A design for a photonic syringe
with multimode coupled slot waveguides

Zeno Gaburro

Dipartimento di Fisica, Universita degli Studi diehto, via Sommarive 14, 38100 Trento, ltaly
gaburro@science.unitn.it

Abstract: A design is proposed that allows non-stationagidfistribution
with Bragg gratings in multiple slot waveguides.le8tve coupling
between modes is achieved or suppressed, accotdingontrollable
selection rules, based on mode symmetry. By applyirch ruleshackward
pulling radiation pressure - i.e. toward the light sowa=san be obtained
inside the slots. A mode-switching filter is als@mposed, which allows the
switching between forward and backward directionradiation pressure.
This "light-actuated" syringe could have potentiapplications for
bidirectional  particle trapping and  manipulation, ptafluidics,
optomechanics and biotechnology.
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1. Introduction

Research into trapping and manipulation of partiddg propagating electromagnetic fields
has been active for almost four decades [1] anddub® a large number of applications [2,3]
particularly in microfluidics, biology and medicirjé-10]. More recently, particle trapping
and propulsion by evanescent electromagnetic fiblas also been achieved [11,12]. For
manipulation, evanescent fields offer many advasgagver free space beams, including
background signal reduction, and large-scale mdatijpin of thousands of particles in
parallel [13]. Evanescent fields for trapping armdpulsion of dielectric particles [11,12,14-
18], semiconducting particles [19], metallic pdeg[12,20,21], cells [22] and biomolecules
[23] can be obtained, by exploiting total intermaflection (TIR) in prisms [11,17] and in



waveguides [12,14,16,20], or surface plasmon-pwolasi (SPPs) [15,18,21]. In highly sub-
wavelength waveguides, trapping is particularlyeefive because almost all the optical
energy is carried by evanescent fields [16]. In SRReguides, one can take advantage of
field enhancement associated with plasmonic resm®gj?1]. On the other hand, in dielectric
slot waveguides [24], the strength of the optiaaicé can be enhanced by confining the
electromagnetic evanescent fields [23]. Further lieptions of optical forces due to
evanescent fields include nonlinear optics [17{pfipidics [22] and nanobiotechnology [25].

Because they are exponentially decaying, evanedoelds always exhibit intensity
gradients, which result in gradient forces. Thee@ffof these forces is to pull the particles
toward the interface that sustains the evanesceme vHowever, the wave also exerts a force
on the particles due to radiation pressure. Thisef@riginates from the scattering of the field
by the particle. The net scattering force pushesagbes along the direction of propagation of
the beam [3].

In this paper, | suggest a multimode waveguidegtesihich supports backward (i.e.,
toward the source) propagating modes with substaenanescent fields. With this design, the
direction of propagation can be flipped by changthg mode of injection. Propulsion of
particles can be therefore also inverted in diogcti

2. Signatur e of supermodesin coupled slot waveguides

If a waveguide supports at least two modes, naiostay field distributions can be achieved
by reflection. Let us consider a waveguide with mwodes, whose propagating constants are
Po and =B+ 4. The signs off, andp; are opposite if they are counter propagating.uset
now suppose that electromagnetic energy, inititdiywelling in modeg, only, is reflected
from modef, to backward modg;. This reflection leads to non-stationary fieldtdimution,
because the field profiles of mo@gg and 8, are necessarily different, since they belong to
different modes. Such reflection could be due gfaample, to a photonic structure with period

|AB]

The coupling of different counter propagating mogtemultimode waveguides has been
already suggested for mode conversion, but, toatitbor's knowledge, without an explicit
waveguide design, nor discussing applications fdomechanics [26].

The condition in Equation 1 is a constrain on tkeiqd, but gives no hint about how to
design the unit cell of the photonic structure. éjex possible procedure is suggested, which
utilizes coupled slot multimode waveguides. Coupstakt waveguides have been already
demonstrated, both in horizontal [27] and vertif28,29] configurations for single mode
guiding but, to the author's knowledge, not for tiplé mode guiding.

