Chapter1
Silicon Photonic Wire Waveguides:
Fundamentals and Applications

Koji Yamada

Abstract This chapter reviews the fundamental characteristics and basic applica-
tions of the silicon photonic wire waveguide. Thanks to its ultra-small geometrical
structures and compatibility with the silicon electronics, the silicon photonic wire
waveguide provides us with a highly integrated platform for electronic—photonic
convergence. For the practical achievement of this platform, however, we must
search for ways to reduce the propagation loss and coupling loss to external fibers
and overcome the polarization dependence. Progress has been made by applying
state-of-the-art technologies specially tuned to the fabrication of nanometer struc-
tures, and the fundamental propagation performance has already become a practi-
cal standard. Some passive devices, such as branches and wavelength filters, and
dynamic devices based on the thermo-optic effect or carrier plasma effect have been
developed by using silicon photonic wire waveguides. These waveguides also offer
an efficient media for nonlinear optical functions, such as wavelength conversion.
Although polarization dependence remains a serious obstacle to the practical appli-
cations of these waveguides, waveguide-based polarization manipulation devices
provide us with effective solutions, such as a polarization diversity system.

1.1 Introduction

In recent years, silicon photonics has attracted attention as an emerging technology
for optical telecommunications and for optical interconnects in microelectronics.
Based on highly sophisticated silicon semiconductor technology, silicon photonics
would provide us with an inexpensive highly integrated electronic—photonic plat-
form, in which ultra-compact photonic devices and electronic circuits are converged.

Similar to the existing silica-based or III-V semiconductor-based photonic sys-
tems, silicon photonics also requires an optical waveguide system. The waveguide
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must have features that allow us to accommodate passive and dynamic photonic
devices such as wavelength filters and modulators. The waveguide system must also
be flexible enough to allow active functions, such as light emission and detection
to be implemented. Of course, it should guarantee a sufficiently low propagation
loss for constructing and integrating these photonic functions. Furthermore, for
monolithic electronic—photonic convergence, the most important advantage of sili-
con photonics, the following requirements must be met:

(1) Waveguides should be constructed on silicon substrates or be constructed
together with silicon electronic devices.

(2) Waveguide fabrication processes should not damage electronic devices.

(3) Waveguides should not be damaged by the processes for fabricating electronic
devices.

(4) Waveguide materials must not be hazardous to silicon electronics.

(5) Geometrical criteria, such as the layout of photonic devices, should not interfere
with the electronic circuit layout.

These requirements are very difficult to meet with conventional waveguide sys-
tems. For example, the fabrication process for conventional silica-based waveguide
requires high temperatures exceeding 1,000 °C, which would seriously damage elec-
tronic devices. Moreover, silica-based waveguides have a large bending radius on
the order of millimeters or even centimeters, making it impossible to integrate pho-
tonic circuits on an electronic chip, whose typical size is a few centimeters square.
The III-V compound semiconductor-based waveguides and photonic devices have
geometries smaller than those in the silica-based system; however, on a silicon sub-
strate it is very difficult to epitaxially grow the high-quality III-V materials needed
for the construction of practical photonic devices. Etching and other fabrication pro-
cedures are completely different from silicon processes. Moreover, III-V material
contamination must be eliminated from silicon electronics. At present, it is therefore
very difficult to introduce I1I-V compounds into silicon electronics. Polymer waveg-
uides made of organic materials cause less damage to electronic devices. However,
their use is limited to the uppermost layers formed after the electronic circuits are
completed or to other regions separated from the electronic devices because they
cannot withstand the temperatures used in electronic device fabrication.

Recently, silicon oxynitride (SiION) and silicon nitride (Si3N4) waveguides have
also been proposed as a compact waveguide system [1, 2]; however, these silicon
nitride waveguides might be not suitable for electronic—photonic convergence for
infrared light at wavelengths around 1,500 nm. Silicon nitride materials formed by
low-temperature deposition methods generally contain N-H bond residues, which
readily absorb infrared light at around 1,500 nm. A high-temperature (1,000 °C or
more) annealing can reduce the absorption, but the high-temperature process is not
compatible with electronic devices.

From the viewpoint of material, a silicon-based waveguide is obviously prefer-
able for electronic photonic convergence. So far, several types of silicon waveguides
have been proposed such as rib-type waveguides with core dimensions of a few
micrometers [3, 4] and photonic wire waveguides with core dimensions of several
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hundreds of nanometers [5—10]. The latter are especially promising for electronic—
photonic convergence because their ultra-small core dimensions and micrometer
bending sections match the dimensions of electronic circuits. The waveguides are
constructed on silicon-on-insulator (SOI) substrates, where the uppermost SOI layer
is used as the waveguide core so that there is no need to form the core material. The
cladding material is a silica-based material formed by a low-temperature process
such as plasma-enhanced chemical vapor deposition (PE-CVD) [11].

Besides the advantages of silicon photonic wire waveguides in electronic—
photonic convergence, highly integrated ultra-compact photonic circuits based on
photonic wire waveguides guarantee low power consumption and low packaging
cost. Furthermore, the waveguides also offer advanced functionality through the use
of its semiconductor characteristics of silicon.

