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Abstract:  We demonstrate record giant birefringence, nearly twice as
large as has previously been achieved (Angoup = 1.5 over more than 60 nm
of bandwidth near A = 1550 nm) using a multi-slotted silicon nanophotonic
waveguide. The birefringence is optimized by the use of materials with
high refractive index contrast to create a compact single-mode waveguide,
and the etching of deeply sub-wavelength channels within the waveguide,
which are strongly coupled in the near field and separated by narrow air
channels of optimimum lateral width. When used as a polarization-sel ective
delay element, the delay-bandwidth product per unit length is 46.6/mm
over a bandwidth of 8.74 THz. We aso design and demonstrate mode
shaping of both the TE and TM polarizations to achieve near-identical
coupling to amacroscopic external object, such as alensed fiber or detector.
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1. Introduction

Giant optical birefringence has been demonstrated in multilayer polymeric thin films[1] (An=
0.3), in nanostructured silicon [2] (An = 0.3) and in semiconductor nanowires [3] (An = 0.8).
In chip-scale waveguides at tel ecommunications-rel ated wavel engths (A=1550 nm), giant bire-
fringence has also been observed in the silicon-air slot waveguide [4, 5] (Angroup = 0.7). Here,
we demonstrate record giant birefringence (Angroup = 1.5, Angst = 1.0) over more than 60 nm of
bandwidth near A=1550 nm in amulti-slotted silicon nanophaotonic waveguide. When used as a
polarization-selective delay element, the delay-bandwidth product per unit length is 46.6/mm
over abandwidth of 8.74 THz. Although our electron-beam lithography instrument has limited
the length of our fabricated waveguide to about 100 um, a very large delay-bandwidth product
(¢1000) could be achievable using longer (1 cm) structures, in which context we point out that
the critical dimension of our waveguide is no smaller than 100 nm.
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1.1. Background information

Birefringent crystals are widely used in optics as retarders for the control of the polarization
state of light and to make devices such as delay lines, splitters, and multiplexers. In laminar
(thin-film) structures, which often consist of isotropic materials, theimportance of creating bire-
fringenceartificially for frequency generation by controlling the composition and thicknesses of
the layers was recognized in the 1970s[6] and demonstrated experimentally later [7]. Recently,
the rapid growth of on-chip photonics requires the development of compact lithographically-
fabricated waveguiding structures. Silicon nanophotonic waveguides with sub-micron trans-
verse dimensions alow the possibility of dense on-chip integration with CMOS electronics
and materials. Recently, devices with polarization-independent behavior were demonstrated,
in which both polarizations showed the same behavior (wavelength selectivity via microring
filters) [8]. Here, in a complementary sense, we demonstrate a waveguiding structure which
shows giant birefringence, i.e., a very large difference in the effective (and group) indices of
refraction for the two polarizations, which could lead to more compact structures, as argued
theoretically in arecent paper [9].

The ability to design and create birefringence artificialy in silicon waveguidesis a signif-
icant advancement as it enables important applications such as broadband tunable time delay
and nonlinear optics[7,10]. Asthelatter intrinsically requires phase matching between different
optical waves, it is challenging to realize nonlinear optics using isotropic materials, and index
birefringence must be artificially created by epitaxial growth [7, 11] or lithographic pattern-
ing [12] on sub-wavelength length scales, where the fine features of the structure are contained
within the lateral spatial extent of the waveguide mode. Optical delay isenhanced by creating a
(group) index hirefringence as large as possible, so that the group delay between the two polar-
izations is maximized. In this context, by manipulating and optimizing near-field interactions
of sub-wavelength high-index-contrast dielectric elements, our work is significant because we
are able to create a giant birefringence nearly twice as large as has ever been achieved in the
optical domain, and approximately 10-15 times larger than that of typical naturally-occuring
crystals such as LiNbOg3, while using CM OS-compatible materials and processes, and without
using lossy metals or plasmonic effects.

