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1. Introduction

Optical fiber communication has fueled the informa-
tion technology revolution in the past two decades[1],
and high-speed transport of huge volume of data re-
lies on global optical communication systems. Various
kinds of optical fibers have been developed not only as a
transmission medium of information but also as a plat-
form supporting functional devices. Integrated photonics
has been intensely investigated for communication ap-
plications in recent years, and it potentially allows for
cost-effective production and relatively easy packaging[2]

as compared to the fiber-based devices. More impor-
tantly, strong light confinement and smaller chip size
could assist in realizing power-efficient photonic devices,
which enables highly desirable “green” information tech-
nology. Integrated photonics also plays an increasingly
important role in datacom systems, such as computer-
to-computer, chip-to-chip and even intra-chip communi-
cations, and serves as an enabling technology platform
to build space-, power-, and spectrally efficient optical
interconnection networks that could be seamlessly inte-
grated with complementary metal-oxide-semiconductor
(CMOS) electronics[3].

Besides some basic operations such as optical sig-
nals’ modulation, transmission, and detection, high-
speed optical communications may need certain ad-
vanced photonic signal processing functions[4] to over-
come the speed bottleneck caused by electronics and
achieve wavelength- and data-format-transparent sig-
naling and routing. These functions include, but are
not limited to, signal regeneration, wavelength conver-
sion, optical sampling and time-division-demultiplexing,
tunable delay, and multicasting and optical logics[5,6].
Many of them are based on nonlinear wave propagation
effects assisted by tailorable chromatic dispersion and
polarization properties. The ability of widely tailoring
dispersion, nonlinearity, and polarization in integrated
waveguides could thus be extremely important.

High index-contrast silicon waveguides have been con-

sidered as a building block of on-chip nonlinear signal
processing devices. Nonlinear Kerr, Raman, and carrier
effects[7−10], and dispersion manipulation[11−14] in the
silicon strip and rib waveguides have been demonstrated.
However, there are some design trade-offs that limit us
to further improve the physical properties of the waveg-
uides. For example, the high index contrast between
the silicon core and waveguide cladding produces a tight
confinement of light and thus high nonlinearity, but it
tends to introduce strong and fast-changing waveguide
dispersion that is dominant over material dispersion.
It is difficult to obtain a wideband and flat dispersion
profile when high nonlinearity is kept, and this trade-off
may cause low nonlinear efficiency or limited operation
bandwidth for communication applications.

One kind of nano-structured integrated waveguide,
called slot waveguide, has recently been proposed[15],
in which two high-index parts are laterally placed or
vertically stacked, with a slot of tens of nanometers be-
tween them. The slot has low index of refraction, and
the electric field in it is enhanced by the index contrast
when polarized normal to the interfaces of high-index
and low-index materials. By properly modifying struc-
tural parameters, one can confine a large fraction of light
in the nano-scale slot layer to greatly control effective
nonlinearity that depends on the slot material[16−19].

Fig. 1. Slot waveguide with silicon layers surrounding a highly
nonlinear slot layer.
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Moreover, the slot waveguides are multilayer struc-
tures and provide additional design freedom as com-
pared to strip waveguides, thus exhibiting enhanced
birefringence[20,21], tailorable dispersion[22−25], and im-
proved modulation efficiency[26].

In this paper, we present some our recent work on
tailoring physical properties of integrated waveguides
using the slot structures, with an emphasis on their ap-
plications in high-speed optical communication systems.
Chromatic dispersion, nonlinearity, and birefringence are
examined and optimized over a wide wavelength band
to design integrated wavelength converters, optical de-
lay lines, and polarization-diverse devices (polarization
splitters and rotators) that can deal with multi-channel
operations of optical signals at more than 100-Gb/s bit
rates.