1.2 Fundamental Design of Silicon Photonic Wire Waveguides

1.2.1 Guided Modes

A schematic of s silicon photonic wire waveguide is shown in Fig. 1.1a. The waveg-
uide consist of a silicon core and silica-based cladding. The core dimension should
be determined so that a single-mode condition is fulfilled. The single-mode condi-
tion is very important in constructing practical functional devices because whether
or not we can implement a desired function depends on the fundamental guided
mode. The core dimension of single-mode silicon photonic wire waveguides is sig-
nificantly smaller than that of conventional single-mode silica waveguides. In the
waveguide system consisting of a silicon core and silica claddings, the refractive
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Fig. 1.1 (a) Cross-sectional structure and (b) optical intensity distribution of a typical silicon pho-
tonic wire waveguide
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index contrast A between the core and cladding is as large as 40%, which allows
a total internal reflection with a very large incident angle of 60°. This situation is
similar to that in metallic rectangular waveguides, whose waveguide dimensions
are smaller than or comparable to a half-wavelength of the guided electromag-
netic waves. In silicon photonic wire waveguides, therefore, the core dimension
that fulfills a single-mode condition should also be smaller than or comparable to
a half-wavelength of a guided wave in silicon. Since the refractive index of silicon
is about 3.5 for photon energies below the band-gap energy, the core dimension of
a silicon photonic wire waveguide should be less than or comparable to 400 nm for
1,310~1,550-nm telecommunications-band infrared light. Generally, the core shape
is made flat along the substrate to reduce the etching depth in practical fabrications.
In many cases, the height of the core is typically half of the width. Thus, a typical
core geometry is a 400 x 200-nm? rectangle.

A detailed analysis of the guided modes can be performed by various numerical
methods such as the finite difference method (FDM) [12], finite element method
(FEM) [13], and film mode matching method (FMM) [14]. Figures 1.2a and b show
calculated effective indices n.f of guided modes for 1,550-nm infrared light in var-
ious core geometries. Calculations were performed by the FMM and the indices of
silicon and silica were set at 3.477 and 1.444, respectively. The mode notations are
taken from [15], in which E* and EY modes represent the transverse electric (TE)-
like and transverse magnetic (TM)-like modes, respectively. As shown Fig. 1.2a
for waveguides of 200-nm silicon thickness, single-mode conditions are fulfilled
when the core width is less than 460 nm for TE-like guided modes in which the
dominant electric field is parallel to the substrate. The mode field profile of the
TE-like fundamental mode is shown in Fig. 1.1b for a 460 x 200-nm> core. For a
TM-like mode in which the dominant electric field is perpendicular to the substrate,
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the single-mode condition is fulfilled in a core larger than that for the TE-like mode.
The effective indices of TE and TM fundamental modes show a large difference. In
other words, the 200-nm-thick flat core produces a large polarization dependence.
For waveguides with 300-nm-thick silicon as shown in Fig. 1.2b, core widths satis-
fying single-mode conditions are smaller than those for 200-nm-thick silicon. In a
300-nm?2 core, the refractive indices are identical for the TE and TM fundamental
modes: that is, the polarization dependence can be eliminated.

Figure 1.3 shows the calculated wavelength dependence of the effective refractive
indices for the waveguides with a 400 x 200-nm?” core. Calculations were performed
by the FMM and the material dispersions of refractive indices were considered. As
shown in Fig. 1.3, the single-mode condition is violated in the wavelength region
below 1,420 nm for the TE-like mode. For the 1,310-nm telecommunications wave-
length band, therefore, a smaller core should be used for satisfying the single-mode
condition.

1.2.2 Effect of Geometrical Errors and Birefringence

As shown in Fig. 1.2, the effective indices of silicon photonic wire waveguide are
extremely sensitive to the core geometries. The group index ng, which is an essential
parameter in designing delay-based devices such as optical filters, is also affected
significantly by the core geometry. Figures 1.4a and b show calculated group indices
and their sensitivities to the core width dng/ngdw. For TE-like modes, for which
most of the photonic functions are designed, the sensitivities to the core width
dng/ngdw are around 2x 10~ nm~! for a 400 x 200-nm? core and much higher
for a 300-nm? core. For wavelength filters for dense wavelength division multiplex-
ing (DWDM), the group index should be controlled to on the order of 1 x 107
or less. The index restriction corresponds to a core width accuracy of 0.5nm or
less, which is essentially unattainable with current micro-fabrication technology.
Fortunately, there are optimum geometries giving very low sensitivities to the core
width. For example, 385 x 200-nm? and 325 x 300-nm? cores are robust against
the errors in core width. Waveguides with a very wide core are also robust against
the errors in core width. In an arrayed waveguide grating (AWG) filter, waveguides
with 750 x 200-nm? cores are used to reduce phase errors due to the variation of
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Fig. 1.4 (a) Core width dependence of the group indices and their derivatives for waveguides
with 200-nm-thick cores (b) Core width dependence of the group indices and their derivatives for
waveguides with 300-nm-thick cores

core width [16]. When we use such a wide-core waveguide, however, higher order
modes stimulated in bending and other asymmetric structures become a concern.
Figure 1.4 also that the structural birefringence is incredibly large and that the
problem of the polarization dependence in a silicon photonic wire waveguide is
practically unsolvable. In a waveguide with a 400 x 200-nm? core, the group indices
are 4.33 for the TE-like fundamental mode and 2.78 for the TM-like fundamental
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mode. The difference in the group indices gives a polarization mode dispersion
(PMD) of 51.7 ps/cm, which seriously limits the applicable bandwidth in high-speed
data transmission. The polarization-dependent wavelength (PD)) in delay-based fil-
ter devices, such as AWGs and ring resonators, would be incredibly large. A square
core would not be a solution to this problem because the group index is very sensi-
tive to the core geometry, as mentioned before. In other words, polarization diversity
is necessary for eliminating the polarization dependence in photonic devices based
on silicon photonic wire waveguides.