In this work, a multiplen-slot waveguide is considered, which is composedby
coupled homogeneous and equal waveguides. Thddddlae design is inspired by the tight-
binding method, a very useful approximation in atomnd chemical physics not only to
simplify the calculations, but also to gain deep®sight into electron states in complex
molecules and crystals [30]. In the tight-bindinggedure, molecular or crystalline orbitals
are described as linear combinations of atomictalbi(LCAO). The analogy between
coupled waveguides and molecular orbitals has balesady proposed for calculating
transverse optomechanical forces between coupledeguides [31-35]. In the case of
waveguides, the uncoupled picture, correspondingsdtated atoms, is the set of all the
separaten+1 waveguides, considered at infinite distance femanh other. The modes of the
separate waveguides are the analogous to atomitalsrtWhen these elementary components
are brought closer together, the coupling of eldargreigenmodes lifts the degeneracy of the
originally degenerate supermodes (i.e. the modebhefwhole waveguide, considered as a
single entity).



Let us first recall the main ideas of the tightdimg approximation for the electronic
case. For crystalline orbitals, the electronic wawetionsy(r) are solutions of an eigenvalue
equation (Schrédinger equation) in a periodic paénBecause of the latter condition, the
problem possesses translational symmetry, thusvthee functions must satisfy the Bloch
theorem. On the other hand, the wave functipfig should retain a trace of the wave
functionsy,(r) of isolated atoms, at least when the atomic d¢gtas not too close, in some
sense. This assumption is the core of the tighdibgnmethod. Without loss of generality, an
eigenfunctiony(r) can both satisfy the Bloch theorem and be expressgms of functions
o(r) (Wannier functions) centered at atomic sitedalattice, as [30]

P () =Y e*ar -R), 2)
R

whereR is a lattice vector, and the Bloch wave vedtohas also been used to label the
eigenfunction. The isolated atomic wave functioms de introduced by expanding the
Wannier functions as

A= b (1), 3)

where theb,'s are the required expansion coefficients. Geitgrall Equation 3 is guaranteed
by the completeness of the eigensgf}{ At this point, in the tight binding approximatip
one looks for the conditions for the Equation 3t approximately true with few, possibly
only one,w,(r). These conditions can be expressed as the vagishioverlap integrals, given
the target wave functiog,(r), with all the wave functiong(r) [30]

jw;(r)wm(r—R)dr «1 (forR#0), and jw;(r)AU(r)wm(r—R)dr «, (4)

whereAU is the difference between the crystalline andsihgle atom potential.

This approximation can be extended to waveguideasiotlhe expansion in Equation 3
requires the completeness of the eigenmode set,ithprinciple all unguided modes must
also be included. But, as before, the questioméeuwhat conditions it is possible to build a
supermode as a superposition of few (possibly onb) displaced elementary guided modes.
The conditions can be formulated similarly to Equag 4. The Schrodinger equation must be
substituted with the Helmholtz equation for the e®df waveguides, which reads (assuming
scalar form)

D%E+ko'ne(r)*E =0, (5)
whereE is the amplitude of the electric fielk, is the magnitude of the wave vector, ai@)
is the refractive index as a function of space. dfign 5 implies that the termdU must be
substituted by a terik?[ny(r)>-ns3], wherens is the refractive index of the background, and the
integral can be limited to waveguide cores, becaugside the cores.=ns. For the overlap
integrals to be small, ultimately, Equations 4 iiegjthe decay length of evanescent field of
the target mode to be small compared to the distahwaveguides.

For this paper, the tight-binding picture is prifhauseful to introduce thsignatureof
supermodes' profile of the electric field. The cgpicof the signature can be outlined as
follows. Let us assume for simplicity that the peob is two dimensional (i.e., that the
elementary waveguides are slabs), and that thandistd between nearest neighboring
elementary waveguides is the same for all the waideg, and is large enough for a mode of
elementary waveguides to satisfy the conditionEduation 4. Let us indicate witk(y-md)
the (real valued) profile of the electric field thfis mode, in them” elementary waveguide,
wherey denotes the transverse coordinate. The origiyisftaken to be the middle point of
transverse cross section of first waveguide (slaliét us also indicate with(y) the field
profile of supermodeh of the whole waveguide. In the limit of — o, the structure is
periodic. Hence, according to Equation 2, the wedlied fi(y) can be approximately
expressed as a quasi-Bloch function as



