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Abstract In the proposed photonic crystal waveguide-based surface plasmon reso-
nance (SPR) sensor, a plasmon wave on the surface of a thin metal film is excited by

a Gaussian-like leaky mode of an effectively single-mode photonic crystal waveguide.
By judicious design of a photonic crystal waveguide, the effective refractive index

of a core mode can be made considerably smaller than that of the core material,
thus enabling efficient phase-matching with a plasmon, high sensitivity, and high

coupling efficiency from an external Gaussian source, at any wavelength of choice
from the visible to near infrared (IR), which is, to our knowledge, not achievable

by any other design. Moreover, unlike the case of total internal reflection (TIR)
waveguide-based sensors, a wide variety of material combinations can be used to

design photonic crystal waveguide-based sensors as there is no limitation on the value
of the waveguide core refractive index. This sensor design concept was implemented

using planar multilayer photonic crystal waveguides, solid and hollow core Bragg
fibers, as well as microstructured photonic crystal fibers. Amplitude and spectral-

based methodologies for the detection of changes in the analyte refractive index were
devised. Sensor resolution as low as 8:3 � 10�6 refractive-index unit (RIU) was found

for aqueous analyte.

Keywords surface wave, SPR, fiber optic sensors, photonic crystal fiber

1. Introduction

Propagating at the metal/dielectric interface, surface plasmons (Agranovich & Mills,
1982) are extremely sensitive to changes in the refractive index of the dielectric. This
feature constitutes the core of many SPR sensors. Typically, these sensors are imple-
mented in the Kretschmann-Raether prism geometry where p-polarized light is launched
through a glass prism and reflected from a thin metal (Au, Ag) film deposited on the prism
facet (Kretschmann & Raether, 1968). The presence of a prism allows phase matching of
an incident electromagnetic wave with a plasmonic wave at the metal/ambient dielectric
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Photonic Crystal Waveguide-based Surface Plasmon Resonance Sensors 199

interface at a specific combination of incidence angle and wavelength. Mathematically,
the phase-matching condition is expressed as an equality between the plasmon wavevector
and a projection of the wavevector of an incident wave along the interface. Since the
plasmon excitation condition depends resonantly on the value of the refractive index of an
ambient medium within 100–300 nm from the interface, the method enables detection of
biological binding events on the metal surface with unprecedented sensitivity (Liedberg
et al., 1983). The course of a biological reaction can then be followed by monitoring
angular (Liedberg et al., 1983; Melendez et al., 1996), spectral (Zhang & Uttamchandani,
1988), or phase (Kabashin & Nikitin, 1998; Grigorenko et al., 1999) characteristics of the
reflected light. However, the high cost and large size of commercially available systems
makes them useful only in a laboratory, while many important field and other applications
remain out of the reach of this method.