1.2.3 Propagation Loss and Radiation Loss in Bending

The intrinsic loss in undoped silicon is very low for the photon energies below the
band gap (~1.1eV); therefore, the propagation loss of photonic wire waveguides
is mainly determined by scattering due to surface roughness of the core. The effect
of the surface roughness on the scattering loss in dielectric waveguides has been
theoretically studied and formulated by Payne and Lacey [17]. The formula is rep-
resented by a complicated function characterized by a root-mean square roughness
o and the correlation length of the surface roughness structure /.; the upper bound
of the scattering loss amax, as given in [18], is shown below.

0'21(

k()d4i’l1 ’

(1.1)

Umax =

where, ko, d, and n| are wavevector of the light in vacuum, the half-width of the
core, and effective index of a silicon slab with the same thickness as the core,
respectively. The factor k¥ depends on the waveguide geometry and the statistical
distribution (Gaussian, exponential, etc.) of the roughness, in which the correlation
length [ is included. According to [17], « is on the order of unity for most prac-
tical waveguide geometries. Thus, the scattering loss is inversely proportional to
the fourth power of d. In other words, it will seriously increase in photonic wire
waveguides with an ultra-small core. A roughness of only 5 nm, for instance, would
cause a 60-dB/cm scattering loss in a 400-nm-wide core made of a 200-nm-thick
silicon slab whose effective index is 2.7. To achieve a practical scattering loss of a
few decibels per centimeter, the surface roughness should be about 1 nm or less.

Radiation losses in the bending section can be calculated by applying cylindrical
coordinates in numerical mode solvers. Figure 1.5 shows calculated radiation losses
for a 90° bend in various waveguides. The calculations were performed by using a
commercially available FMM mode solver [19]. As shown in this figure, the bending
performance varies with polarization. For the TE-like mode in the waveguide with
a 400x200-nm? core, the radiation loss is negligible even if the bending radius is
as small as 2.5 um. For the TM-like mode, however, a bending radius of over a
few tens of micrometers is needed in order to achieve negligible radiation loss. The
bending loss also varies with core dimensions. As shown in Fig. 1.5, for TE-like
modes, a waveguide with a 300-nm?> core requires a larger bending radius than a flat
waveguide.
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1.2.4 Coupling to External Fiber

Since a silicon photonic wire waveguide has a very small mode profile, spot-size
conversion is essential for connecting it to external circuits such as single-mode
optical fibers. A highly efficient spot size converter (SSC) with a silicon reverse
adiabatic taper has already been proposed [20]. As shown in Fig. 1.6, it has a double-
core structure consisting of a thin silicon taper and silica-based waveguides. In a
typical design for 1,550-nm-wavelength infrared light, the tip of the taper should be
ultimately reduced to less than 100 nm and the silica-based waveguide has a 3-jm?
core with a 2.5% index contrast to the cladding. In such a double-core structure,
light leaking from the silicon taper is captured by a silica-based waveguide, which
guarantees efficient optical coupling to external optical fibers.

Figure 1.7 shows the calculated conversion efficiencies between a silicon pho-
tonic wire waveguide with a 400 x 200-nm? core and a silica-based waveguide with
a 3-um? core. As shown in this figure, a 200-wm-long taper with a 80-nm tip gives
a conversion loss of around 0.1 dB for both polarizations. A shorter and thicker
taper would give lower coupling efficiencies. Since the coupling loss between a
silica-based waveguide with a 3-um? core and a high-numerical-aperture (NA) fiber
with a 4.3-pm mode field diameter is about 0.1 dB and the conversion loss between

Silicon photonic wire waveguide:
400x200 nm core

Silicon reverse taper

Fig. 1.6 Schematic of the High-A silica-based waveguide:

spot size converter 3x3um core
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the high-NA fiber and the ordinary single mode can be reduced to about 0.1 dB
by applying a thermally expanded core (TEC) technology [21], a total coupling
loss of less than 0.5 dB can be achieved between a photonic wire waveguide and a
single-mode fiber.

A grating coupler input/output structure has also been proposed [22], for which
the coupling efficiency between a photonic wire waveguide and an ordinary single-
mode fiber is calculated to be —5 to —3 dB.

1.3 Fundamental Propagation Performance

1.3.1 Fabrication

Figure 1.8 shows a typical fabrication process for a Si-wire waveguide. First, a hard
mask layer and resist mask layer are formed on a SOI substrate. The hard mask
is used to improve the selectivity of Si etching and is often made of SiO;. Next,
waveguide patterns are defined by using electron beam (EB) lithography or excimer
laser deep ultraviolet (DUV) lithography [9], which are capable of forming 100-nm
patterns. Ordinarily, EB and DUV lithography technologies are used in the fabri-
cation of electronic circuits where they are optimized for patterning of straight and
intersecting line patterns. Therefore, no consideration has been given to curves and
roughness in the pattern edges, which are important factors in fabricating low-loss
optical waveguides. To reduce propagation losses of the waveguides, it is necessary
to reduce the edge roughness to around 1nm or less. This means that particular
care must be taken in the data preparation for EB shots or DUV masks. Figure 1.9
shows an ultra-small ring resonator with and without special treatment for EB data
preparation, where a drastic reduction in side-wall roughness is observed as a result
of the special treatment [23]. The writing speed of the EB lithography must also be
considered in practical fabrication. For practical purposes, it is probably necessary
to use EB lithography with a variable-shaped beam.