1.2. Formbirefringence

The birefringence of periodic layered media, called form-birefringence [13, Ch. 6.4], can be
utilized to propagate TE and TM wave with different effective phase velocities, such asused in
dichroic polarizers, and in the synthesis of uniaxial crystals with prescribed properties. Typical
values of form-birefringence in a layered stack consisting of 0.125 um AlAs and 0.107 um
GaAsrangesfromAn=0.06at A =09 umtoAn=0.04a A = 1.1 um [13]. Higher values
of birefringence can be achieved by replacing AIAs with oxide [7] (achieving An = 0.154) or
even air, but such waveguidesin Al-based 111-V materials at the sub-micron scale are, at present
hard to fabricate with smooth sidewalls and tend to be lossy. Birefringence upto An = 0.65 has
been predicted for the GaAgAlGaA s/oxide material system [7].

In contrast with earlier studies of form-birefringence, where light is incident in a surface-
normal configuration, the wave propagates axially along the length of the etched ribsin our de-
vice. Therefore, the multi-slotted waveguideis adifferent kind of form-birefringent device, one
which operatesin transmission mode, rather than reflection mode. Similar structures have been
demonstrated recently for shaping the diffraction of light on sub-millimeter length scales [14].

2. Silicon multi-slot waveguide design and optimization
To obtain and optimize axial form-birefringence in an SOl waveguide, we utilize the slot
waveguide structure [4, 16]. Such waveguides consist of aternate layers of low index (e.g.,
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Fig. 1. a. Schematic of the transverse cross-section of the multi-slotted silicon-on-insulator
(SQlI) optical waveguide, which consists of five high-index (silicon) ribs of width 150 nm
separated by air channels of width 100 nm, which define an air-filling fraction g=0.40.
b. The maximum index birefringence (ngfE> — nng)) occurs at q (air-filling fraction) =
0.38. The black squares were obtained using a semi-vectoria finite-difference mode-solver
software package, assuming a total waveguide width of 1.1 um. The black line is a best-
fit through these data points using a quadratic function [15]. The TM mode is no longer
guided for q > 0.43, asits effective index drops below the refractive index of SiO,. ¢. Plot
of ngfa and nng) for different values of N, the number of silicon ribs. The close agreement
with the fitting functions show that supermode theory correctly describes the waveguide,
and the nearest-neighbor coupling coefficient can be determined, as discussed in the text.
d. Calculation of Anggs = nng) — nng) showing that Angs asymptotes to a constant value
for increasing values of N and that N = 5, asfabricated, isthe smallest value of N for which

Angs saturates. The group indices né,TE’TM) behave in the same way.

air or silicon oxide) and high index (e.g., silicon) material with cross-sectional features smaller
than the wavelength of light. (Here, the TE polarization is defined as the one in which the elec-
tric field vector is transverse to the slab, and therefore, parallel to the slots.) Slot waveguides
enable the concentration of electric field and enhanced power densities in the low index layers
for TM-polarized light, and could be used for index variation sensors, optical trapping, surface-
enhanced nonlinear optics and radiation/coupling [5, 17-21]. So far, single-slot waveguides
have been proposed and experimentally demonstrated for waveguides which are confined in
both transverse coordinates, and a horizontally oriented multilayer structure has recently been
proposed [22] and demonstrated [23]. A double vertical-slot structure has also been studied
using numerical simulations [24].
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We have designed and demonstrated a multi-slot configuration in which form-birefringence
is implemented in the near-field in the silicon-on-insulator platform. The transverse cross-
section of the multi-slot structure [see Fig. 1(a)] consists of high-index cores separated by
low-index claddings. The fraction of the slot-to-slot width (period) occupied by the low-index
cladding defines the (air-) filling fraction, g. Using an effective-medium theory, the optimum
value of the filling fraction which maximizes birefringence can be derived algebraically [15].
However, the effective medium (Maxwell Garnett mixing) model is applicable strictly only
to plane waves (with infinite lateral extent) incident on an infinitely-wide periodically strati-
fied grating. On-chip SOI photonics requires waveguides with finite cross-sectional dimensions
comparable with the wavelength of light.