2. Physical parameters and signal
transmission

Figure 1 shows a slot waveguide, and the horizontal
slot is surrounded by two silicon layers with air cladding.
The waveguide substrate is 2-μm buried oxide. For high
nonlinearity, we consider Si nano-crystal as the slot ma-
terial. For the quasi-TM mode (vertically polarized), the
discontinuity of its electric field causes a great enhance-
ment of the local evanescent field near the interfaces of
the slot and the silicon layers. When the slot layer is
thin and the evanescent fields of the two silicon parts
constructively interfere with each other, a large fraction
of the guided mode is confined in the slot layer[15].

To characterize chromatic dispersion in the slot waveg-
uides, we calculate the effective index of the quasi-TM
mode as a function of wavelength using a finite-element
mode solver (COMSOL Multiphysics 3.4), with the el-
ement size of 5, 40, and 100 nm for slot, silicon, and
other regions, respectively. Material dispersion is taken
into account for the Si nano-crystal slot[27], silicon[28],
and silica substrate. Group velocity dispersion, D =
−(c/λ)·(d2n/dλ2), is calculated, where n is the effective
index of refraction, and c and λ are the speed and wave-
length of light in vacuum, respectively.

To calculate nonlinear coefficient γ, we use the Kerr
nonlinear index of refraction n2 and two-photon ab-
sorption (TPA) coefficient βTPA, which correspond to
the real and imaginary parts of γ respectively, varying
with wavelength[29,30]. For silicon, when we calculate
γ as a function of wavelength, the measurements given
in Refs. [29,30] are fitted using six-order polynomials
and averaged to consider the wavelength-dependent non-
linearity. For Si nano-crystal with 8% silicon excess,
annealed at 800 ◦C, we choose n2 = 4.8×10−17 m2/W
and βTPA = 7×10−11 m/W at 1550 nm[31]. For silica, n2

= 2.6×10−20 m2/W is used, and βTPA is neglected. The
nonlinear coefficient γ is computed with a transverse
space resolution of 1 nm by using a full-vector model[32],
in which the contributions of different materials to non-
linearity are weighted by optical mode distribution, and
the longitudinal electric field of the mode is also consid-
ered. A figure of merit (FOM) is defined as the real part
of γ divided by the imaginary part of γ times 4π, i.e.,
γre/(4πγim), to evaluate TPA effect. In a scalar model
with a single nonlinear material, γre = 2πn2/(λAeff) and

γim = βTPA/(2Aeff), where Aeff is the effective mode
area. This FOM is equivalent to the commonly used
FOM n2/(λβTPA)[33].

High-speed signal propagation is simulated using
carrier dynamic equation and nonlinear Schrödinger
equation[7,11]. It is important to mention that we use
a single Schrödinger equation to simulate all nonlinear
Kerr effects, including self-phase modulation, cross-phase
modulation, and cascaded four wave mixing interactions,
by treating all these effects as an intra-channel effect.
This is a comprehensive approach to dealing with the
nonlinear interplay of all the optical frequency com-
ponents contained in multiple data channels. Pseudo-
random bit sequence (PRBS) with 8191 (i.e., 213−1) bits
is used in the simulations of evaluating signal quality
factor (Q) and bit error rate.

The polarization splitters and rotators presented in
this paper are essentially waveguide couplers. To charac-
terize their performances, the finite-element mode solver
is used to obtain the electric field (E) distribution and
propagation constant (β) of each supermode in the “cou-
plers”. In our designed polarization devices, Ez is less
than 10−3 of Ex and Ey . This means that it is accu-
rate enough to only consider the x- and y-components of
E. After substituting them into the following equation,
we further verify the propagation characteristics of the
polarization devices:

E(x, y) =
∑

i

kiEi(x, y)ejβiz , (1)

where the vector fields in terms of the components can
be expressed as

E(x, y) = Ex(x, y)x̂ + Ey(x, y)ŷ,

Ei(x, y) = Eix(x, y)x̂ + Eiy(x, y)ŷ, (2)

and ki is the normalized coefficient for the linear super-
position of the supermodes to generate an electric field
input only in the input waveguide. Here i = 1, 2 for the
two supermodes in the polarization splitter and i = 1, 2,
3 for the three supermodes in the polarization rotator.

