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Abstract: We describe resonant excitation of a plasmon by the Gaussian-
like lesky mode of an effectively single mode photonic crystal (PC)
waveguide. Plasmon is phase matched by design with a waveguide mode,
and travels in a metallic layer on the top of a PC waveguide. We observe
that small changesin the ambient refractiveindex just outside the metal film
lead to strong variations in the losses of a waveguide core mode, making
such a device a good candidate for compact sensor applications. Using low
refractive index core PC waveguides makes phase matching between the
plasmon and PC core mode relatively easy to enforce at any wavelength
of operation as modal effective refractive index in such waveguides can be
readily varied in awide range.
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1. Introduction

Propagating at the metal/dielectric interface, surface plasmons [1] are extremely sensitive to
changes in the refractive index of the dielectric. This feature constitutes the core of many
Surface Plasmon Resonance (SPR) sensors. Typically, these sensors are implemented in the
Kretschmann-Raether prism geometry to direct p-polarized light through a glass prism and re-
flect it from a thin metal (Au, Ag) film deposited on the prism facet [2]. The presence of a
prism allows phase matching of an incident electromagnetic wave with a plasmonic wave at
the metal/ambient dielectric interface at a specific combination of the angle of incidence and
wavelength. Mathematically, phase matching condition is expressed as an equality between a
plasmon wavevector and a projection of a wavevector of an incident wave along the interface.
Since plasmon excitation condition depends resonantly on the value of the refractive index of
an ambient medium within 200-300nm from the interface, the method enables, for example,
detection, with unprecedented sensitivity, of biological binding events on the metal surface[3].
The course of a biological reaction can then be followed by monitoring angular [3, 4], spec-
tral [5] or phase [6, 7] characteristics of the reflected light. However, the high cost and large
size of commercially available systems[8] makes them useful only in alaboratory, while many
important field and other applications remain out of the applicability of the method.

To miniaturize SPR biosensors, several waveguide-based implementations have been intro-
duced [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. In these sensors, one launches the light into
a waveguide core and then uses coupling of a guided mode with a plasmonic mode to probe
for the changes in the ambient environment. To excite efficiently a surface plasmon the phase
matching condition between the plasmon and waveguide modes has to be satisfied, which math-
ematically amounts to the equality between their modal propagation constants. Ideally, one
would use a single mode waveguide (SMW) with all the power travelling in a single Gaussian-
like core mode operating near the point of resonant excitation of a plasmon. Near such a point
most of the energy launched into the waveguide core could be efficiently transferred into a plas-
mon mode. Such an approach based on planar waveguides has been indeed demonstrated in the
visible to provide several compact designs of SPR biosensors|[9, 10, 11, 12, 13, 14]. However,
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for such single mode, low index-contrast waveguidesthe SPR couplingisrealized at essentially
grazing angles of modal incidence on the metal layer. As follows from the basic SPR theory
[1], coupling at such grazing incidence angles leads to an inevitable decrease of sensitivity of
an SPR method. Moreover, due to limitation to the lowest attainable value of the refractive in-
dex of waveguide materials, such sensors were demonstrated mostly in the visible where phase
matching condition is easiest to enforce. In principle, to increase angle of modal incidence on
theinterface, high index contrast waveguides could be employed. However, quick inspection of
a corresponding band diagram (Fig. 1(a)) shows that phase matching between plasmon mode
and afundamental waveguidemodeis not easy to realize. Thisisrelated to thefact that effective
refractive index of such amodeis closeto the refractive index of a core material, which is typi-
cally larger than 1.45 due to the materials limitations. Refractive index of aplasmon is closeto
the refractive index of the ambient medium whichistypically air n= 1 or water n = 1.3. Thus,
large discrepancy in the effective refractive indices makes it hard to achieve phase matching
between the two modes, with an exception of higher frequencies (A <650nm) where plasmon
dispersion relation deviated substantially from that of an analyte material.

Another solution to the phase matching and incidence angle problemis coupling to aplasmon
via the high order modes of a multimoded waveguide[15, 16, 17, 18, 19] (MMW). As seen
from the plot of their dispersion relations (Fig. 1(b)), such modes can have significantly lower
effectiverefractiveindicesthan awaveguide coreindex. In such aset-up light hasto be launched
into a waveguide as to excite high order modes some of which will be phase matched with a
plasmon mode. As only afraction of higher order modes are phase matched to a plasmon, then
only afraction of total launched power will be coupled to plasmon.