Using optical waveguides and fibers instead of a bulk prism configuration in plas-
monic sensors offers miniaturization, a high degree of integration, and a remote sensing
capabilities. In fiber- and waveguide-based sensors, one launches the light into a wave-
guide core and then uses coupling of a guided mode with a plasmonic mode to probe
for the changes in the ambient environment. To efficiently excite a surface plasmon, the
phase matching condition between a plasmon and a waveguide mode has to be satisfied,
which mathematically amounts to the equality between their modal propagation constants
(effective refractive indices). Over the past decade, driven by the need for miniaturiza-
tion of SPR sensors, various compact configurations enabling coupling between optical
waveguide modes and surface plasmonic waves have been investigated. Among others,
metallized single-mode, multimode, and polarization-maintaining waveguides and fibers,
metallized tapered fibers, metallized fiber Bragg gratings (Vidal et al., 1993; Alonso
et al., 1994; Homola, 1995; Tubb et al., 1997; Homola et al., 1997; Diez et al., 2001;
Piliarik et al., 2003; Monzon-Hernandez et al., 2004; Monzon-Hernandez & Villatoro,
2006; Suzuki et al., 2006; Ctyroky et al., 1999a, 1999b; Al-Bader & Imtaar, 1993;
Jorgenson & Yee, 1993; Trouillet et al., 1996; Weisser et al., 1999; Gupta & Sharma,
2005) and, recently, solid-core microstructured fibers (Kuhlmey et al., 2006; Hassani &
Skorobogatiy, 2006, 2007), as well as planar photonic crystal waveguides (Skorobogatiy
& Kabashin, 2006a, 2006b) have been studied. In the majority of fiber implementations
(with an exception of microstructured fibers), one typically strips the fiber polymer jacket
and polishes off the fiber cladding until the fiber core is exposed; then, a metal layer
is coated directly onto the fiber core. Thus, the functionalized surface of a fiber core
is then exposed to an analyte. Ideally, one would use a single-mode fiber or waveguide
with all the power traveling in a single Gaussian-like core mode operating near the point
of resonant excitation of a plasmon (Lavers & Wilkinson, 1994; Harris & Wilkinson,
1995; Weiss et al., 1996; Homola et al., 1997; Dostalek et al., 2001; Sheridan et al.,
2004). A Gaussian shape for core mode is important as it is best suited for excitation
by standard Gaussian laser sources. Near the point of phase matching, most of the
energy launched into a waveguide core mode could be efficiently transferred into a
plasmon mode. However, in the TIR single-mode waveguides with low refractive index-
contrast, coupling with a plasmon is essentially realized at grazing angles of modal
incidence on a metal layer. As follows from the basic SPR theory, coupling at such
grazing incidence angles leads to an inevitable decrease of sensitivity of an SPR method.
In principle, high index-contrast single-mode waveguides (see Figure 1(a)) could be
employed to increase the angle of modal incidence on the interface. However, phase
matching between plasmon and fundamental waveguide mode is typically hard to realize.
This is related to the fact that the effective refractive index of a core-guided mode is
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200 A. Hassani et al.

Figure 1. Band diagrams and schematics of various sensor implementations. (a) Single-mode
waveguide-based sensor: dispersion relations of a core-guided mode (solid) and a plasmon (thick
dashed); inset—coupler schematic; jHkj2 of a plasmon (left) and a core mode (right). (b) Multimode
waveguide-based sensor: dispersion relations of the core modes (solid) and a plasmon (thick
dashed); inset—coupler schematic; jHkj2 of a plasmon (left) and a high-order mode (right) at the
phase-matching point (black circle). (c) Planar photonic crystal waveguide-based sensor: dispersion
relation of a fundamental Gaussian-like leaky core mode (solid) and a plasmon (thick dashed);
inset—coupler schematic; jHkj of a plasmon (left) and a core mode (right).

close to the refractive index of the core material, which is typically larger than 1.45
due to practical material limitations. The effective refractive index of a plasmon is close
to the refractive index of the ambient medium, which is typically na D 1 for air or
na D 1:3 for water. Thus, a large discrepancy in the effective indices (as seen from
Figure 1(a)) makes phase matching between the two modes hard to achieve, except
at higher frequencies (� < 650 nm), where the plasmon dispersion relation deviates
toward higher refractive indices. Thus, due to practical limitation on the lowest value of
the waveguide core and cladding refractive indices, single-mode TIR waveguide-based
sensors were demonstrated mostly in the visible, where the phase-matching condition is
easier to enforce.

Problems with phase matching and loss of sensitivity due to shallow angles of
incidence could be, in principle, alleviated by using multimode waveguides (Jorgenson
& Yee, 1993; Trouillet et al., 1996; Ctyroky et al., 1999b; Weisser et al., 1999; Gupta &
Sharma, 2005) (see Figure 1(b)). If launched properly, modal effective propagation angles
in such waveguides can be much steeper, resulting in smaller effective refractive indices.
However, in multimode waveguides only a certain number of higher-order modes will
be phase matched with a plasmon. Thus, sensitivity and stability of such sensors depend
crucially on launch conditions. Moreover, as spatial field distribution in a Gaussian-like
laser source is typically not well matched with the field distribution of a higher-order
mode of a multimode waveguide, only a small fraction of energy can be launched into
such a mode, resulting, again, in decreased sensitivity.