3. Dispersion-tailored silicon wave-
guides for communication applica-
tions

Dispersion manipulation is extremely important for
many of high-speed communication applications. For
example, in signal transmission, the dispersion-induced
data distortion dramatically increases as bit rate in-
creases. Moreover, the highly tailorable dispersion could
be useful for achieving optical signal processing func-
tions. Low dispersion is essential to obtaining efficient
nonlinear parametric interaction for wavelength conver-
sion and optical sampling, while high dispersion is needed
to produce tunable optical delay and pulse compression.
In this section, we will discuss recently developed disper-
sion tailoring techniques using integrated waveguides.

3.1 Low dispersion over a wide wavelength band

Low dispersion and small relative group delay are
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needed to reduce phase mismatch and pulse walk-off
for strong nonlinear interaction of high-speed signals.
Since short optical pulses in the high-speed signals oc-
cupy a wide bandwidth, low dispersion should be made
available over a wide band where multi-channel high-
speed signals exist. Silicon slot waveguides could provide
such a dispersion profile.

With silicon nano-crystal in the slot, one can obtain
low and flat dispersion by choosing waveguide width W
= 500 nm, upper and lower silicon heights Hu = Hl =180
nm, and slot height Hs = 47 nm. Figure 2 shows the flat
dispersion profile within 0±160 ps/(nm·km) obtained
over a 244-nm wavelength range, from 1539 to 1783 nm.
Since the on-chip waveguides are typically a few centime-
ters long, the accumulated dispersion over this band is
quite small. There are two zero-dispersion wavelengths
(ZDWs) located at 1580 and 1751 nm, respectively. The
peak dispersion of 156 ps/(nm·km) is found at 1670 nm.
Figure 2 shows that the dispersion peak value is de-
creased from 210.1 to 50.8 ps/(nm·km) as Hs varies from
46 to 49 nm. This provides an effective way to shift the
dispersion profile at a rate of 53 ps/(nm·km) per nm.
We note that the Si nano-crystal slot waveguides have
a large index contrast between the slot and silicon lay-
ers and a small slot height, and this causes strong field
enhancement in the slot. Since the overall dispersion
is dominated by waveguide dispersion, the dispersion
is highly sensitive to the slot height. To confirm this
argument, we modify the slot height by 10 nm for Hs

= 40, 80, and 120 nm (W = 500 nm, Hu = Hl =180
nm), and the computed dispersion value is accordingly
changed by 698, 339, and 195 ps/(nm·km) at 1650-nm

Fig. 2. For Si nano-crystal slot waveguides, dispersion profiles
change with slot height.

Fig. 3. For 10-cm Si nano-crystal slot waveguides, dispersion
sensitivity changes with Hs.

Fig. 4. Dispersion profile red-shifts as lower silicon height
increases.

wavelength, as shown in Fig. 3. A small Hs induces
strong field enhancement shown in Fig. 3, and the field
enhancement causes an increased dispersion sensitivity
to the slot height.

As shown in Fig. 4, the dispersion is changed by in-
creasing the lower silicon height Hl. The dispersion curve
is red-shifted as Hl increases. The right ZDW shifts by
106 nm, from 1696 to 1802 nm as Hl is changed from 170
to 190 nm. Generally, similar trends of dispersion tailor-
ing are found for the Si nano-crystal slot waveguides as
the upper silicon height and width are increased, so we
do not show dispersion profile shift repeatedly.