After resist development and SiO; etching for a hard mask, the silicon core is
formed by low-pressure plasma etching with an electron-cyclotron resonance (ECR)
plasma or inductive coupled plasma. To ensure the edge roughness of the side walls
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Fig. 1.8 Typical fabrication process of a silicon photonic wire waveguide

Fig. 1.9 SEM images of ring resonators (a) without and (b) with EB data optimizations

is at sub-nanometer levels, the plasma conditions and the selection of etching gases
must be tuned for individual plasma equipment.

Finally, an overcladding layer is formed with a SiO,-based material or poly-
mer resin material. To avoid damaging the silicon layer, the cladding layers must
be deposited by a low-temperature process, such as the plasma-enhanced chemical
vapor deposition (PE-CVD) method [11]. In particular, for waveguides associated
with electronic structure, it is essential to use a low-temperature process so as not to
damage the electronic devices.

Figure 1.10a shows a scanning electron microscope (SEM) image of the core of
a silicon photonic wire waveguide with a cross-section of 400 x 200 nm? [8]. The
geometrical shape closely matches the design values, and the perpendicularity of the
sidewalls is also very good. Figure 1.10b shows a photograph of the 80-nm-wide
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Fig. 1.10 SEM images of a silicon photonic wire waveguide system. (a) Core of silicon photonic
wire waveguide, (b) silicon taper, and (c) core of SiOx waveguide for spot size converter

taper tip in the SSC. The taper and waveguide core were constructed by using a
common fabrication process. Figure 1.10c shows an SEM photograph of the core
of the silica waveguide for the SSC. The silica waveguide core was fabricated by
depositing SiO;-based material by the PE-CVD method and etched by reactive ion
etching (RIE). By adjusting the deposition conditions, the refractive index of the
material is tuned to be 2.5% higher than that of an ordinary thermal oxide. In the
final product, a 7-pum SiO; overcladding layer covers the whole structure.

1.3.2 Propagation Performance

Figure 1.11 shows a typical transmission loss of silicon photonic wire waveguides
with SSC, fabricated in the manner mentioned above. High-NA optical fibers with
4.3-pm mode field diameter (MFD) are used for external coupling. As shown in this
figure, the propagation loss for the TE-like mode has been improved to be around
1 dB/cm. In the waveguide with flat cores, the propagation losses for TM-like modes
are generally better than those for TE-like modes. Oxidation of the core sidewalls
may further reduce the propagation losses [24]. The propagation loss of around
1dB/cm is already at a practical level, since photonic devices based on silicon
photonic wire waveguides are typically smaller than 1 mm. Besides the sidewall
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Fig. 1.12 Relation between
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roughness of the core, the core width affects propagation losses as well. Figure 1.12
shows the relation between measured propagation losses and core widths. As shown,
the propagation loss is reduced by increasing the core width because the effect of
sidewall roughness is reduced in a wide core. When the core width exceeds 460 nm,
the waveguide can also guide a higher order mode which may degrade the perfor-
mances of some photonic devices.

The coupling loss between optical fiber and silicon photonic wire waveguide
is represented by the intercept of the vertical axis in Fig. 1.11. The loss value at
the intercept includes two waveguide/fiber interfaces; therefore in this case, one
interface has a 0.5 dB coupling loss at a wavelength of 1,550 nm.

Figure 1.13 shows the transmission spectrum of a silicon photonic wire waveg-
uide with SSCs. The spectrum remains flat over a 200-nm wide bandwidth, and
no absorption dip is observed. The flat spectrum means that the SiO;-based mate-
rial used in the SSC does not contain impurities with N-H bonds. Although
absorption by residual O—H bonds exists at wavelengths of around 1,400 nm, the
resulting losses are not large. It is also possible to eliminate O—H bonds by heat
treatment.

Figure 1.14 shows bending losses of single mode waveguides for TE-like modes.
For the bending radius of over 5 um, bending losses are negligible. Even for an
ultra-small bending radius of around 2 pm, a waveguide with a flat core maintains
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a low loss of below 0.1 dB per 90° bend. A waveguide with a square core shows a
larger bending loss for a bending radius below 5 pm. For TM-like modes, especially
in waveguides with flat cores, bending losses are generally larger than those for
TE-like modes. Bending losses measured in various research groups are summarized
in [10].

The birefringence of the waveguide can be evaluated by the free spectral ranges
(FSRs) of ring resonators. Figure 1.15 shows measured transmission spectra at
around 197 THz (A = 1.514pum) for a ring resonator of 10-wm radius. In this
figure, the FSR in TM-like modes (1.67 THz) is significantly larger than that in
TE-like modes (1.11 THz). Using the FSR, we can roughly express the group index
of the waveguide by ny = ¢/2nRAf, where ¢, R, and Af are the speed of light
in a vacuum, the radius of the ring resonator, and the FSR in hertz, respectively.
Thus, the group indices are estimated to be 4.30 and 2.86 for TE and TM modes,
respectively, which agree well with the design values in the previous section.

