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ABSTRACT

The relationship between the propagation loss and roughness on multi-layered Si waveguides fabricated up to a 3" layer
was investigated. By reducing the surface and sidewall roughness of the waveguides, a low propagation loss of 3.7
dB/cm for the 3 layer a-Si:H waveguides was demonstrated. Furthermore, vertical coupling between multilayer
waveguides was demonstrated by use of a grating-type vertical coupler. A coupling efficiency of 22% was obtained for
10 pairs of gratings with a period of 640 nm, even with a layer distance of 1jum.
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1. INTRODUCTION

Conventional electrical connections are facing difficulties with regards to signal transmission, even at on-chip data links,
due to continued miniaturization of devices. This continued miniaturization, otherwise referred to as the “scaling law”,
results in an increase of the transmission delay of electrical interconnects within an LSI chip, thus limiting the
transmission speed (to ensure signal quality). Silicon photonics is one of the key technologies currently being developed
to overcome the speed limitation of electrical interconnects in LSIs™?. Up to now, comparisons between optical and
electrical interconnects have been drawn and the device requirements for optical interconnects have been predicted™”.
Many types of actual optical components in the silicon-on-insulator (SOI) platform have already been demonstrated”® as
well as the integration of photonic and electronic circuits®*’. Integration density has gradually increased and a
transmission density of 6.6 Thps/cm? was demonstrated with optical interconnects integrating arrayed laser diodes,
silicon optical modulators, and germanium photodetectors on a single SOI substrate™".

The above mentioned Si photonic devices were mainly fabricated with crystalline silicon (c-Si). In such a process,
the photonic devices are made before, or at the same time as the complementary metal oxide semiconductor (CMOS)
fabrication: the so-called “front-end process”. For such a front-end process, however, we have to change the design rules
of the CMOS logic layer in order to introduce optical circuits. For this reason, it may be preferable to fabricate photonic
circuits after the CMOS logic layer fabrication method: the so-called “back-end process”. Hydrogenated amorphous
silicon (a-Si:H) and SiN are core materials of Si photonics with CMOS back-end process compatibility and low-
temperature fabrication ***°. In particular, a-Si:H has the advantage of a high refractive index that is essential for
nanophotonic devices.

Until the early 2000s, many research groups studied the deposition conditions of a-Si:H films***>. Amorphous
silicon tends to have high optical absorption due to dangling bonds present in the film that can be terminated with H
atoms resolved from a silane (SiH,) precursor gas during the deposition process. Such a treatment results in low defect
densities and in addition, a slight dilution of SiH, with Ar can lead to an increase of terminated dangling bonds, lowering
the compressive stress of the a-Si:H film thus making it more mechanically stable'®,

Multi-stacked optical layers can provide higher integration density as well as increased total bandwidth without
damage to the CMOS logic layer. Moreover, there is an additional benefit that multilayer stacking can reduce the optical
crosstalk at waveguide crossings, which leads to reduction of total loss*’. If we utilize the low loss a-Si:H film in optical
circuits, multi-layered optical circuits consisting of a-Si:H and SiO, layers can be realized. Unique structures such as
vertically slotted waveguides, or multi-layered waveguides combined with several kinds of cladding materials (optimized
for each layer), can also be realized.
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Here we present two important elements for the realization of three-dimensional (3D) optical circuits as well as
multi-stacked layers. First, the mechanism of optical-loss at multilayer waveguides will be revealed®. In Section 2 the
relationship between the propagation loss and roughness of the multilayer waveguides will be discussed both
theoretically and experimentally. Secondly, the vertical coupling system between multilayer waveguides will be
discussed. In order to couple light without concern for optical isolation between vertically-stacked waveguides, we
introduced gratings with a layer-to-layer distance of 1 pm to assist vertical coupling. In Section 3 the simulation and
measurement of the layer-to-layer grating coupler will be discussed.

2. MULTI-STACKED WAVEGUIDES AND THEIR CHARACTERISTICS

2.1 Deposition conditions of the a-Si:H film

The a-Si:H layers were deposited by plasma-enhanced chemical-vapor-deposition (PECVD) on a SOI substrate. The SOI
substrate consisted of a 3 pm thick buried oxide (BOX) layer and a 220 nm thick c-Si layer. To check the deposition
conditions were satisfactory we measured the extinction coefficient and refractive index of a deposited a-Si:H film by the
ordinary ellipsometry method. The deposition conditions were as follows: SiH, flow rate = 100 sccm; Ar flow rate = 100
sccm; power = 100 W; pressure = 130 Pa; and temperature = 300 °C. This corresponded to a deposition rate of 2.2

nm/sec.
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Figure 1. Wavelength dependence of the refractive index and extinction coefficient for the a-Si:H film.