With W = 500 nm, Hu = Hl = 180 nm, Hs = 47 nm,
the nonlinear coefficient γ and FOM are 2874 (W·m)−1

and 0.447, respectively, at 1550-nm wavelength. A small
change in the slot height, from 46 to 49 nm, does not
change γ and FOM much. Due to the strong field en-
hancement in the slot, the contribution of the Si nano-
crystal slot to the overall FOM is dominant. This is
confirmed by the fact that silicon’s material FOM is
0.352 at 1550-nm wavelength, but the Si nano-crystal’s
material FOM n2/λβTPA is 0.4424, very close to the
overall FOM. It is important to mention that the high
nonlinear coefficient γ and low dispersion allow a great
reduction of pump power for nonlinear optical signal pro-
cessing on a chip.

Note that the slot mode is essentially the evanescent
field of the optical wave guided in the silicon parts.
Therefore, when shrinking the dimensional parameters
of the silicon parts, one reduces the effective index of
the slot mode and makes it closer to that of substrate
modes. This causes mode coupling between them and
thus a leakage of the guided mode to the substrate.
The mode coupling also results in a sharp change of the
effective index over wavelength, which produces nega-
tive dispersion at long wavelengths (around 2300 nm)
where the coupling occurs. This explains why the silicon
material dispersion is bent by waveguide dispersion so
that the overall dispersion is relatively low and flat over
a wide wavelength range. On the other hand, this deter-
mines that the overall dispersion has a convex profile and
there are two ZDWs at most. Pursuing further flattened
dispersion curves with even more ZDWs would require
new dispersion tailoring techniques.

3.2 High dispersion over a wide wavelength band

Although high chromatic dispersion can suppress
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nonlinear parametric processes, it could be quite use-
ful for other signal processing applications such as
pulse compression[34] and tunable optical delay[35,36].
High dispersion is often produced by resonance-related
effects[37−39], in which both the real part and the imagi-
nary part of the effective index of an optical wave change
rapidly across the resonance wavelength. This deter-
mines the narrowband nature of high dispersion, and the
dispersion bandwidth is just around tens of gigahertzs.
Moreover, near the narrow dispersion band, high-speed
signals could be distorted by higher-order dispersion.
Generation of high dispersion over a wide wavelength
band is thus desirable.

A slot waveguide structure with a strip waveguide inte-
grated on the top is drawn in Fig. 5. They are vertically
coupled. The effective index of the quasi-TM mode in
the strip waveguide decreases with wavelength faster
than that of the slot mode, and a strong mode coupling
occurs around a certain wavelength where the effective
indices are close to each other, as shown in Fig. 5. At
the crossing-point, two supermodes (i.e., symmetric and
anti-symmetric modes) are formed and experience a very
sharp transition of mode shape from short to long wave-
length in Fig. 5, which induces a high dispersion[40,41].
The strip waveguide, with a thickness of 255 nm and a
width of 500 nm, is placed on the top of the slot waveg-
uide, separated by a 500-nm-thick silica base layer. The
low-index slot is a 40-nm silica layer, surrounded by two
160-nm silicon layers. At the crossing wavelength of
1.489 μm shown in Fig. 6, the symmetric mode has a
dispersion of −181520 ps/(nm·km). It is obtained over
a relatively small wavelength range of 3.5 nm for a 1%
dispersion variation. Note that the waveguide disper-
sion induced by the mode coupling is really dominant
over material dispersion and the waveguide dispersion
induced by the individual strip or the slot waveguide,

Fig. 5. (a) Slot and strip modes strongly interact with each
other due to index-matching at the crossing point, produc-
ing a sharp index change of symmetric and anti-symmetric
modes; (b) modal power distributions of the symmetric mode
at different wavelengths.

Fig. 6. Dispersion profiles of the symmetric and anti-
symmetric modes, and a negative dispersion of −181520
ps/(nm·km) can be obtained from the symmetric mode.

Fig. 7. Dispersion compensation for very high-speed signals
transmitted over 11.4-km single mode fiber. Eye-opening
penalty increases with bit rate. Eye-diagrams are in the same
scale.

Fig. 8. Dispersion properties change with the waveguide
width.

and thus the anti-symmetric mode has almost the same
amount of positive dispersion.