m=n
fa()=C D cosKy, y) fo(y-ma), (6)
m=0
where C is a normalization constant, at@ =hz/nd (for h=0, 1, ..., n. In Equation 6, by
referring to a discrete set Kf, | contextually introduced also the quantizatidérkKg which is
a consequence of the finite extension of the sydterhe y coordinate. The parametér
individuates all then+1l wave vectors, in the first Brillouin zone, relaiwio then+1
supermodes.
By applying the assumptions of the tight bindingpmximation, | assume th&i(y-md)
essentially vanishes in proximity of the neighbgriwaveguides, of,(y-md)# 0 only for
y = md(on the scale af), which leads to

m=n
fo(y)=C Zcoshn’n/n) fo(y—md). @)
m=0
From Equation 7 one can define the "signature"upiesmodeh as the set of the signs of
then+1 coefficients costzm/n). For a given set on+1 elementary waveguides, there afd
signatures, each being characterized by the nuofosign changes. The sign can change up
to n times. For each supermode, this number is desthilyeparameteh. Hence, it is the
magnitude of the Bloch wave vector which determities number of sign changes in the
signature. An example is given in Figure 1, whéee number of slots is= 2, the number of
elementary waveguides s1=3, and hence the signatures are (+++hf0, (+0-) forh=1,
and (+-+) forh=2.
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Fig. 1. Signatures of the 3 guided TM supermodesatium wavelength,=1.55pm in a 2-
slot waveguide resulting from 3 coupled 150 nmKt8c¢ slabs. Air slots are 350 nm thick. For
each supermode, the effective indexis also shown. The thickness of Si slabs is chdsen
guarantee single mode operation (for the isolatdn) s



Thus, the signature of supermodes can be assod@tib@ "dominant sign" of the field
profile across the elementary waveguides. The iieiinis suggested by Equation 7 under
quite strict assumptions, but the example in Figushows that its physical meaning can be
robust even in cases for which the coupling isweak, om is very small (=2, in Figure 1).

In general, however, one must be careful in evalgahe signature according to Equation 7.
This especially applies to slot waveguides: tot#ke full advantage of the field enhancement
in the slots, deeply sub wavelength slot size ¢uired, i.e. strong waveguide coupling. In
such case, supermodes cannot be accurately debaniltle tight-binding approximation.
Moreover, whem is small, boundary effects can acquire larger intgpare, and thus the
profile of supermodes can deviate significantlynfra Bloch function. For these reasons, it is
helpful to provide an operative extension of thdiniion of supermode signatures. A
practical way can be the following. First, one gtiahlly [24] or numerically [36] calculates
the actual field profild,(y) of each supermode. The sign of th coefficient in the signature
of supermodé can be again associated to the "dominant signhefrt” waveguide, which
can be now defined as the sign of an integral ®type

b(m)

[ fady, ®
a(m)
wherea(m) andb(m) are the boundaries of ting" elementary waveguide. A definition with
the integral in Equation 8 resolves the issuegadlto the assumptions for Equation 7.

Once the signature is known, the design of mirrehich couple different supermodes
can be performed by considering the required ofmerain single signs in the signature. Let us
apply this idea, for example, to the mentioned aisthe 2-slot waveguide of Figure 1, with
the goal of coupling, by reflection, supermode +t@-+supermode +-+. There are two ways to
perform this sign change. The first is by maintagnthe sign of the first and last coefficients,
and flipping the sign of the central coefficienhelsecond is by flipping the first and last sign,
and maintaining the central sign unaltered (sigmatt- is the same signature as +-+). The
change or maintenance of sign in each elementdigctien can be achieved according to
Fresnel reflection coefficiemt which, for normal incidence, reads
_Mo—m

nn,’ 9)
wheren, (ny) is the refractive index of the medium of incider{cefraction). Thus, there is a 0
() phase shift in the reflected beam, if the medairnmcidence has higher (lower) index than
the medium of refraction. Equation 9 also holds &ffective indicesng=|fclw| in a
waveguide, where is the speed of light in vacuum, ands the angular frequency [36]. In a
waveguide, the effective index increases with iasieg the core thickness. Hence, a
reflection without (with) a change of sign, in auwgguide, can be obtained by an abrupt
thinning (thickening) of the waveguide core, as timplies an abrupt decrease (increase) of
the effective indexg (Figure 2).