Figure 1 shows the wavelength dependence of the refractive index and extinction coefficient. The refractive index
was 3.48 at a wavelength of 1.55 um and the measured extinction coefficient was below the measurement limit
(<1.5x107) of the system (corresponding to an optical absorption of 0<0.01 cm™). This ellipsometry measurement
indicates that the material loss of our deposited a-Si:H film was negligible for waveguides.

2.2 Surface roughness of the multi-stacked a-Si:H film

Although, as mentioned above, the material loss can be negligible, there is another important loss mechanism present in
the multi-layered a-Si:H film: scattering loss due to surface roughness. Degradation of the surface roughness could
become a serious concern in the case of multi-stacking of a-Si:H waveguides. As illustrated in Fig. 2, a 1 um thick SiO,
layer was deposited between each a-Si:H layer to act as cladding. opoom refers to the surface roughness before a-Si:H
deposition (in other words, the roughness of the top of the SiO, film) and oy, refers to the roughness values after the
deposition of the a-Si:H film. The surface roughness determined before and after the deposition of a 220 nm a-Si:H layer
was measured by atomic force microscopy (AFM) and is listed in Table 1 as root-mean-square (RMS) values. As you
can see from Table 1, the top surface roughness of the a-Si:H film was inferior to that of the c-Si film. A surface
roughness of over 5 times the oy, Value for the 1% layer of c-Si was obtained at the 2™ and 3" layers of a-Si:H (1.06 nm
and 1.03 nm, respectively).
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Figure 2. The surface roughness measurement (oo, and cpottom).-

Table 1. The measured (RMS) surface roughness of each layer.

—3 Top layer roughness value (o)

—> Bottom layer roughness value (og,0m)

The surface roughness value of SiO, under cladding layer
is used as a Bottom roughness value of a-Si:H layer

Measured point 1% layer 2" layer 3" layer
Deposition c-Si 130 Pa 30 Pa 130 Pa 30 Pa
pressure
Oiop (NM) 0.17 1.06 0.30 1.03 0.52
oo (M) (0.18)* 0.24 0.24 0.37 0.36

* Guotiom OF the 1% layer of c-Si was measured after etching the ¢-Si film.

In order to improve the surface roughness, we lowered the deposition pressure of the a-Si:H film from 130 Pa to
30 Pa, thus enhancing the migration of atoms. Table 1 also lists the RMS surface roughness for the a-Si:H films under
deposition pressures of 30 Pa. As the deposition pressure decreased, the surface roughness reduced from 1.06 nm (at 130
Pa) to 0.30 nm (at 30 Pa). This can be attributed to an increase in the migration length of the atoms at lower deposition
pressures, which led to a lower deposition rate of 0.3 nm/sec at 30 Pa. The surface roughness oy, as well as the
corresponding AFM image is shown in Fig. 3 as a function of the deposition pressure.
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Figure 3. AFM measurements of the surface roughness of the a-Si:H film as a function of deposition pressure: (a) 30 Pa, (b)
50 Pa, (c) 90 Pa, and (d) 130 Pa.

2.3 Sidewall roughness of the a-Si:H waveguides

Previous experiments have focused on the surface roughness of multilayer a-Si:H films. However, the sidewall
roughness is also a potential issue with respect to the loss property of waveguides. Waveguides presented here were
patterned by electron beam (EB) lithography with a double-layered ZEP resist'. In this study, 2 types of dry etching -
conventional reactive-ion-etching (RIE) and inductively-coupled-plasma (ICP) RIE - were used. The advantage of ICP-
RIE is that a low processing pressure can be applied that assists the directionality of the ion flux in the chamber leading
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to better vertical shapes during the etching process®. The width of the Si waveguides was 450 nm for the RIE etched
waveguides and 500 nm for the ICP-RIE etched waveguides, both of which are shown in the scanning electron
microscope (SEM) images of Fig. 4.

300 nm 300 nm

36: 2.4 nm

Figure 4. Top-side SEM images of the a-Si:H waveguides formed by RIE (left) and ICP-RIE (right).

From the SEM images of Fig. 4, the sidewall roughness values (3¢°) of the waveguides after RIE and ICP-RIE were
measured as 3.3 nm and 2.4 nm, respectively. Furthermore, the sidewall angles of each waveguide were determined to be
81° and 85°, respectively.