Such a dispersion profile is wide enough to accom-
modate high-speed signals for dispersion compensation.
We simulate an optical return-to-zero (RZ) on-off-keying
(OOK) signal transmitting over a 10.87-km-long single-
mode fiber (SMF) link, where the chromatic dispersion
is compensated using a 1-m-long waveguide with neg-
ligible loss. Data rate is varied from 160 to 400 Gb/s.
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The waveguide width is 500 nm, and the strip waveguide
thickness is 255 nm. The slot is 48 nm thick, surrounded
by two 160-nm silicon layers. The silica base layer is 555
nm. A continuous-wave (CW) laser is tuned to the peak
dispersion wavelength, where the SMF has a dispersion
of 14.4 ps/(nm·km). Figure 7 shows that the dispersion
is fully compensated for the 160-Gb/s signal with almost
no penalty. However, as the bit rate increases, the signals
start to be distorted by the third-order dispersion in the
fibers, which are not compensated by the dispersion in
the slot waveguide. An eye-opening penalty of 4 dB is
induced when the signal bit rate is increased from 160 to
320 Gb/s.

We note that the dispersion profile can be shifted
by varying structural parameters. Figure 8 shows that
shrinking the waveguide width from 500 to 200 nm can
shift the dispersion peak wavelength from 1336 to 1546
nm, with base thickness of 500 nm, strip thickness of 255
nm, slot thickness of 40 nm, and surrounding layers of
160 nm. Accordingly, the dispersion peak value becomes
less negative, from −197297 to −105396 ps/(nm·km).

The dispersion bandwidth can be even broadened fur-
ther for both telecom systems and optical signal pro-
cessing, e.g., for achieving multi-channel dispersion com-
pensation or a tunable optical delay line[35,36]. Dis-
persion can be flattened by cascading some waveg-
uide sections with the modified structural parameter,
each having a shifted dispersion profile. As an exam-
ple, Fig. 9(a) shows that the strip waveguide has a
slightly tailored waveguide width with the same ver-
tical dimensions of the slot-waveguide and the silica

Fig. 9. (a) Waveguides with variable waveguide width are cas-
caded; (b) flat dispersion of −46100 ps/(nm·km) is obtained
over 91 nm.

base, and the dispersion curve shifts over wavelength, as
shown in Fig. 8. The length of each waveguide section
is determined according to the dispersion peak values
of the shifted dispersion profiles. A flat dispersion of
−46100 ps/(nm·km) can be achieved from 1473 to 1564
nm, with a bandwidth of 91 nm, when the width varies
from 565 to 500, 445, 390, and 340 nm. The length ratios
are 26%, 17%, 17%, 7%, and 33%, respectively, with a
variance of 623 ps/(nm·km), less than 1.4% of the mean
dispersion.

Note that varying the waveguide width would be more
fabrication friendly than changing other structural pa-
rameters and a smooth change of the width can be
easily realized by e-beam lithography. A tunable op-
tical delay of 4.2 ns/m based on conversion/dispersion
approach[35,36] can be obtained using such on-chip waveg-
uides, which is able to buffer 420 bits of signals at 100
Gb/s using a 1-m-long waveguide. It is important to
mention that the flattened strong dispersion with small
ripples is necessary to keep good signal quality of high-
speed signals after wavelength conversion and dispersion-
induced group delay by limiting data distortion caused
by the third-order dispersion[42].

4. Polarization-controlled devices
for polarization multiplexing sys-
tem

In the past two decades, wavelength-division multi-
plexing (WDM) and time-division multiplexing (TDM)
have been employed to greatly increase the capacity
of fiber-optic communication systems[43]. Recently,
advanced modulation formats, including multilevel
phase-shift-keying and polarization-multiplexing (Pol-
Mux) schemes[44,45], have been widely recognized as an
effective method to achieve higher spectral efficiency.
Moreover, these techniques require relatively low-speed
electronics to enable high-speed communications in terms
of bits/s. They might also be more cost-effective and
power-efficient.