Transmittance (dB)

Fig. 1.15 Measured drop port —25
spectra of a ring resonator 196 197 198 199 200
with 10-mm radius Frequency (THz)
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1.4 Simple Applications of Silicon Photonic Wire Waveguides
1.4.1 Passive Devices

The simplest passive device is a branch. Various branching devices, such as a Y
branch and a multimode interference (MMI) branch, have been proposed and fabri-
cated with silicon-wire waveguides [6, 7]. Figure 1.16a shows a multi-stage branch
implemented with MMI branches [25]. The MMI branch units are no more than
3um in size, and the waveguides can bend light with a micrometer radius, so it
is easy to configure multi-stage branches in a small area. Figure 1.16b shows the
transmittance of the cascaded MMI branches for each output port. The transmittance
linearly decreases with respect to the branching order. In other words, the branches
of each stage are fabricated with uniform quality.

Compact add/drop wavelength filters are also being developed by using the ultra-
compact bending parts of silicon-wire waveguides. Various ring-resonator-based
filters have been developed. A single resonator is very compact and suitable for
high-density integration; however, its Lorentzian resonance, as shown in Fig. 1.15,
is not suitable for filters for telecommunications applications, which require flat
pass bands. For a flat pass band, cascaded ring resonators have recently been devel-
oped [26].

Complex wavelength filters, such AWG filters [16, 27] and the lattice filters
[28, 29], have also been developed. A photograph of a lattice filter is shown in
Fig. 1.17a. In such filters, the pass-band spectrum can be fine-tuned by applying
various optimization techniques, such as apodization. As shown in Fig. 1.17b, for
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example, adjacent channel crosstalk is reduced to be about —20dB in the lattice
filters for which apodization of the coupling coefficients in the directional couplers
has been performed [29]. The shape of the pass band could also be controlled by
apodization in these sophisticated filters.

Wavelength tuning and polarization dependence are serious obstacles to the prac-
tical applications of these wavelength filters. As shown in the previous sections,
effective indices of silicon photonic wire waveguides are extremely sensitive to
geometrical errors in the core shape. The indices are also sensitive to the envi-
ronmental temperature. Therefore, index tuning by temperature control or carrier
injection is necessary for fixing the pass band to a certain wavelength. As described
in the previous sections, the structural birefringence is also very sensitive to the core
geometry, and it is virtually impossible to eliminate the polarization dependence of
passive devices based on silicon photonic wire waveguides. A practical solution for
the polarization dependence is the polarization diversity, whose details are described
in Sect. 1.5.

1.4.2 Dynamic Devices

1.4.2.1 Thermo-optic Effect

The thermo-optic (TO) effect in silicon is ten times or more stronger than that in
silica [30] and the volume of the core in silicon photonic wire waveguides is smaller
than that of the core in silica-based waveguides. Therefore, power consumption in
silicon-based TO devices can be one-tenth of that in silica-based devices. To achieve
such a low power consumption, it is very important to concentrate the heating power
in the waveguide core. However, heat expansion in the thick (~3 um) and laterally
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wide cladding layer is an obstacle to the heat convergence. In the early applications
of the TO effect in optical switches based on Mach-Zehndar interferometers (MZIs),
heaters were constructed on a thick overcladding without lateral thermal insulation.
In such TO switches, a few tens of milliwatts of heater power is necessary for
a 7 phase shift in one arm of a MZI [11]. Compared to typical silica-based TO
switches, silicon-based devices without an efficient heating structure do not show
a remarkable improvement in power consumption. Recently, a very efficient heat-
ing structure has been proposed. Figure 1.18 shows a cross-sectional schematic of
the heating structure. In the heating structure, the undercladding and side-cladding
are removed and only a several-micrometer-wide silica cladding containing a sil-
icon core is supported by thin silica beams [31]. By applying this structure as a
phase shifter in MZIs, the heating power has been reduced to be less than 1 mW, as
shown in Fig. 1.19, which is about 1/100th of that of conventional silica-based TO
switches.

1.4.2.2 Carrier Injection

In the infrared and visible regions, the optical properties of silicon are affected
by free carriers, especially for photon energies below the band gap (~1.1eV). By
applying the Drude approximation and assuming the carrier plasma frequency is

(a)
Heat insulating groove
Cr thin film heater 3-dB directional coupler
(500um long) A

Silica waveguide ‘A" silicon waveguides
(25%A,35x3.5um?)  (~0.3x0.3 um?)

(b)

Fig. 1.18 Schematic
structure of the low power
consumption switch: (a) Top
view and (b) cross-sectional Overcladding (20 um)
view along line A-A’ in

@) [31] Undercladding (8 um)
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significantly lower than the optical frequency, the changes of refractive index An
and absorption coefficient A« are expressed by the following formulas [32]:

An :ﬂ (1.2)
82cZegnm” ’

na=— N (1.3)
4m2c3gonum™? '

where e, ¢, €, and n are the elementary charge, the speed of light in a vacuum, the
vacuum permittivity, and the refractive index of silicon, respectively. N, m*, and
w are the injected carrier density, the carrier effective mass, and carrier mobility,
respectively.