2.1. Optimization of the structural dimensionsfor large birefrinegence

A mode-solving software package using the vectoria finite-difference time-domain agorithm
was used to determine the optimum widths and number of slots. Here, the total width of the
waveguide was chosen about 1 um to allow for several high-index and low-index regionsto be
juxtaposed, yet maintain the single-mode condition in both polarizations, asisrequired for most
on-chip photonics applications. The shape of the curve as shown in Fig. 1(b) is qualitatively
similar to that in the plane-wave case [15, Fig. 1]; however, thereis avalue of g = max =~ 0.43
(in this material system) beyond which the effective index of the TM mode is lower than the
refractiveindex of the substrate (SiO», refractiveindex 1.45). The total waveguidewidth should
be chosen so that the peak of An occurs at avalue of q = 0.38 < max, as shown in Fig. 1(b).
As shown in Fig. 1(d), An saturates for large values of N (the number of high-index ribs),
and we pick N = 5 for our implementation, which, for the chosen material system, yields the
smallest transverse width of the waveguide while maximizing the achievable An. Although the
optimized waveguide dimensionsof 1 um x 0.5 um allows a higher-order mode, TE 1, to exist,
that mode has a null exactly on-axis, i.e., in the center of the transverse cross-section, whichis
a high-index region. It is highly unlikely to be excited by the feeder waveguide, whose mode
reaches its maximum value on-axis. However, further expanding the width would enable the
unwanted TE, mode, which, like the lowest-order TEy mode, is peaked at the center, and could
be excited fairly efficiently. (The TE; mode was not observed in the measurements of the mode
profile described below.)

2.2. Physical reason for large birefringence in the multislot waveguide

Theelectric field in the TM polarization is greatly enhanced in the low-index cladding regions,
as required by continuity of the normal electric displacement across the boundary; the en-
hancement factor is nZ,./n3, at the interfaces between the high-index and low-index regions.
Whereas an already-significant fraction of the TM modal power (84%) resides in the low-index
dlot for asingle-slot waveguide [16], an even greater fraction (97%) is carried outside silicon in
the optimized multi-slot waveguide. For the single-slot waveguide, the fraction of power in the
slot saturates to its maximum value as the width of the slot is increased [16], and so we have
to utilize multiple slots to increase the fraction of light that is outside the high-index region.
For the other polarization, 42% of the TE-modal power is carried in the silicon for the single
dlot waveguide, versus 64% for the five slot structure. It isfor this reason that the birefringence
of the five-dlot structure is greater than that of the single-slot structure. The degree of birefrin-
gence can be controlled by altering the widths of the air slots and the silicon ribs [as shown in
Fig. 1()]. AsFig. 1(d) shows, the birefringence does not increase if we create more slots.

#95217 - $15.00 USD Received 21 Apr 2008; revised 20 May 2008; accepted 20 May 2008; published 22 May 2008
(C) 2008 OSA 26 May 2008/ Vol. 16, No. 11/ OPTICS EXPRESS 8310



Comparison of single-slot and multi-slot waveguides

Note: The TE polarization is defined as the one in which the electric field vector is transverse to the slab,
and therefore, parallel to the slots; see Fig 1(a). In each case, only the lowest-order mode is considered.

singleslot® | multiple slots®
(TE) Intensity fractionin silicon 42% 64%
(TE) Intensity fraction in the substrate 51% 5%
(TM) Intensity fraction in low-index regions 84% 97%
(TM) Intensity fraction in the slots (excl. substrate) | 46% 7%

@ 180 nm Si rib, 50 nm oxide slot, 300 nm height, oxide substrate [16].
() 155 nm Si ribs, 95 nm air slot, 500 nm height, oxide substrate (this paper).