r

3. Two dimensional design and finite-difference time-domain simulation

Because of the phase relationships in the individlads, the structure in Figure 2 is expected
to efficiently couple supermode +++ to supermode with opposite propagation, and vice
versa. The conditions for the largest reflectiomihD Bragg mirror, fabricated by alternating
layers with low (high) refractive index (n,) and thickness, (dy), read

d - and d, =ﬂ, (10)

4n, 4ny,

wherelq is the vacuum wavelength. Equations 10 can bepreted as the conditions to get a
n phase shift in a roundtrip in any of the layers.
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Fig. 2. Photonic structure to reflect supermode te+supermode +-+ (see Figure 1). The
dashed line indicate one of the reflecting inteefacThe phase shift associated to elementary
reflections is shown by bending arrows. The perioof the structure (690 nm) and the other
values are resulting from the procedure describetié text. Layeh (higher effective index)
and layerl (lower effective index) refer to the 2 types ofaqislD layers which define the
Bragg mirror. The graph is to scale.

| generalize this condition of mphase shift per roundtrip by assuming that forwamd

backward propagation are carried out in differamgesmodes. Thus, even in the same layer,
there are two different refractive indices, one fbe forward and one for the backward
direction. Moreover, a Bragg mirror has two kinds'layers". For example, in Figure 2, the
layers are identified by the thickness of the thskads (layeh: thick-thin-thick, and layet:
thin-thick-thin). Therefore, there are 4 relevagfractive indices, which | label here ag;,
wherei indicates the layer typé=h orl), andj the direction, forward or backward=f or b).
Equations 10 are therefore generalized as
:# and dh :¢_

2(ny ¢ +0p) 2(My 5 +Nyp)

An additional simplification has been introduced-igure 2, by imposing the corrugation
to be small with respect to the thickness. Thisdatiom limits the mode mismatch - hence,
unwanted mode mixing - between layers of typand| layers. Small corrugation implies
small index contrast, and thus, from Equations @il d,. The calculated value is
d = d, = 345 nm, thus the periatl is 690 nm (Figure 2).

Once the period has been defined, just becaudeegberiodicity, additional stop bands
are expected to appear in the transmission spectithmir central wavelength can be
estimated by solving Equations 11 fgr by inserting the now known valuesdfandd,, and
all the meaningful combinations of refractive inec For example, a stop band is expected
which reflects supermode +++ to itself. Its centrmalvelength can be estimated as follows.
The numerically calculated effective index of supede +++ is approximately 1.209 at
A=1.7um (note that the value 1.243 in Figure 1 is catadaat 1.55um). The estimated
central wavelength of the +++ to +++ stop bandis 4nd, = 1.668+0.024:m (the error is
added assuming a 10 nm tolerancedfpr

Two 2D FDTD simulations of the structure in Fig@rewith 100 periods have been
performed using commercial software (FDTD SolutitmysLumerical Solutions, Inc.). The
purpose of the first simulation is the spectralrabterization. Hence, a broadband source has
been used as stimulus. The injected field had dzarbprofile of supermode +++ in Figure 1,
a central wavelengthy = 1.6um, and a full width at half maximum afA = 400 nm. The

d (11)



geometrical mesh had 10 nm and 5 nm step sizeutesal respectively, ix andy directions.
The total span of the simulation region in the xediion was determined by the structure
itself, whereas in the y direction was set tou) to simulate the evanescent tails with
satisfactory approximation. The material (Si) waswated by taking into account both real
and imaginary part of permittivity according to iR4B7]. The time step was 99% of Courant
stability limit. The results are shown in Figure 3.