In this article, we present design principles of novel photonic crystal fiber and
waveguide-based SPR sensors and show that they integrate advantages of both the
single- and multimode waveguide-based SPR sensors. Moreover, in photonic crystal
fiber and waveguide-based SPR sensors, fundamental Gaussian-like leaky core modes
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(see Figure 1(c)) can be phase matched with a plasmon at any desired wavelength of
operation, thus enabling sensing anywhere from the visible to mid-IR. The term “leaky
mode” generally refers to the guidance mechanism, where the effective refractive index
of a propagating mode is smaller than that of the 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. Unlike in the case of common TIR waveguides, leaky modes in photonic
crystal waveguides are confined by the bandgap of a photonic crystal reflector. As a
consequence, the effective refractive index of the fundamental (lowest loss) leaky core
mode can be designed to be arbitrarily smaller than that of a waveguide core material,
thus enabling phase matching with a plasmon at any desired frequency. Moreover, the
lowest loss leaky core mode typically exhibits a Gaussian-like intensity distribution in
the waveguide core region, thus enabling convenient excitation by a Gaussian beam of an
external light source. Using the fundamental (lowest loss) leaky mode for sensing gives
the additional advantage of an effectively single-mode propagation regime. In particular,
when a set of modes is excited at a sensor input, higher-order leaky modes radiate out
faster than a fundamental mode. Consequently, after a certain propagation distance, only
the fundamental mode is left in the waveguide core. Finally, the effective angle of modal
incidence onto a metal film, and hence sensitivity, can be varied, at will, by a proper
selection of the waveguide core and reflector materials.

The article is organized as follows. In the first part, we introduce planar photonic
crystal waveguide-based SPR sensors and highlight the key ideas for their design. In the
second part, we demonstrate the design of SPR sensors using solid-core and analyte-filled
hollow-core Bragg fibers operating at 685 nm, 850 nm, and 1,300 nm. We argue that for
plasmon excitation in the near-IR, the analyte-filled hollow-core Bragg fibers present a
potent solution for plasmon excitation. In the third part of the article, we present an SPR
sensor using honeycomb microstructured photonic crystal fiber operating at 1,000 nm.
We conclude by summarizing major findings of this paper.

Finally, throughout the article, to find the modes of planar waveguides and circular
symmetric Bragg fibers, we have used a standard transfer matrix approach; while for the
calculation of modes of microstructured fibers, we have used commercial finite element
code by Rsoft.