Table 1. The multi-slot waveguide confines more TE-polarized light in the high-index
regions, and more TM-polarized light in the low-index regions, than the single-slot
waveguide. This is the physical reason for the enhanced birefringence of the multi-slot
waveguide. Also, in the TE-polarized case, there is less light in the substrate in the multi-
slot case.

2.3.  Modes of the multislot waveguide

The modal theory of multi-slotted waveguides will be described elsewhere. Here, we observe
that, in accordance with the general theory of ‘ supermodes’ [13, 25], the peak field amplitudes
in the high index regions for the m-th order mode (for Ef,m) in the TE polarization or H§m) in

the TM polarization) obey the scaling inter-relationship
ey =sin[zn(m+1)/(N+1)], wheren=1,2,....N, 1)

N is the number of identical waveguides) and cﬁ,m) indicates the coefficients of the individ-
ual eigenfunctions constituting the supermode. As discussed earlier, the optimized structures
consist of five identical (N = 5) high-index (n¢ore = 3.48) sections separated by low-index
(ngag = 1.45) gaps. For the fundamental (m = 0) modes, the prediction of supermode the-
ory isthat ¢, = {1/2,/3/2,1,1/3/2,1/2}. Using avectorial mode-solver programto cal culate
the mode profiles, we show in Fig. 2(b) that the peaks closely approximate the expected ra-
tios. Furthermore, supermode theory predicts that, as a function of N, the modal indices of the
waveguide is shifted from the effective index of a single high-index rib ngngew.g. according to

the formula ) ( 1
K T(m+
nggermode = Nsinglew.g. + 2% COS( Nt 1 ) . ()

From Fig. 1(c), we calculate ¥(T®) = 0.81 um~! and k(™) = 0.66 um~1. These are very
high values of coupling, achievable only in deeply sub-wavelength structures: in the optimized
structure, the separation between silicon ribs is only 100 nm. At the same time, lowering the
separation even further would actually reduce the birefringence, as shown by Fig. 1(b).
Waveguide couplers using multi-slotted waveguides can be designed either by laterally cou-
pling two such waveguides formed on the same substrate, in which case the coupling is dom-
inated by the overlap of the tails of the outer-most regions only (a straightforward extension
of the single-slot waveguide coupler [4,9, 24]), or by vertically coupling multi-slot waveguides
which are formed on two separate layers. The coupling coefficient can be much larger in the
vertical coupling case, since the entire lateral extent of the mode is involved in defining the
coupling integral, but the coupling coefficient can be quite sensitive to lateral misalignment of
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the two layers. In either case, the coupling coefficientswill be substantially different for the TE
and TM polarizations, which may be exploited to make very compact polarization splitters.

3. Fabrication and measurements
3.1. Fabrication process

The structures shown in Fig. 2 were prepared on a SOl wafer, with 0.5 um silicon layer and
1 umburied oxide. PMMA 495K 4% in chlorobenzene was spin-coated at 3000 rpm to a thick-
ness of 280 nm, and baked at 180C for 5 min. Patterns were exposed using a JEOL scanning
electron microscope converted for electron-beam lithography using NPGS (J.C. Nabity Lithog-
raphy Systems, Bozeman, MT), followed by developmentin MIBK:IPA (1:3) for 1 min. Nickel
was evaporated onto the pattern to a thickness of 35 nm using a Temescal BJD 1800 el ectron-
beam evaporator. Acetone was used to lift-off the PMMA, leaving the nickel mask for the
following etching step. First, an oxygen plasma descum step was performed (200W RF power,
50 millitorr pressure, 15 min), followed by an RIE etch using a mixture of BCl 3 (10 sccm) and
Ar (10 sccm) at 100W RF power and 30 millitorr pressure for atotal of 7 minutes. The nickel
was removed by immersing the chip in Nickel Etchant (Transene, Type TFB) for 10 seconds.
The chip was lapped down to a thickness of 200 um, cleaved and mounted on a sample holder
for measurement.