In this paper, we demonstrate efficient SPR excitation with the lowest loss TM polarized
Gaussian-like core mode of an antiguiding photonic crystal waveguide. The term antiguiding
generally refers to the transmission mechanism where effective refractive index of a propagat-
ing mode is smaller than that of a waveguide cladding. Such unusual modes are called leaky
modes as outside of a waveguide core they do not exhibit a traditional evanescent decay into
the cladding, but rather they radiate slowly (leak) into the cladding. Examples of antiguiding
systems are gas filled capillaries, hollow core Bragg fibers [24], and air core planar photonic
crystal waveguides. We show that antiguiding design integrates advantages of both single mode
and multimode schemes. Indeed, when the lowest loss mode of an antiguiding PC waveguide
is used over sufficient device length, such waveguide can be considered as effectively single
mode at any frequency within the bandgap due to efficient modal discrimination by radiation
losses. Coupling from an external laser source into the lowest loss mode is very efficient as
this mode can be made Gaussian-like even for TM polarization [20]. Moreover, dispersion re-
lation and effective propagation angle of such an antiguided mode is easy to vary by changing
the properties of a confining Photonic Band Gap reflector. This allows phase matching with
plasmon at any desired wavelength for any analyte material. We also believe that variants of a
proposed metal-dielectric periodic system can possess other hidden functionalities that can be
further exploited for building efficient waveguide based sensors; for example, omnidirection-
ality, negative refractive indices, and gapless guidance in the low refractive index cores have
been recently demonstrated in multilayered metal-dielectric systems[21, 22, 23].

2. Plasmon excitation by a Gaussian-like core mode

In what follows we consider plasmon excitation by a Gaussian-like TM polarized mode of an
antiguiding photonic crystal waveguide (Fig. 1(c)) wherelight confinement in alower refractive
index core is achieved by a surrounding multilayer reflector. As incoming laser beam is typi-
cally Gaussian-like, power coupling efficiency into the core mode is high due to good spatial
mode matching. Moreover, coupling to such waveguides can be further ssmplified by choosing
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Fig. 1. Band diagrams of @) a SMW mode (red) and a plasmon (blue). Inset - coupler
schematic; |Hy\2 of aplasmon (left) and a SMW mode (right). b) The MMW modes (red)
and a plasmon (blue). Inset - coupler schematic; \Hy\z of aplasmon (left) and a high order
MMW maode (right) at the phase matching point (black circle). c) The core mode of a PC
waveguide (red) and plasmon (blue). Two waveguide designs are presented demonstrating
that phase matching point (black circles) can be chosen at will. Inset - coupler schematic;
|Hy| of aplasmon (left) and a Gaussian-like core mode of a PC waveguide (right).

waveguide core size to be significantly larger than the wavel ength of operation. Thisis possible
as antiguiding waveguides operate in the effectively single mode regime regardless of the core
size. Leaky core mode can be easily phase matched with a plasmon mode by design, as effec-
tive refractive index of such a mode can be readily tuned to be well below the value of a core
index. Another important aspect of aproposed setup is afreedom of adjusting coupling strength
between the core and plasmonic modes. As penetration of a leaky mode reduces exponentially
fast into the multilayer reflector, coupling strength between the plasmon and core modes can be
controlled by changing the number of reflector layers between the core and a metal film.

We would like to note that although in this paper we consider planar geometries, proposed
plasmon excitation setup can be equally well implemented in fiber geometries. For example,
metallized Bragg fibers with filled lower index cores can be used to implement radial index
distribution of Fig. 1(c). Also, microstructured holey fibers operating in a band gap regime
with metallized holes on the periphery could be employed, further investigation of these sensor
geometriesis currently underway.