2. SPR Sensors Using Planar Photonic Crystal Waveguides

We start by considering plasmon excitation by a Gaussian-like transverse-magnetic (TM)-
polarized mode of a planar photonic crystal waveguide (see Figure 2(a)), in which light
confinement in a lower refractive index core is achieved by a surrounding multilayer
reflector. TM polarization of the electromagnetic field in a planar multilayer assumes a
single magnetic field component, Hk, directed parallel to the plane of a multilayer, while
the electric field component is confined to a plane perpendicular to the multilayer. The
photonic crystal waveguide under consideration consists of 27 alternating layers, having
refractive indices nh D 2:0 and nl D 1:5. The core layer is layer number 12, having
refractive index nc D nl . Analyte (first cladding) is water na D 1:332 bordering a 50-nm
layer of gold. The substrate refractive index is 1:5. Theory of planar photonic crystal
waveguides with infinite reflectors, where nc D nl (Skorobogatiy, 2005), predicts that,
for a design wavelength �c , the effective refractive index neff .�c/ of the fundamental
transverse-electric (TE)- and TM core-guided modes can be designed at will, as long as
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Figure 2. Planar photonic crystal waveguide-based SPR sensor. (a) Schematic of a sensor where
the low-refractive index core is surrounded by the periodic photonic crystal reflector. One side
of the reflector is gold-plated for plasmon excitation. The gold layer is bordered by an aqueous
analyte. The jHkj field distribution in the fundamental core mode is shown on the right, while field
distribution in a plasmonic mode is shown on the left of the sensor schematic. (b) Band diagram
of sensor modes showing dispersion relation and field distribution of the fundamental core mode
(thick solid curve) and plasmonic mode (dashed curve). The common part of the TE and TM
bandgaps of a periodic reflector is shown as a clear region, while gray regions correspond to the
continuum of the bulk reflector states. By design, the effective refractive index of a core-guided
mode can be made significantly smaller than that of the waveguide core material. (c) Upper part:
the solid curve shows the loss of a waveguide core mode near the phase-matching point with
a plasmon at which modal loss peaks. The dashed line shows the shift of the modal loss curve
when the refractive index of the analyte is varied. Lower part: dependence of the sensor amplitude
sensitivity on wavelength.

0 � neff < nl , by choosing the reflector layer thicknesses as

dl;h D
�c

4
q

n2
l;h � n2

eff .�c /
; (1)

and by choosing the core layer thickness as dc D 2dl . Moreover, for this choice of
nc , the field distribution in the core is always Gaussian-like for TE-polarized modes,
while for TM-polarized modes, it is Gaussian-like as long as n2

eff > �l�h=.�l C �h/

(Skorobogatiy, 2005). By choosing the 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, the same design principle holds approximately. Thus, for an operating
wavelength of � D 640 nm considered in this example, phase matching is achieved when
the photonic crystal waveguide above is designed using �c D 635 nm and neff .�c / D 1:46.
A reasonable approximation to the neff .�c/ is a value of the effective refractive index of
a plasmonic wave, propagating at a planar gold-analyte interface

n2
eff .�c / D

�gold.�c /�a.�c/

�gold.�c/ C �a.�c /
; (2)

where �a is the dielectric constant of an analyte, and �gold is the dielectric constant of
the gold layer approximated by the Drude model

�gold D �1 �
.�=�p/2

1 C i.�=�t /
; (3)
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where the choice �1 D 9:75, �t D 13:0 �m, �p D 0:138 �m presents one of the many
possible fits of the experimental data.

In Figure 2(b), we present a band diagram of a planar photonic crystal waveguide-
based SPR sensor. All the simulations are performed using standard transfer matrix theory
on a complete system that includes both the waveguide and metal layer. Gray regions
signify bulk states of a periodic reflector. The clear region is a common part of the
reflector TE and TM bandgaps. The thick solid line, which is almost parallel to the band
gap edges, marked as “core mode” is a dispersion relation of a Gaussian-like leaky core
mode with most of its modal energy concentrated in the low-refractive index core. The
dashed line marked as “plasmon” represents the dispersion relation of a plasmonic mode.
Most of the plasmon energy is concentrated at the metal/analyte interface.

Near the phase-matching point, fields of a core-guided mode contain strong plas-
monic contribution. As the plasmon exhibits very high propagation loss, the loss of a
core mode (upper plot in Figure 2(c)) will also exhibit a sharp increase near the phase-
matching point. An important aspect of the proposed setup is the freedom of adjusting
loss of the core mode. As a leaky mode decays exponentially with respect to distance into
the multilayer reflector, coupling strength between the plasmon and core modes can be
controlled by changing the number of reflector layers situated between the waveguide core
and a metal film. Ultimately, higher coupling strength leads to higher modal losses, hence,
shorter sensor length. When the real part of the analyte refractive index is varied, the
plasmon dispersion relation displaces accordingly, thus leading to a shift in the position
of the phase-matching point with a core-guided mode. Consequently, in the vicinity of
the phase-matching point, transmission loss of a core-guided mode varies strongly with
changes in the analyte refractive index (see the upper part of Figure 2(c)).