Multi-slot waveguides consisting of four air slots in a silicon core were fabricated on a
silicon-on-insulator (SOI) wafer, with silicon thickness of 500 nm, slot width 95 (+6) nm and
slot-to-slot spacing of 156 (+6) nm, thus yielding the air-filling fraction g = 0.38 (+0.01)
which was determined to be optimum by the calculations shown in Fig. 1(b). The dimensions
were measured using a Philips XL30 FEG ESEM, with image captured and analyzed using
analySIS XL DOCU software (Soft Imaging System, Lakewood, CO). In order to maximize
the achievable birefringence, the dlots are not filled with silicon dioxide. The substrate oxide
is not etched away to prevent the structural collapse of the Fabry-Perot resonator sections de-
scribed below. The birefringence in this waveguided geometry is determined by the differences
in the group index of refraction between the TE and TM polarized modes. (Note that if such a
waveguideis used to make, for example, a microring add-drop filter, it is the group index, and
not the effective index as in a thin-film structure, that determines the free-spectral range, the
finesse, and other spectral figures-of-merit.)

3.2.  Measurement procedure

Coupling into and out of the waveguides was achieved using tapered and lensed polarization-
maintaining fibers (Oz-Optics), aligned to the chip using six-axis micrometer stages (Newport
Ultralign) equipped with differential micrometers. A C+L band narrow-spectrum mode-hop
free tunable laser (Agilent 81640A, wavelength accuracy +0.015 nm) was used as the input
source. The transmission spectrum was recorded by sweeping the laser wavelength and moni-
toring the output using an InGaAs photodiode.

In order to measure the group indices of the slotted waveguide sections, the multi-slot section
was separated from the normal input/output waveguides by short (0.4 um) air gaps, so that a
Fabry-Perot resonator of precisely-knownlengthiscreated. A chip containing three waveguides
each with and without these gaps is shown in Fig. 2(a). The measured transmission spectrum
was bandpass-filtered in the spectral domain to extract that frequency component which corre-
sponds to the Fabry-Perot resonances of the length L indicated in Fig. 2(a). From these reso-
nances, we obtained the group index in both the TE and TM polarizations over a bandwidth of
70 nm (see Fig. 3).

The experimental values agree closely with computational simulations which were made
using a vectorial simulation software package to calculate the effective index of the modes,
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Fig. 2. a. Scanning electron microscope (SEM) image of a silicon-on-insulator (SOI) chip
containing six multi-slot waveguides. (The waveguides complete a90° bend to the top-right
before terminating at the cleaved facet.) Three of the waveguides on the right have 0.4 um
air gaps separating from them from the conventiona silicon waveguides, thus creating a
Fabry-Perot resonator of length L. b. Magnified SEM image of the multi-slot waveguide,
and the TE and TM maode profiles, calculated using a vectorial mode-solver algorithm that
takes into account the near-field coupling between the 0.15 um wide high-index sections
separated by 0.10 um wide air gaps.

and their dispersion, as a function of wavelength. The solid and dashed lines shown in Fig. 4
were obtained without using any fitting parameters, and only rely on the cross-sectional geom-
etry of the waveguide. The errorbars on the data are not of uniform extent because the Fabry-
Perot oscillations from the cleaved facets of the input and output waveguides imposes strong
wavel ength-dependent fluctuations which cannot be completely filtered out. The broken dot-
ted line connecting the measurements, which are indicated by squares with errorbars, isonly a
guide to the eye.