Pol-Mux, one of the commonly used advanced mod-
ulation formats, provides a straightforward method to
double the spectral efficiency in terms of bits/(s·Hz)[45].
However, the polarization of an optical wave is at
the heart of different data degrading effects, such as
polarization-dependent-loss[46]. Recent reports have
shown that differential group delay (DGD) and polariza-
tion mode dispersion (PMD) can have a dramatic impact
on the performance of the Pol-Mux system[47]. There-
fore, the control of the signal’s state-of-polarization is
quite desirable.

On the other hand, in the on-chip scenario, because
of the high index contrast in the integrated devices, one
of the main issues is the serious polarization dependence
of their performance. As an example, one can see, from
Fig. 10, different dispersion profiles of the x- and y-
polarized fundamental modes in the silicon nano-crystal
slot waveguide (W = 500 nm, Hu = Hl =180 nm, and Hs

= 47 nm). Strong polarization dependence of chromatic
dispersion is demonstrated. At 1550 nm, the slot mode
(y-polarization) has a dispersion of −110.9 ps/(nm·km).
For x-polarization, the dispersion changes to the
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Fig. 10. Dispersion profiles of x- and y-polarized fundamen-
tal modes in slot waveguide.

Fig. 11. On-chip polarization diversity scheme.

anomalous dispersion region with a value of 2100.9
ps/(nm·km). Theoretically, polarization-independent
integrated devices can be achieved by accurately con-
trolling the geometric parameters[48]. However, it is not
trivial in real fabrication. A 5-nm fabrication varia-
tion might introduce a DGD up to 6 ps for a 5-cm-long
waveguide[49]. For high-speed communications (more
than 100 Gb/s), 6 ps is close to the time length of one
bit.

To overcome this problem, a polarization diversity
scheme as shown in Fig. 11 has been proposed[49,50].
The input light is separated according to the polariza-
tion state after passing through the first polarization
splitter. Then, the polarization of the x-polarized light
is rotated by 90◦ by the polarization rotator so that the
two original polarization states of the light experience the
same responses from the sequent signal-manipulating
devices in the two arms as these devices are designed
to be identical. Note that there might also be some
shared components between the two arms as shown in
Fig. 11. After the second 90◦ polarization rotator and
polarization combiner, the input light with arbitrary po-
larization experiences polarization-insensitive operation.
The polarization diversity approach can find an impor-
tant application in coherent receivers[51]. Compared
with conventional detection techniques, coherent detec-
tion can provide compensation for all linear impairments
(e.g., dispersion, PMD) and better noise resilience[52]

in high-speed signaling. Note that polarization splitters
and rotators are the crucial devices in the polarization
diversity system, and we discuss them in the following.

4.1 Polarization splitter

A polarization splitter is a device that can split the

incident beam into two beams at the two orthogonal po-
larizations. Integrated polarization splitters have been
realized using directional couplers[53], Mach-Zehnder
interferometers[54], multimode interferences[55], mode
evolution[56], and photonic crystals[57]. Also, based on
a novel waveguide structure, the slot waveguide, re-
searchers have proposed and demonstrated different po-
larization splitters[58,59]. In these slot-waveguide-based
polarization splitters, the polarization dependence of
waveguide coupling is designed to obtain an even integer
ratio (i. e., 2) for the two polarization states’ coupling
lengths. This may cause a compromise to the device size
or the operation bandwidth of the polarization splitter.

