coupled waveguides could work as vertical-coupling direc-
tional splitters or as simple, high-efficiency vertical-couplers,
and the same fabrication process can be further applied to
fabricate other vertical coupling structures such as wave-
guide-to-microresonators.
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