To control the concentration of free carriers in the waveguide core, silicon pho-
tonic wire waveguides with a p-i-n carrier injection structure have been developed
[33-35]. A Typical cross-section of a waveguide with a p-i-n carrier injection struc-
ture is shown in Fig. 1.20a. The typical core size of waveguides with a p-i-n structure
is 400-600 x 200 nm?. At both sides of the core, the waveguide has slab regions for
carrier injection. Although the core shape resembles that of conventional silicon rib
waveguides [3], its geometrical size is far smaller than in the conventional ones.
Moreover, the bending radius is less than a hundredth of that in conventional rib
waveguides. These reductions in geometries are greatly advantageous for appli-
cations of silicon photonic wire waveguides with the carrier injection structures.
For example, the device length would be significantly reduced because the carrier
concentration can be increased in an ultra-small core. In such a short device with
an ultra-small core, the electric power consumption can be significantly reduced.
Moreover, the operation speed can also be increased because a small core guarantees
a fast carrier transit time.

By applying these advantages of silicon photonic wire waveguides with p-i-n
structures, various dynamic devices, such as high-speed modulators [33, 35] and
variable optical attenuators (VOA) [34], have been developed. Among them, in this
section, the application of the p-i-n carrier injection structure to a VOA is described.
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Fig. 1.20 (a) Cross-sectional view and (b) top view of a silicon photonic wire-based carrier injec-
tion structure

As show in Fig. 1.20a, the waveguide is a rib-type one with a 600 x 200-nm? core
and 100-nm-thick slab. This structure satisfies the single-mode condition for 1,550-
nm infrared light. The slab is thicker than those reported in [33] and [35]. The thick
slab is important for reducing propagation loss and device impedance.

The core was fabricated in same manner as for passive waveguides. After ther-
mal oxidation for surface passivation, the n™ and p™ regions were defined in the
slab section by lithography and implanted with phosphorus and boron as dopants.
After annealing for the activation and diffusion of dopants, a silicon dioxide layer
was deposited. The dopant density was about 10%° cm™3 in each doped region. Alu-
minum electrodes were then constructed on the doped regions.

Figure 1.20b shows a fabricated waveguide with the carrier injection structure in
which the pair of contact electrodes can be seen. The propagation loss is typically
less than 2 dB/cm. Figure 1.21 shows typical electrical characteristics of a 1-mm-
long carrier injection structure. In spite of the device length, the reverse current is
very low, around pico-amperes. This means the leakage of the device is small, so
that injected carriers will effectively interact with guided light.

1 Device length: 1 mm

Fig. 1.21 Measured L L L L L L L
current-voltage relation of the -12 -0.80 -0.40 00 040 080 12

carrier injection structure Voltage (V)
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By injecting carriers into the core, optical attenuation is performed through the
free carrier plasma effect mentioned above. Figure 1.22 shows transmission spectra
of a 10-mm-long waveguide for various injected currents. As the injected current
increases, guided light is absorbed by the injected carriers. The wavelength depen-
dence of the attenuation is very flat in the measured 40-nm bandwidth. Operation
with a 30-dB attenuation requires a power of about 55 mW, which is about a half of
the power consumption of conventional rib-type devices [34]. The power consump-
tion can be reduced by a series connection of the devices, which is a similar to the
technique used in conventional devices. Figure 1.23 shows the temporal response
of optical attenuation in a 1-mm-long device with a 10-ns injection pulse. In a 2-V
reverse bias operation, the response time is about 2 ns, which is about 100 times
faster than that in conventional devices [34].

Fig. 1.23 Measured temporal Device length: 1mm
response of the variable 0.3 T T T T
optical attenuator 0.30

0.25
0.20
0.15
0.10

Pulse width: 10 ns
0.05 Bias: 2V
00 1 1 'y 1 1 1
5 10 15 20 25 30 35 40 45

Time (ns)

Optical power (mW)

Considering the linear propagation loss of the waveguide with the carrier injec-
tion structure, the on-chip insertion loss is estimated to be 2dB in a 10-mm device
and 0.2 dB in a 1-mm one. These values can satisfy required practical standards.

1.4.3 Nonlinear Functions

In addition to its use as a platform for passive and dynamic functions, a silicon
photonic wire waveguide is also a promising platform for active functions based on
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various nonlinear effects. Generally, bulk silicon shows weak nonlinearities. In sili-
con photonic wire waveguides, however, the optical power density can be increased
in their ultra-small cores and nonlinear effects can be remarkably enhanced. The typ-
ical core size of the waveguide is 400-500 x 200 nm? at 1,550-nm wavelength, and
the effective mode-field area Acgs is around 0.05 umz [36]. Thanks to the ultra-small
effective area, the Kerr nonlinear coefficient y in silicon photonic wire waveguides
is thus estimated to be 10°~10° (W km)~!. This value is about a hundred-thousand
times larger than that for a single-mode dispersion-shifted fiber (DSF), which is a
widely used media for nonlinear optics experiments. In other words, a centimeter-
long silicon photonic wire waveguide is equivalent to a 100-m long DSF, giving
practical efficiencies in various nonlinear functions. Although the interaction length
and efficient power injection have been obstacles to obtaining practical efficiencies,
the propagation loss of the waveguides has recently been improved to be 1-2 dB/cm
and the coupling loss to external fibers has been reduced to be 0.5dB by using a
special SSC [20]. Thus, a power density of around 300 MW/cm? could be attained
using commercially available 20-dBm CW light sources. The power density is high
enough to obtain efficient nonlinear functions.