Photonic crystal waveguide under consideration consists of 27 alternating layerswith indices
n, = 2.0, np = 1.5. Core layer is number 12 with index n¢ = n;. Analyte (first cladding) is
water ng = 1.332 bordering a 50nm layer of gold. Substrate index is 1.5. Theory of the planar
PC waveguides with infinite reflectors where ne = n (see [20, 24] and references of thereof),
predicts that for a design wavelength A4 effective refractive index of the fundamental TE and
TM modes of a PC waveguide can be designed at will 0 < nefs < Ny by choosing the reflector

layer thicknesses as d \/”|2 —ng = dh\/nﬁ —n; = Aq/4, and acore layer thicknessasd¢ =
2d;. Moreover, for this choice of n¢ field distribution in the coreis Gaussian-like both for TE and
TM modes [20]. By choosing effective refractive index of a core mode to be that of a plasmon

a desired phase matching condition is achieved. For a waveguide with a finite reflector same
design principle holds approximately. Thus, for a wavelength of operation A = 640nm phase
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matching is achieved when PC waveguide aboveis designed for ngsf = 1.46 with 1q = 635nm.
Near the phase matching point, fields of a core guided mode contain strong plasmon contri-
bution (inset of Fig. 2). As plasmon exhibits very high propagation loss, theloss of a core mode
(lines with circles in Fig. 2) will also exhibit sharp increase near the phase matching point.
For comparison, dashed line at the bottom of Fig. 2 presents the loss of a core guided mode in
the absence of a metallic layer on top of a multilayer. When analyte refractive index is varied
plasmon dispersion relation changes leading to a shift in the position of the phase matching
point with a core guided mode. Thus, at a given frequency, loss of a core guided mode will
vary dramatically with changesin the ambient refractive index. Field distribution in a plasmon
mode propagating on the top of a PC multilayer shows some penetration into the multilayer
and losses almost independent of the analyte refractive index (line with crosses in Fig. 2), for

comparison, dashed line at the top of Fig. 2 corresponds to the plasmon losses in the absence
of amultilayer.
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Fig. 2. Solid lines with circles - loss of a waveguide mode near the phase matching point
with aplasmon for different values of an ambient refractive index. Inset: |Hy| field distribu-
tion in the waveguide and plasmonic modes.

To verify mode analysis predictions field propagation was performed. A TM polarized 2D
Gaussian beam (H field along Y direction) was launched into a waveguide core from air (inset
in Fig. 3(a)). At the air-multilayer interface incoming Gaussian was expanded into the fields of
all the guided and leaky, and some evanescent multilayer modes (60 altogether), plus the field
of areflected Gaussian by imposing continuity of theZ and Y field componentsat the interface.
Optimal coupling of 71% of an incoming power into the Gaussian-like core mode was achieved
with a Gaussian beam of waist 0.8d. centered in the middle of a waveguide core. Reflection
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from the air-multilayer interface was less than 3%.
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Fig. 3. S energy flux in amultilayer waveguide for various values of the ambient refractive
index. a) distribution across waveguide crossection after 1cm of propagation b) distribution
over 2cm of propagation.

In Fig. 3(b) distribution of an X component of the energy flux Sy in a propagating beam is
shown for various values of an ambient refractive index. From the figure it is clear that beam
propagation loss is very sensitive to the changes in the ambient refractive index. To quantify
sensitivity of our design in Fig. 3(a) we present Sy distribution across a waveguide crossec-
tion after 1cm of beam propagation. From this figure we cal cul ate that change in the integrated
energy flux as a function of the ambient index deviation from 1.332 of a pure water can be
approximated as AP /Py 332 ~ 60- |ny — 1.332]; thus, an absolute variation of 0.001 in the am-
bient refractive index would lead to a ~ 6% variation in the transmitted power which is readily
detectable. Similar calculations can be carried out assuming that refractive index of water stays
unchanged, while on the top of ametal layer one deposits a very thin layer of thickness d ;4 of
abiological material with refractive index 1.42. In this case sensitivity of the same design will
be AP/Py 33, ~ 0.05 - dyis/1nm; thus, adding 1nm of a bio-layer would change the transmitted
intensity by ~ 5%.

3. Conclusion

In conclusion, we have presented a novel approach to design of awaveguide based SPR sensor,
where Gaussian-like mode of an effectively single mode PC waveguide can be phase matched
at any desirable wavelength to a surface plasmon propagating on the top of such a waveguide.
Moreover, in resonance, modal incidence angle onto a metallic layer is not grazing resulting in
enhanced sensitivity. Coupling strength between the waveguide core and plasmon modes can
be varied by changing the number of intermediate reflector layers, thus enabling design of an
overall sensor length.
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