2.4 Propagation loss of the multilayer waveguides

A selection of multilayer a-Si:H waveguides fabricated under deposition pressures of 30 Pa and 130 Pa, and RIE and
ICP-RIE etching were studied. As the light source for the propagation loss measurements, transverse-electric (TE)
polarized light from a tunable laser emitting in the C-band (1.55 um) was coupled to both edges of the waveguides
through tip-lensed single-mode fibers. The propagation losses were then calculated using the cutback method.

Figure 5 shows the result of measured losses against the propagation length of the RIE-etched waveguides. For
a deposition pressure of 130 Pa, the propagation losses of the 1% c-Si layer (circles), the 2™ and 3 a-Si:H layers
(diamonds and triangles, respectively), were 6.0 dB/cm, 10.2 dB/cm, and 12.0 dB/cm, respectively. In contrast, the
propagation loss of the 2™ layer of a-Si:H with a deposition pressure of 30 Pa (squares) was 7.0 dB/cm; a reduction from
10.2 dB/cm to 7.0 dB/cm by simply reducing the deposition pressure. This improvement in the scattering loss from the
surface can be attributed to an improved surface roughness.

40
—
m - j,‘_‘:’-:‘
= 30 | PR
& ,f-‘**r’."y : ,_;——f!f-f"_’
2 =T A g 0
= 20
2 —®— st layer c-Si 6.0 dB/cm
% <4 2nd layer a-Si:H (130 Pa): 10.2 dB/cm
g 10 | --a-- 3rd layer a-Si:H (130 Pa): 12.0 dB/cm
g —=— 2nd layer a-Si:H (30 Pa): 7.0 dB/em
s 0 ——

0 2 4 6 8 10

Waveguide length [mm)]

Figure 5. Measured losses against the propagation length of the RIE-etched waveguides.
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Figure 6. Measured losses against the propagation length of ICP-RIE-etched waveguides.

For the waveguides formed by ICP-RIE etching, a deposition pressure of 30 Pa was used for the a-Si:H film. Fig. 6
shows the corresponding propagation loss of the waveguides formed by ICP-RIE where a loss of 1.6 dB/cm, 3.8 dB/cm,
and 3.7 dB/cm was measured for the 1% layer of c-Si (circles), 2" layer of a-Si:H (squares), and the 3" layer of a-Si:H
(triangles), respectively. Although the width of the ICP-RIE etched waveguides was wider than that of the RIE etched
waveguides, the contribution towards loss was as low as 0.1 dB/cm; an additional 3—4 dB/cm improvement was obtained
mainly due to a reduced sidewall roughness (from 3¢” = 3.3 nm to 2.4 nm). The coupling efficiencies (the loss at the 0
mm) were different from the results of the RIE etched waveguides shown in Fig. 4. This is because a spot-size converter
was introduced that was comprised of narrow waveguides (240 nm wide for a-Si:H waveguides and 280 nm wide for the
c-Si waveguides) with a tapered structure in order to improve the coupling efficiency?. This difference did not, however,
affect the propagation loss.

The scattering loss due to surface roughness can be expressed as follows:

cos’ 0 1
0Lsurface: Bz(z - e)( 1 1) (l)
SIn he =4
p q
4 :
B= (7)(05@ + Gliottom)2 )

where, @is the angle of propagation of rays in the waveguide; 1/p and 1/q, are the penetration depths of the mode into the
cladding; and h is the waveguide thickness.

Fig. 7 shows the measured propagation losses plotted against the RMS values of the surface roughness
expressed as (ozwp+ ozbomm)”z. The calculated losses after consideration of surface roughness and sidewall roughness
(dashed black line and solid red line) are also shown??*, where the values for 6, p and q were calculated by the finite
difference method. The sidewall roughness was assumed to be 3.3 nm and 2.4 nm (3c' values) for the waveguides
prepared by RIE and ICP-RIE, respectively. The scattering loss at the sidewall was assumed to be 5.6 dB/cm and 1.2
dB/cm for the RIE and ICP-RIE prepared waveguides, respectively.

The measured propagation losses agreed well with calculations, indicating that the primary cause of the propagation
loss difference between the c-Si and a-Si:H waveguides was due to scattering loss from the surface and not material
absorption of the a-Si:H. As such, it is reasonable to state that reducing the surface roughness as well as the side wall
roughness is very important for fabrication of low-loss a-Si:H waveguides. A summary of the propagation losses for each
waveguide is given in Table 2.
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Figure 7. Measured and calculated propagation losses as a function of the Si waveguide surface roughness. (Further details
about the plotted data are listed in Table 2).

Table 2. Propagation losses of the multilayer a-Si:H waveguides (unit: dB/cm).