From a linear best-fit of this data (not shown), it is estimated that the group velocity dis-
persion of TM-polarized light is 2.7 times larger than that of TE-polarized light [D (T® =
—8.0 x 103 pgnm-km, D™) = —2.1 x 10* ps/nm-km]. The dispersion is of the same order-
of-magnitude as the single-slot waveguide [4], and about an order-of-magnitude | ess than pho-
tonic crystal waveguide delay lines. The propagation constant is basically determined b&/ the
waveguide geometry rather than the material properties; notice that the group index n g ) ex-
ceeds the refractive index of bulk silicon since the high index contrast between silicon and air
leadsto strong optical confinement. Such behavior is common to most silicon-air nanophotonic
wavguides.
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Fig. 3. Measurement (labeled ‘expt’) of the group index versus wavelength for the TE and
TM polarizations. The simulations (labeled ‘calc’) are performed using a finite-difference
photonic simulation software package. Although the latter shows that the higher-order
mode TE; may exist, it is unlikely to be excited by the input due to symmetry consid-
erations, and is not observed at the output, as described in the text.

(Note that thisis the first report of a waveguide geometry for which the measured birefrin-
gence is significantly greater than the refractive index of the cladding |[nte — ntm| = 1.6 >
Naubstrate = 1.45 or ngr = 1.0. Interesting in its own right, this aspect is not discussed further in

this paper.)

3.3. Applicationasadelay line

The multi-slotted waveguide can be used as a polarization-selective delay line, in which the
delay-bandwidth product per unit length is 46.6/mm over a bandwidth of 8.74 THz. The
delay-bandwidth product may be about a factor of 2 larger, since the tunable laser used for
the measurements covered only a limited range of frequencies. Achieving delay-bandwidth
products of 3000 would require a multisiot waveguide of approximately 3 cm length. Although
vertical multislot waveguides of this length have not yet been fabricated, horizontal triple-slot
waveguides upto 1.5 cm length have been demonstrated [23].

We cal culate the shortest pul se width 7y that would broaden by no morethan 41% of itsinitial
width at the output of aL = 3 cm delay linewith group velocity dispersion |D| ~ 1 x 104 ps/nm-
km, obtaining
21092 |D|pgnm-kmLkm 12

T Vnm/ps

TO - )an =~ 18 pS (3)
(where Vpmps = 1 x 10° is the group velocity written in nanometers per picosecond). g iS
shorter than pulses used in 160 Gh/s data communications and a 40 Gb/s data stream (pulse
width 6-8 ps) is expected to be transmitted with minimal distortion arising from the group-
velocity dispersion of these waveguides.
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3.4. Far-field mode profile and filtering

As shown in Fig. 2(b) and in Fig. 4 (by the dashed blue lines), the modes have very different
profilesin the near field. Direct butt-coupling to another optical element with small numerical
aperture (typical for on-chip components as well as off-chip detectors and couplers) would
create a large polarization-dependent loss. However, since in both polarizations, the peak field
amplitudesin the high-index regions follow the supermode progression described earlier (¢, =
{1/2,4/3/2,1,/3/2,1/2}) it is possible to create an imaging system to shape the modes so as
to achieve near-identical coupling to an external detector, fiber coupler, or optical element. The
main function of the beam-shaping optic is to cut-off high spatial frequencies, and it may be
designed either on-chip or off-chip. Provided that the cut-off frequency is chosen high enough
(see Methods), the measurement can also be used to verify that the higher-order TE 1 modeis
not excited in the waveguide and eliminate a potential concern since, as shown in Fig. 2(b),
the theoretically-predicted indices are similar for the TEg and TE; modes. For convenience, we
use the latter approach (as described below), which aso alows us to accurately measure the
resultant profiles using a scanning knife-edge method, in agreement with the expected shapes,
asshowninFig. 4.