Using two horizontally-slotted waveguides, the polar-
ization dependence of the strip waveguide coupler[60]
can be pronouncedly enhanced. As in the horizontal
slot waveguide coupler, a fair amount of the y-polarized
mode is confined within the slots and experiences a rel-
atively low index contrast between the air and silica
slots. Consequently, the coupling of y-polarized mode is
improved, which further enhances the polarization de-
pendence. As a result, the ratio between the x- and
y-polarized coupling lengths is increased remarkably. In
this case, when the power of the y-polarized (quasi-TM)
mode is completely transferred from the input waveg-
uide to the other waveguide, almost all of the power of
the x-polarized (quasi-TE) mode remains in the input
waveguide. This means that only one coupling length
of the strongly coupled polarization is needed to achieve
polarization splitting, which allows for a further reduc-
tion of the splitter’s size and a released requirement on
the coupling length ratio.

Figure 12 shows the cross-section of the horizontally-

Fig. 12. Cross-section view of the horizontally-slotted waveg-
uide polarization splitter.

Fig. 13. Exchange of the normalized power along the propa-
gation distance of the quasi-TE and quasi-TM modes at the
input waveguide.
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Fig. 14. ER of the quasi-TE and quasi-TM mode in a slot
waveguide splitter at one coupling length.

slotted polarization splitter. The silicon polarization
splitter has silica slots and a silica substrate. At 1550
nm, the refractive indices of silicon (nH) and silica (nS)
are equal to 3.4764 and 1.4440, respectively. w, h, d,
and hS are the waveguide width, height, spacing and slot
thickness, respectively. The optimized splitter parame-
ters are w= 500 nm, h= 360 nm, d = 500 nm, and hS =
60 nm.

Figure 13 shows that the normalized powers of the
quasi-TE and quasi-TM modes in the input slot waveg-
uide of the coupler as a function of the propagation
distance. Owing to the large difference between LTE

and LTM, most of the quasi-TE mode (99.35%) remains
in the input waveguide while the quasi-TM mode is fully
coupled to the output waveguide. Introducing horizontal
slot remarkably enhances the polarization dependence
of the coupling, and the ratio of the coupling lengths is
increased up to 21.

The extinction ratios (ER) of the quasi-TE mode in
the input waveguide and the quasi-TM mode in the out-
put waveguide as a function of wavelength at L = 46.7
μm is shown in Fig. 14. ERs are around 22 dB for
both polarization modes at 1550 nm. Furthermore, we
examine the wavelength dependences of the ERs. For
the quasi-TM mode in the output waveguide, its ER de-
creases monotonously with wavelength. Both LTE and
LTM decrease with wavelength, and the ratio LTE/LTM

decreases. For the input waveguide, the power of the
quasi-TE mode changes negligibly, while the power of
the quasi-TM mode increases tremendously. Conse-
quently, the ER of the quasi-TE mode reduces when
the wavelength is shifted away from 1550 nm. The split-
ter exhibits an 18-nm bandwidth for ER>20 dB.

4.2 Polarization rotator

A polarization rotator can rotate the incident beam
from one polarization to another. The simple act of
on-chip rotation of the polarization by 90◦ is not triv-
ial. To realize polarization rotation, methods such as
acousto-optic[61] or electro-optical[62] effects have been
used. Passive polarization rotators have also been ex-
tensively studied to facilitate the fabrication and re-
duce the cost. Reported techniques that require precise
fabrication of longitudinally varying structures include
using photonic crystal patterns[63], periodic asymmet-
ric waveguides[64], waveguide tapers[65], and an off-axis

double-core structure[66,67]. Slanted-sidewall waveguides
are also used to realize polarization rotation[68]. A po-
larization rotator with a uniform and vertical sidewall
structure over propagation direction is highly desired to
reduce the fabrication complexity.

Enabled by wave coupling through an intermediate,
multimode, uniform waveguide, 90◦ polarization rota-
tion can be achieved efficiently. Figures 15(a) and (b)
show the coupling efficiency of coupled waveguides with
the 90◦ rotated mirror structure. The simulation results
indicate that the electric fields of the refractive index
matched waveguides, as illustrated in Fig. 15(a), cannot
couple with each other, which is attributed to the fact
that their electric fields are mostly orthogonal to one
another. For the structure in Fig. 15(b), the modes of
the two waveguides can couple mutually and generate
two supermodes, which are analogous to a symmetric
mode and an antisymmetric mode in regular directional
couplers. Although the electric fields have parallel com-
ponents within the coupling region, the coupling effect is
very weak since the coupling length of these two waveg-
uides is relatively long. We find that the coupling length
of scheme (b) is around 1.2 mm for the same structural
parameters as in scheme (c).