1% layer 2" layer 3" layer
Etching method (-Si) Pressure Pressure Pressure Pressure
130 Pa 30 Pa 130 Pa 30 Pa
RIE 6.0 A10.2 m/.0 v12.0 -
ICP-RIE 1.6 - m3.8 - 3.7

3. LAYER-TO-LAYER TRANSMISSION
3.1 The grating-assisted layer-to-layer coupler
3.1.1 Device structure and design

In this section we discuss the implementation of grating couplers to couple light between a single-mode fiber and a
photonic waveguide® . Figure 8 shows the proposed structure of the layer-to-layer grating coupler. This grating
structure has been proposed for layer-to-layer coupling in 3D optical circuits® in order to couple light with a distance of
a few um between multilayer waveguides (much longer than a vertical directional coupler).

Sio,

Width: 5 pm

Width: 500 nm

Figure 8. Device structure of the layer-to-layer grating coupler.

500 nm wide a-Si:H wire waveguides were used as the input and output ports for the grating couplers that expanded
to 5 um wide waveguides at the grating region in order to mitigate alignment mismatch. A linearly tapered 200 um long
structure was employed along this area to avoid reflection and to excite only the fundamental mode in the 5 pm
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waveguides. The grating depth was fixed at 220 nm (the same thickness as the a-Si:H layer) to simplify the fabrication
process by forming the waveguides and gratings in a single step. Furthermore, the distance between layers was set as 1

pum in order to avoid crosstalk in the areas outside of the coupler. (The relationship between layer distance and crosstalk
will be discussed later in section 3.2.)

In order to optimize the coupling efficiency of the gratings, a 3D finite-difference time-domain (FDTD) calculation
was performed. The grating period is determined by the diffraction wavelength, and the number of grating periods
affects the coupling efficiency. TE polarized light was used as the light source where the refractive indices of a-Si:H and
SiO, were 3.48 and 1.45, respectively. To reduce the calculation time, the Si substrate and air cladding were not included
in the simulated area. In the simulation, the grating periods and the number of the grating pairs were varied in the range
of 580-720 nm (duty cycle = 50%) and 3-13, respectively. The calculated coupling efficiency as a function of the
wavelength for 10 pairs of gratings (with various grating periods) is shown in Fig. 9.

| Number of gratings: 10 149,720 nm

Coupling efficiency [10%/div]

1400 1450 1500 1550 1600 1650 1700

Wavelength [nm]

Figure 9. Wavelength dependence of the calculated coupling efficiency for various grating periods.

As can be seen from Fig. 9, the coupling efficiency varied with the grating period, reaching a maximum coupling
efficiency of 19% at a wavelength of 1.55 um for a grating period of 640 nm. A red shift of the spectral peak position
was observed for longer grating periods as well as several peak positions that can be explained by resonance between the
full-etched gratings. This resonance can be suppressed by changing the etching depth.
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Figure 10. The coupling efficiency dependence on the number of grating periods (grating pairs).

Proc. of SPIE Vol. 8630 863008-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/20/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



The coupling efficiency at a wavelength of 1.55 um is plotted as a function of the number of grating pairs in Fig. 10.
The coupling efficiency peaked at 10 grating pairs after which a lower coupling efficiency was observed due to the light
input being first coupled to another layer and then re-radiated by the gratings. In this way the coupling efficiency
behaves like a sinusoidal curve.
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Figure 11. Impact of the misalignment on the coupling efficiency in the propagation direction (squares) and the orthogonal
direction (circles).

The tolerance of the grating coupler to fabrication misalignment between the upper and lower gratings was also
studied along the directions parallel and orthogonal to the light propagation. The change in the coupling efficiency due to
misalignment is plotted in Fig. 11, where the square and circle symbols correspond to differences caused by
misalignment in the propagation direction and the orthogonal direction, respectively. In the orthogonal direction the
coupling efficiency differed by less than 1 dB even with a misalignment of up to 1 um; this is a result of the widened
waveguide width at the grating region. In the propagation direction, the coupling efficiency differed by up to 2.3 dB for a
misalignment of 1 um. To maintain a degradation of less than 1 dB the misalignment should be kept below 300 nm. A
possible improvement in the misalignment tolerance could be achieved by introducing shallow etched gratings due to the
increased number of optimized gratings.