To demonstrate the high-frequency filtering of the near-field by a diffraction limited opti-
cal transfer function, a knife-edge method was used to record the spatial distribution of the
field. The output facet of the chip was imaged using a Mitutoyo ULWD SL 100 objective (fo-
cal length f=2 mm, N.A. = 0.55) and a Navitar UltraPreciseEye 2x tube (total magnification
= 181x) onto a highly-sensitive InGaAs photoreceiver (New Focus Femtowatt 2153). Alterna-
tively, the cleaved facet of the chip could be imaged using an NIR camera (Xenics XEVA-1.7-
320TE). The magnification was chosen so that the field of view at the detector images asingle
waveguide, but not its neighbors. The exit aperture after the objective and tube lensis 0.5 mm
and the distance between the exit aperture and image plane is 2.5 cm, thus creating an optical
transfer function (OTF) at the image plane which filters out spatial frequencies greater than
65cm1.

Input power levels from the laser are less than 50 uW to reach the saturation level of
the detector. Since the knife-edge is scanned while keeping the laser at a fixed c.w. wave-
length (1550 nm), thereis no effect of chromatic abberationsin our mode-profile measurement
scheme. The laser source was modulated at 641 Hz (less than the bandwidth of the photore-
ceiver), and the photoreceiver output was measured by a lock-in amplifier (Stanford Research
Systems SR830). As the knife edge was scanned across the field-of-view at a constant speed
(using a Newport 1L S200 translation stage and ESP300 motion controller), the resultant trace
was recorded. The knife-edge scan achieves 1 um resolution, compared to the 200 um width
of the magnified image of the end-facet. The scans shown in Fig. 4 are averages of eight traces
for each polarization, at the wavelength A = 1550 um. Field profiles are obtained from the
scanning traces by differentiation and filtering out the high-frequency components which have
spatia frequency greater than 200 cm 1, attributing these high-frequency components (more
than 3 times the cut-off frequency of the OTF) to random deviations from linearity in the me-
chanical movement of the translation stage.

3.5.  Absence of the higher-order TE; mode

The center-to-center distance between the two intensity peaks of the TE; mode is about
0.65 um, which is less than Abbé resolution limit for two point sources at a wavelength of
A = 1.55 um. However, the two lobes of this mode are in phase opposition (exactly 7 out of
phase with regard to each other), and under these conditions, the diffraction-limited image (post
OTF-filtering at the image plane) should show a dip at the center [26, Fig. 6-11]. Such a pat-
tern was not observed in the measurements as shown in Fig. 4. We conclude that, as expected
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Fig. 4. Mode profiles from a vectorial finite-difference calculated (dashed blue line) for the
a. TE and b. TM polarizations, showing that the modes have very different profilesin the
near field [also see Fig. 2(b)]. However, an appropriate optical imaging system can be de-
signed to shape the modes (solid black line) for nearly polarization-independent coupling
(see ‘Methods’). The red dots are experimental measurements using such a system, yield-
ing nearly identical shapes for both polarizations, and thereby reducing the polarization
dependent loss in coupling from a multi-slotted waveguide to another optical element.

from the symmetry the field in the launching waveguide, the TE ; mode was not excited in the
multi-slotted waveguide.

4. Conclusion

In conclusion, we measure an engineered form-birefringence (refractive index difference be-
tween TE and TM) Ante.tm = 1.5 over more than 60 nm bandwidth at wavelengths of im-
portance in telecommunications (A = 1530 — 1590 nm). When combined with refractive in-
dex modulation (thermal or electro-optic), such alarge artificially-induced birefringence could
be utilized for very compact chip-scale optical delay lines and waveguide-based polarization
switches incorporating phase retardation, and for phase-matching between waves over a very
widerange, determined by the widths and spacing of the multiple high-index ribs and low-index
dlots which comprise the waveguide. At this time, the dispersion of the waveguides remains to
be measured directly, rather than inferred from afit, and further improvement of the fabrication
processis underway to reduce disorder (arising mainly from surface roughness) and absorption
loss (from the nickel used asthe etch mask in most of the fabricated waveguides) [27]. However,
as general waveguiding principles, the design methodology can be easily scaled and adapted to
create giant birefringence in any material system which can be lithographically patterned and
etched at sub-wavelength dimensions.
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