The effectiveness of the design is demonstrategrésence of the stop band at 1.54%
(supermode +++ reflected to supermode +-+, indatRigure 3), and simultaneously by the
almost complete suppression of the stop band 461 (supermode +++ to itself, inset ¢ in
Figure 3). The location of the latter is consistewith the previously estimated
1.668+0.024um. The suppression cannot be ascribed to a lowkicdatrast, which would
also similarly affect the band at 1.5d&. Instead, suppression is due to the symmetry
mismatch between the signatures of the modes.
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Fig. 3. 2D FDTD simulation of transmission and eeflon spectra of the structure in Figure 2
with 100 periods and with supermode +++ excitaf{gee Figure 1). The stop band is relatively
narrow due to the low contrast of effective refreetindex. Insets show the profile of electric
field E,. In (a), the reflected beam has the profile ofesomde +-+, whereas in (c) the profile
of reflected beams matches the profile of incideram (not shown), as expected, because the
Bragg condition is satisfied for the reflectionfresupermode +++ to itself. However, in (c),
reflection isalmost completely suppressed by the symmetry nukno&tthe mirror(residual
reflection is=1.2%). Inset (b) shows that the transmitted beanntaias the profile of
supermode +++. Decrease of R+T at lower waveleigifue to coupling by the grating of
supermode +-+ to free space propagation.

One can picture this suppression asetection rule dictated by symmetry, in close
analogy with rules that prevent transitions betwedectronic states due to symmetry
constrains. In such analogy, backward (forward) @sodan formally be assimilated to "bra"
<+++| ("ket" |+++>) vectors, and the mirror to appérator" |+-+|. The "matrix element"
<+++|+-+[+++> approximately vanishes, whereas <t-Hjf-++> encodes the information of
the "oscillator strength” of a single interface.eT¥alue can be calculated, analytically, from
overlap integrals of modes, or numerically from giations, as the ratio between the integral
of reflected field versus the integral of incidéietd. However, this is not further investigated
in this work. Instead, | suggest that this notatiam be directly exploited: the vanishing or
non-vanishing character of matrix elements can lftaioed as the straightforward result of
sign multiplications. In the two sample cases abdlve sign multiplications yield (+-+) and



(+++), respectively. The presence of the minus sigthe first case indicates a symmetry
forbidden transition, hence a vanishing matrix edatm

The second simulation was performed with similar TED settings, except that a
narrowband instead of broadband source was usedwaklielength 1.54pm was chosen for
this simulation: at this wavelength, the stop b#mat generates the backward propagation
effect has a maximum (Figure 3). For this simulatithe excitation source was set to
supermode +-+, to obtain backward reflection toesomde +++. This choice leads to
backward propagation of the evanescgat-confinedfield, which is more interesting for the
applications. The companion spectrum (forward pgegiag supermode +-+ and back
reflection to supermode +++, not shown) does netade significantly from the spectrum in
Figure 3.

A snapshot of the resulting 2D map of Poynting eecdver a few periods, close to the

input end of the waveguide, is shown in Figure 4.
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Fig. 4. 2D FDTD simulation of Poynting vector oktktructure in Figure 2, with 100 periods,
and with supermode -+- excitation (see Figure light injection is from the left side.
Excitation is narrowband (vacuum wavelendgt1.54um). Map is to scale. Only a few
periods are shown, in proximity of the input sied (black) arrows show the result without
(with) corrugation. The blue lines are the outlofethe structure with corrugation. While the
energy in the outer side of the waveguide is alwagseling forward (top and bottom of
figure), in the slots (i.e. in the 2 regions betwethe slabs), the component along the
waveguide axis is dominantly forward (backwardaiisence (presence) of the corrugation.

The steering effect of the structure can be clesebn looking at the black arrows, which
are the calculated Poynting vectors from the FDTUIpots (red arrows show the result of
simulation with no corrugation on the waveguidé)e black vectors initially point to the
right (top left and bottom left of the figure, oigs the slots and of the waveguide structure).
This direction is outward with respect to the seufahich is located at the left, out of the
shown region). Moving to the right, black arrowsrstturning toward the center of the
structure. In the core of outer waveguides, theoredkeep being directed toward the center of
the structure (right side of figure), but they adsmuire negative component in thdirection.
Finally, in the two slots, thex component is negative almost in every sampled tpoin
considered. The backward effect is the net reduthe fields of backward supermode +++
and of forward supermode +-+. The key idea is tinathe slotsthe amplitude of the latter is
lower. A snapshot of the movie of the simulationetéctric fieldE, (Media 1) is shown in
Figure 5.