By applying the enhancement of nonlinear effects in a silicon photonic wire
waveguide, various nonlinear functions, such as all-optical modulation based on
the two photon absorption (TPA) effect [37], wavelength conversion and parametric
amplification based on four wave mixing (FWM) effects [36, 38, 39] and stimulated
Raman scattering (SRS) [4, 40], have been tested. Very recently, entangled-photon-
pair creation has also been tested by using spontaneous FWM [41-43].

Among these functions, FWM-based wavelength conversion is here described as
a typical nonlinear function giving an efficiency comparable to that in conventional
devices [38]. The experimental setup for the wavelength conversion is shown in
Fig. 1.24. A signal light with 10-Gbps non-return-to-zero (NRZ) modulation and
a CW-operated pump light were injected collinearly into a 2.8-cm-long waveguide
with SSCs. The polarization was adjusted to a TE-like mode, and the propagation
loss of the waveguide was about 2.3 dB/cm. At the waveguide’s entrance, the pump

s 10-Gbit/s pulse ; .
Polarization | pattern genperator Low-gain Power monitor

controller EDFA

Signal -

at 1553.25 nm

Pump&) 3-dB
at 1550.85 .nm Band pass Optical Band pass coupler
Low-gain =2 B85S o filice
EDFA
< =
SSC
| Optical | ‘Optical spectrum
oscilloscope analyzer Waveguide

Fig. 1.24 Experimental setup for wavelength conversion using the four-wave mixing effect
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power was 160mW CW, which gives a power density of around 430 MW/cm? in
the waveguide.

The output spectrum at the exit of the waveguide is shown in Fig. 1.25. Besides
the peaks of the injected pump and signal light, a peak of the phase conjugated light,
or converted light, can be seen in the spectrum. The internal conversion efficiency
is around —10dB [38], which is comparable to that observed in periodically poled
LiNbO3 devices a few years ago [44], and large enough for practical data process-
ing. As shown in Fig. 1.26, clear eye patterns of a 10-Gbps pseudorandom binary
sequence (PRBS) data stream are observed in the converted light. The bandwidth
giving a —3-dB efficiency degradation was measured to be over 20 nm [36]. The
bandwidth was limited by the phase mismatching among waves. In silicon photonic
wire waveguides, waveguide dispersion can be easily controlled by adjusting the
core shape; therefore, the bandwidth could be further improved [39].

The conversion efficiency with respect to the pump power is shown in Fig. 1.27.
Efficiency saturation due to the free carrier absorption effect can obviously be seen.
The free carriers are generated through the TPA effect whose efficiency is propor-
tional to the second power of the optical power density. Therefore, the simplest way
to eliminate FCA is to reduce the power density. A theoretical estimation shows
that a waveguide with 0.5-dB/cm propagation loss (dashed line) would provide
an efficiency of —4 dB even if the pump power were 80 mW, where FCA is well
suppressed [38]. Carrier sweep-out using a p-i-n structure, such as described in the
previous section, is also a promising way to prevent FCA.

100 ps

Fig. 1.26 Eye pattern of the
signal of phase conjugated
light
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1.5 Polarization Manipulation

As described in Sect. 1.2, the polarization dependence is one of the most seri-
ous obstacles to the practical application of silicon photonic wire waveguides, and
polarization diversity is a unique solution to this problem. Generally, polarization
diversity is achieved by using polarization splitters and rotators. If TE-like and
TM-like modes can be separated by polarization splitters, and the TM-like modes
can be converted into TE-like ones by rotators, we need only consider optical
functions for the TE-like modes, not for both components. Thus, the polarization
dependence could be eliminated by using a single-polarization (TE) platform. Such
a polarization diversity system might be constructed by using free-space optical
devices and optical fibers; however, this would require too much area and would be
costly. For the polarization diversity circuit to be practical, it should be monolithi-
cally constructed on a chip. Recently, two types of on-chip polarization diversity
circuits have been proposed [45, 46]. One is based on a two-dimensional grat-
ing coupler [45]. The other is based on a polarization splitter and rotator with
silicon photonic wire waveguides [46]. Details of the latter are described in this
section.

1.5.1 Polarization Splitter and Rotator

A scanning-electron micrograph of the fabricated polarization splitter is shown in
Fig. 1.28. This device is based on a simple directional coupler with silicon pho-
tonic wire waveguides [47]. The coupling length for the TM-like modes is much
shorter than for the TE-like modes. Thus, the TM-like modes can traverse the
coupler, whereas the TE-like modes propagate along the initial waveguide. In a
design for 1,550-nm infrared light, a directional coupler consisting of 200-nm-high
and 400-nm-wide cores with a 480-nm gap can separate two orthogonal polariza-
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Fig. 1.28 A SEM image of
the polarization splitter
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tions through only a 10-pm-long propagation. For the suppression of additional
coupling at the bending sections and for high-density integration, the ends of the
coupler are tightly bent with a 3-wm radius. In the 200x400-nm” rectangular
core, TE-like modes can propagate through the tight bend, but TM-like modes
can not. Therefore, the exit waveguide for the TM-like modes is straight along the
coupler.

The measured transmission of the splitter for various incident polarizations is
shown in Fig. 1.29. The polarization was controlled by rotating a half-wave plate
installed in front of the single-mode fiber for input. In the cross port, TM-like modes
are dominant and TE modes are suppressed; in the bar port, vice versa. The maxi-
mum polarization extinction ratios (PERs) are 26 and 14 dB for bar and cross ports,
respectively. Cascading two splitters improves the PER to about 23 dB for the cross
port. A detailed study has shows that the applicable bandwidth is over 100 nm for a
—10dB PER [47].