3.1.2 Fabrication and measurement

Device fabrication was carried out as follows. Films of 100 nm thick SiO, and 220 nm thick a-Si:H were deposited by
PECVD on a Si substrate covered with a 3 um thick thermally oxidized SiO, layer. Alignment marks for EB lithography
were formed by evaporating Ti/Au film on the 1% a-Si:H layer. The waveguides and grating patterns of the above-
mentioned structure were formed using ICP-RIE. To act as an over-cladding layer, a 1 um thick layer of SiO, was
deposited and flattened by a chemical and mechanical polishing (CMP) process. For the 2™ layer, a 220 nm thick a-Si:H
layer was deposited and patterned in a similar manner. After covering the 2" a-Si:H layer with SiO,, the surface was
flattened again by CMP. Optical microscopy and SEM images of the fabricated device are shown in Fig. 12.
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10 gratings

Figure 12. Planar view of the fabricated device: Optical microscope image (left) and enlarged SEM image of the gratings
(right).
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Figure 13. Measured transmittance of the fabricated device (grating period = 640 nm, number of grating pairs = 10).

The coupling efficiency of the grating couplers was measured using TE-polarized light from a tunable laser and the
resultant transmittance spectra are shown in Fig 13. The transmitted power between the 1% and 2" layer is plotted as
open circles and the transmitted power that passes through the gratings of the 2" layer (which was not coupled to the 1%
layer) is plotted as open diamonds. For the device measured, the grating period was 640 nm and the number of grating
pairs was 10, as designed by 3D-FDTD. The total loss, including the propagation and coupling loss (from the fiber to the
waveguides), was 6 dB. Accordingly, the coupling efficiency of the fabricated layer-to-layer grating coupler was
estimated to be 22% (corresponding to a loss of 6.5 dB). In the current symmetric structure with fully-etched gratings,
the light radiated power towards the upward and downward directions should be equal meaning that more than half of
the light was wasted for each grating coupler. As such, the maximum coupling efficiency that can be achieved by the
paired grating coupler is 25%. Further improvement in the coupling efficiency can be expected by introducing reflectors
into the gratings.
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3.2 Discussion: Layer distance and crosstalk

In order to realize 3D optical circuits, vertical coupling between layers is necessary. A simple way to achieve this in
multilayer waveguides is by using a vertical-stacked directional coupler. There has been a report of a vertical directional
coupler with a layer distance of 200 nm”’, however, in the case of multi-layered optical circuits crosstalk between layers
should be considered. Furuya et al. reported on a numerical analysis of crosstalk at overpass crossings concluding that
the distance between waveguides should be at least 400 nm in order to eliminate mutual coupling®. Furthermore, when
two vertically stacked waveguides propagate in the same direction, as shown in Fig. 14 (a), optical coupling between the
two waveguides occurs in the same way as the directional coupler. In the case of multi-layered optical circuits this
optical coupling becomes crosstalk. Fig.14 (b) shows the crosstalk as a function of the layer distance when two vertically
stacked waveguides propagate for 100 um, as calculated by the eigen-mode-expansion method.

Crosstalk

Optical output

Layer
distance D [pm]

Optical input
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.
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Figure 14. (a) Vertically stacked waveguides propagate in the same direction. (b) Optical crosstalk as a function of the layer
distance D, for a propagation length of 100 pum.

Like the directional coupler, the effective coupling length increases with a longer layer distance. A crosstalk of 0
dB indicates that the whole optical power was transferred to the other waveguide. When the coupling length is shorter
than 100 um - which corresponds to the <500 nm layer distance condition of Furuya et al. - the whole optical power
transfers to the other waveguide several times. When the coupling length is longer than 100 um (i.e., the layer distance is
greater than 500 nm), the crosstalk decreases with increasing layer distance. In order to achieve a crosstalk of -30dB, the
layer distance needs to be at least 1 um. Overall; these calculations indicate the feasibility of a grating type layer-to-layer
coupler which is therefore suitable for 3D optical circuits.
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4. CONCLUSION

For the realization of multi-layered optical circuits for 3D optical interconnects, two basic studies were performed. First,
the preparation of multi-layered a-Si:H waveguides was discussed, and their characteristics were investigated. The
propagation loss of the 1% layer of c-Si, and the 2™ and 3" layers of a-Si:H was 6.0 dB/cm, 10.2 dB/cm and 12.0 dB/cm,
respectively. The propagation loss was shown to improve to 1.6 dB/cm, 3.8 dB/cm and 3.7 dB/cm, respectively, by
reducing the surface and sidewall roughness.

Secondly, in order to achieve high coupling efficiencies as well as high optical isolation between multilayer
waveguides, we proposed and demonstrated a layer-to-layer grating coupler with a layer distance of 1 um. For this
configuration a coupling efficiency of 22% was achieved for a grating period of 640 nm and 10 pairs of gratings.
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