4. Switching of the direction of radiation pressure

The direction of radiation pressure can be switdme@dwitching the supermode of injection.
In fact, the direction of the radiation pressuretlie slots depends on the direction of
propagation of supermode +++. If the injection isectly in supermode +++, the radiation
pressure in the slots will be trivially outward @wfrom the source). However, if the
injection is in supermode +-+, this supermode Wi back reflected by the structure to
supermode +++, and the pressure will be directedhtd the source in the slots. In this
section, | propose a sample device (Figure 6) titchvthe mode of injection. This structure is
meant to be placed before the main device of Figure

Fig. 5. Snapshot of the electric fielg distribution, according to 2D FDTD simulation dfet
structure in Figure 2, with 100 periods, and witlpermode -+- excitation (see Figure 1). Light
is injected from the left side. Excitation is navlmand (vacuum wavelengfiz=1.54m). Only

a few periods are shown, in proximity of the inpigte. Map is to scale. Large arrows indicate
the direction of energy flux (Media 1).
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Fig. 6. Sample 2D photonic structure to selectiidtgr supermode +++ or supermode +-+
(supermode profiles are shown in Figure 1). Grelyit@y areas represent Si (air). The vertical
line at x = 0 um indicates the location of the energy source iTBBimulations. The arrow
indicates the direction of injection. The vertidimle at x = 69um indicates the location of
monitor. The graph is to scale.

The backbone of the device in Figure 6 is the $¢hree coupled waveguides shown in
Figure 2, however in this case the waveguides laveorrugation. Instead, two photonic
structures are added. The idea is to take advardddeo independentlydesigned band
structures. The first structure is constituted gy tows of thinner rectangles inside the slots,
and is designed to generate a stop band to reflgEirmode +++ to itself. Its period (580 nm)



locates thdower-wavelengthband-edge of the stop band slightly below 1.pdb(i.e. the
wavelength for which backward effect in the maiwide is largest, see Figure 3). A FDTD
simulation of the device in Figure 6, under exatatof supermode +++, is shown as a black
curve in panel a of Figure 7. This figure demorisgdhat this first photonic structure acts as
a "closed gate" for supermode +++ at 1.p#b (black dot, transmission i$,~0.1%).
However, a relatively small red shift of the spentrcan open this gate, and let the supermode
pass. This situation is simulated in panel b ofuFég7, where the refractive index of the
background has been increased by 2%. The transmigdi supermode +++ (black line)
increases to aboul,~49% (black dot in panel b). In this "open gate" foguration, the
insertion loss is about 3 dB, whereas the moduladiepth To-T.)/(To+T,) is larger than 99%.
There are several possible options to achieve arpatally a shift that is compatible with
this simulation. For example, if the background isontrolled fluid, the shift can be obtained
by changing the composition of the fluid. If theusture is porous, a more subtle way could
be by resorting to capillary condensation, as weetadready demonstrated experimentally in
a different context [38]. Other solutions couldlie nonlinear materials.

1.0 T T T H T T T
F (a) An=0 —— source: +++:1

0.8 |- source: +-+ i

0.6

0.4

0.2

' I
—— source: +++
—— source: +-+

I
F (b) An=+2%

0.8

Power transmission

0.6

0.4

0.2

0.0

1.4 15 1545 1.6

Wavelength (um)

Fig. 7. 2D FDTD simulation of transmission speaifahe structure in Figure 6. Each spectrum
has been calculated by exciting only one supermBtiek (red) curve is the relative power
transmission of supermode +++ (supermode +-+).r€fractive index of Si was modeled as a
complex guantity according to Palik [37] (the realt at 1.54%m was about 3.48). Panel a
shows the simulation with the background refraciivdex set tono= 1. Panel b shows the
simulation with an increase of the background inbgX%. The vertical dashed line is the
design wavelength for this filter (1.54%n). Colored dots indicate the transmission of the
supermodes at this wavelength. In panel a (b),ptheer transmission is 0.1% (0.8%) for
supermode +++ (supermode +-+), and about 57% (46f/gupermode +-+ (supermode +++).
The bands generated by the photonic structure pétiod 580 nm (667 nm) are marked by
blue (green) arrows. Band 1 reflects supermode te++++, band 2 supermode +-+ to +-+,
band 3 supermode +-+ to +-+, band 4 is the santmad 3, but occurs under excitation with
supermode +++ due to stray coupling with supermiedeBand 5 (band 6) appears in both the
red and black curve because it is couples superm#éid¢o supermode +-+ and it is provided
by the inner (outer) photonic structure.