By introducing WG 2 near WGs 1 and 3, the cou-
pling between WGs 1 and 3 is significantly enhanced

Fig. 15. Operating principle of (a) no coupling case, (b) weak
coupling case, and (c) proposed 90◦ polarization rotator using
wave coupling through an intermediate multimode waveguide;
(d) schematic of proposed 90◦ polarization rotator.

Fig. 16. (a) X-polarized and (b) y-polarized normalized
power exchange along the propagation distance in three
waveguides.
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Fig. 17. PCE as a function of wavelength and >90% PCE
bandwidth.

and the polarization rotator becomes more compact,
as illustrated in Fig. 15(c). The electric field of the
TE01 mode in WG 2 has a parallel electric field com-
ponent to that of x-polarized fundamental mode in WG
1. Also, WG 2 has a parallel electric field component
to that of the y-polarized fundamental mode in WG 3.
Good electric field alignment produces a large coupling
coefficient, which gives efficient energy transfer. As a
result, the coupling length of scheme (c) is reduced to 21
μm, around 1/60 of the coupling length of scheme (b).

WGs 1, 2, and 3 are made of silicon and we choose
silica as the cladding. To match the effective refractive
index of the TE01 mode in multimode WG 2 with those
of the x- and y-polarized fundamental modes in WGs 1
and 3, the parameters of W=182 nm, D=300 nm, and
T=500 nm are chosen.

Figures 16(a) and (b) show the normalized power trans-
fer of the x- and y-polarizations along the propagation
distance. We note that the conversion length of the power
from WGs 1 to 3 is around 21 μm, which is twice the
conversion length of the TE01 mode in WG 2. From 0 to
10.5 μm, the energy is transferred from the x-polarized
fundamental mode in WG 1 to the TE01 mode in WG 2.
Meanwhile, the TE01 mode in WG 2 is coupled with the
y-polarized fundamental mode in WG 3 and transfers
the power to WG 3. In this process, the power in WG 1
decreases while the power accumulates in WGs 2 and 3.
At the end of this process (10.5 μm), the power in WG 1
is equal to the power of WG 2 along the x-polarization,
and the power of WG 2 along the y-polarization is equal
to the power in WG 3. From 10.5 to 21 μm, the powers
in WGs 1 and 2 decrease simultaneously and transfer
to WG 3, resulting in the power in WG 3 reaching its
maximum at 21 μm. The result illustrates that an ER
of 17.22 dB can be achieved.

Polarization conversion efficiency (PCE) is a key pa-
rameter in evaluating the property of polarization ro-
tators, which is defined as the percentage of the power
transfer from the input polarized mode to the output
orthogonally polarized mode. We further examine the
PCE as a function of wavelength in order to evaluate the
performance of the proposed polarization rotator. Figure
17 indicates that, for a PCE above 90%, the polariza-
tion rotator with the proposed parameters has a 68-nm
bandwidth around 1543 nm.

5. Conclusion

We have shown that the physical properties of inte-
grated silicon waveguides, such as dispersion, nonlinear-
ity, and birefringence, could be highly controllable by
using nano-structured slots. High and low dispersions
are achieved over a large wavelength range, which is use-
ful for nonlinear optical signal processing of high-speed
signals. Strong birefringence can be obtained in various
types of waveguide couplers, which can realize efficient
polarization splitting and rotating in polarization-diverse
operations of Pol-Muxed data channels.

This material was based on research work sponsored
by DARPA (under contract number HR0011-09-C-0124)
and HP Laboratories.
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