A schematic of the fabricated rotator is shown in Fig. 1.30a [48]. The device has
an off-axis double-core structure consisting of a 200-nm? silicon core, a 840-nm?
silicon oxynitride (SiON) core, and a silica overcladding. The right and bottom
edges of the thin silicon core overlap the corresponding edges of the second core.
The SiON layer, with a refractive index of 1.60, and the silica layer are deposited
by the PE-CVD method.

->-Bar

Fig. 1.29 Measured
transmission of a single-stage
polarization splitter for 0 45 90 135
various incident polarizations Waveplate rotation (deg)

Normalized transmittance (dB)

Single-stage ~-Cross Calib.: Si wire

180
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(a) ECR-CVD SiON core: (b)
840 x 840 nm, n=1.60 Mode 1

Reduced size Si core:
00 x 200 nm

Si core:
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e

Neg: 1.525 Neg: 1.542

Fig. 1.30 (a) Schematic of the polarization rotation structure and (b) its eigenmodes

As shown in Fig. 1.30b, the double-core structure has two orthogonal eigen-
modes with the eigenaxes tilted toward the substrate. Thus, propagation through the
waveguide produces a rotation of the polarization plane when the polarization of
incident light is just TE-like or TM-like modes. The polarization rotation angle is
described by ¢ = wLAn/X, where L is the propagation length, An the difference
in the effective indices between two orthogonal eigenmodes, and A the operation
wavelength. The rotator length for 90° rotation Ly is given by A/2An.

The measured output spectra for both polarization components of a 35-pum-long
device are shown in Fig. 1.31a. Although the incident light has a TM-like compo-
nent, the TM-like component after passing through the device is suppressed and the
TE-like component becomes dominant. In other words, the incident TM component
is converted into TE. The excess loss through the device is about 1 dB. The spectral
ripples are caused by the polarization rotation in the normal silicon waveguides used
for input and output, and they complicate the estimation of the actual rotation angle.
A Poincare-mapping measurement gives a more accurate rotation angle and also the
extinction ratio. As shown in Fig. 1.31b, the maximum rotation angle is 72°, and
the maximum extinction ratio is about 11 dB, which is obtained for a 35-pm-long
device [48].

Excess loss
. TE g % o
=75+ da =
g 8
-10 g60 - 1 %
€45 g
20 [TM St - -9 §
25 L(b) 4028
30 " R . . i WLrange: 1550-1560 nm
0 1 1 1 1 1 1 1 -15
1500 1520 1540 1560 1580 1600 25 30 35 40 45 50 55 60 65

Wavelength (nm)
Rotator length (xm)

Fig. 1.31 (a) Measured transmission spectra of the polarization rotator with a length of 35 pm; (b)
Polarization rotation angle estimated by the measured Poincare map and polarization extinction
ratio calculated from the measured rotation angle
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1.5.2 Polarization Diversity

A microscope image of the fabricated polarization diversity circuit is shown in
Fig. 1.32 [46]. The circuit consists of polarization splitters, rotators, and a ring
resonator wavelength filter with a 10-pum radius. The ring resonator has an extraordi-
nary polarization dependence, which is shown in Fig. 1.15. In this diversity circuit, a
splitter for the input separates the TE and TM components and feeds them into two
waveguides. For the waveguide for the TM-like mode, the polarization is rotated
into the TE-like mode. Thus, the polarization-dependent ring resonator can be used
for both polarization inputs. There are two output waveguides for the ring resonator.
In one of the waveguides, the TE-like mode is rotated into the TM-like mode and
finally combined with another TE-like mode. In such a geometry, there is no PD,
because this system uses only one functional device working for the TE mode.
Moreover, the symmetry of the circuit eliminates the PDL and PMD originating
from the normal waveguiding section [46]

Transmission spectra for wavelength filters with and without the polarization
diversity are shown in Fig. 1.33. Without the diversity, the ring resonator works

ring resonator combiner = splitter

rotator 1m

TE OUT
(TM/TE)

rotator
splitter

Fig. 1.32 Photograph of the polarization diversity circuit for a ring resonator filter
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Fig. 1.33 Measured transmission spectra of a ring resonator with and without polarization diversity
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as a fine wavelength filter for TE polarization, but it does not work at all for TM
polarization. On the other hand, with polarization diversity, the circuit shows almost
the same filter characteristics for both polarizations. The measured PDL of 1dB is
suitable for practical use.

1.6 Summary

Silicon photonic wire waveguides, featuring very strong optical confinement and
compatibility with silicon electronics, provide us with a highly integrated platform
for electronic—photonic convergence. The fundamental propagation performance of
the waveguide has already become a practical standard. Some passive devices with
sophisticated designs and dynamic devices with electronic structures have also been
developed by using such waveguides. Moreover, the waveguide offers an efficient
media for nonlinear optical functions. The polarization dependence, which is a
serious obstacle to telecommunications applications, can be eliminated by using
a monolithically integrated polarization diversity system.

In the next development stage, efforts will mainly shift to a large scale photonic
integration in which passive, dynamic, and active devices will be integrated on a
chip. The ultimate goal is, of course, a large-scale electronic—photonic integration,
which is the most important advantage of the silicon photonic wire waveguide.
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