In similar fashion, the second photonic structgrelaced in the space outside (two rows
of thick rectangles in Figure 6). In this case, piegiod (667 nm) is designed to introduce a
stop band for supermode +-+, with tingper-wavelengttvand-edge slightly below 1.545 nm.
In Figure 7, the FDTD simulation, under excitatioh supermode +-+, is shown as a red
curve. As opposed to the previous case, in absehspectral shifts this photonic structure
acts as an "open gate" (transmissio 857%) for supermode +-+. A relatively small red
shift of spectrum closes the gate and blocks thgersoode +-+. This blocking effect is
demonstrated in panel b of Figure 7 (red curvean$mission drops to abotli=0.8%, and
modulation depthT,-T.)/(T,+T.) in this case is about 97%. Incidentally, thetfpfotonic
structure, although designed for supermode +++yaidably introduces a stop band also for
supermode +-+ (visible in Figure 7, band 3). Howetlds band has no relevant effect for this
design because it is located away at lower wavétetigis is due to the lower effective index
of supermode +-+). On the other hand, the secontbplt structure has no observable effect
at all, on supermode +++. In fact, in this casdlittmhal bands are suppressed, due to the
negligible overlap in space between the secondtsirel and supermode +++,

Finally, to excite both +++ and +-+ supermodes $iameously, the structure of Figure 6
was excited only in the central waveguide (leftgdasf Figure 8). The output of the device is
shown in the central panel of Figure 8.
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Fig. 8. 2D FDTD simulation of simultaneous excitatiof supermodes +++ and +-+ in the

device in Figure 6. Left panel: field profile ofwsee (the central waveguide in Figure 6 has
been prolonged to the left, as shown in the insegllow this mode profile). Simultaneous

excitation is due to mismatch between the sourcethe supermodes profiles. Central panel:
field profile of the output, with no index shiftlézk curve) and with 2% shift (blue curve).

Right panel: analytical profile of the +++ (blueree) and +-+ (black curve) supermodes.
Comparison between the central and the right psimalvs that the output of the device has a
field profile almost overlapping a single supermdégher +++ or +-+), depending on the

index of the background. Hence, the structure igufé 6 works as a supermode selector.
Residual components of the other modes are obdereabdeviations from the theoretical

profile (particularly visible fory-yo|>1 um).

Without any index shift, only the supermode +-+ geas through. This supermode,
injected in the device of Figure 2, leads to theklaard propagation effect in the slots. If on
the other hand the refractive index is shifted B9, 2hen only the supermode +++ passes
through, and the radiation pressure will be dirédteward.



6. Conclusions

Multimode coupled slot waveguides can be structdioedelective mode coupling. Selection
of modes can be achieved by exploiting the symmetmnodes. For example, a distributed
Bragg mirror has been proposed, which reflects alento a different one. The design
presented here takes advantage of a generalizaftithe well known /4 optical thickness"
rule for the layers of distributed Bragg mirrorsnite-difference time-domain simulations
show that stop bands obtained with this generalppededure can appear or be suppressed,
according to consistent selection rules, which aseniniscent of selection rules for
eigenmodes transitions in quantum mechanics. Astaguing application, | have proposed a
design of slot waveguides, in which backward pglifadiation pressure could be obtained in
evanescent fields inside the slots. Furthermaohneyk also suggested a front-end filter that can
allow the switching between forward and backwangation of this radiation pressure. The
integration of the front-end filer with the backwawvave device could behave as a syringe, in
which the "needle" is constituted by the corrugagedpty slots, thus naturally suggesting
potential applications as a tool for biotechnology.
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