We would like to point out that what is identified as a “core mode” in all the figures
in this article is, in fact, a waveguide supermode that includes both the core-guided mode
and plasmonic contribution. Since the plasmon mode is extremely lossy, only a small
mixing of this mode with the core mode is necessary to achieve sensing. We found it
pertinent to also show on the graphs what a plasmonic mode looks like near the phase-
matching point, although this mode by itself is not used in our sensing arrangements.
Depending on the designs, the plasmon contribution to the evanescent tail of a core mode
is not always visible on the field distribution plots as only the real components of the
modes are truly phase matched.

The simplest mode of operation of a waveguide-based SPR sensor is detection of
small changes in the bulk refractive index of an analyte. There are two main modalities
of SPR detection—amplitude-based and spectral-based. In both methodologies, sensing
is enabled through detection of changes in the location of a sharp plasmonic loss peak,
where spectral position is strongly dependent on the value of the ambient refractive
index. In the amplitude-based approach, all the amplitude measurements are performed
at a single wavelength near the center of a plasmonic peak. The advantage of this method
is its simplicity and low cost, as no spectral manipulation is required. The disadvantage
is a smaller dynamic range and lower sensitivity when compared to the wavelength
interrogation approach, in which the whole transmission spectra are taken and compared
before and after the change in the analyte has occurred.

We start by describing a single wavelength, amplitude-based detection method.
We define ˛.�; na/ to be the transmission loss of a core mode as a function of the
wavelength and refractive index of an analyte na. Considering P0 to be the power
launched into the fiber core mode, the power detected after propagation along the sensor
of length L will be P.L; �; na/ D P0 exp.�˛.�; na/L/. For the operating wavelength �,
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amplitude sensitivity to the small changes in the analyte refractive index �na can then be
defined (and measured) as SA.�/ŒRIU�1� j�na!0D .P.L; �; na C �na/ � P.L; �; na//=

P.L; �; na/=�na . Sensor length L is typically limited by the modal transmission loss.
A reasonable choice of a sensor length is L D 1=˛.�; na/, which is �1 cm range for the
planar multilayer-based sensor described in this section. Such a choice of sensor length
results in a simple definition of sensitivity for the small changes in the analyte refractive
index

SA.�/ŒRIU�1� D
1

P.L; �; na/

@P.L; �; na/

@na

D �
1

˛.�; na/

@˛.�; na/

@na

: (4)

In the lower part of Figure 2(c), we present the amplitude sensitivity of the proposed
planar photonic crystal waveguide-based SPR sensor. Maximal sensitivity is achieved at
673 nm and is equal to 112 RIU�1. It is typically a safe assumption that 1% change
in the transmitted intensity can be detected reliably, which leads to a sensor resolution
of 8:9 � 10�5 RIU. This 1% criterion will be used throughout the article to compare the
sensors response.

In the wavelength interrogation mode, changes in the analyte refractive index are
detected by measuring displacement of a plasmonic peak �peak. In this case, sensitivity
is defined as

S�Œnm � RIU�1� D
d�peak.na/

dna

: (5)

In the case of a planar photonic crystal waveguide-based SPR sensor, we find that the
corresponding spectral sensitivity is 2,300 nm � RIU�1. Assuming that a 0.1 nm change
in the position of a resonance peak can be detected reliably, a sensor resolution of
4:3 � 10�5 RIU is obtained. The sensor length in this case is �1 cm.

3. SPR Sensors Using Photonic Crystal Bragg Fibers

In this section, we propose two distinct approaches for fiber-based SPR sensing in aqueous
solutions using photonic crystal Bragg fibers. In both cases, a thin, gold layer is deposited
on the outer surface of a Bragg fiber in direct contact with an analyte. By tailoring the
dispersion relation of the fundamental core-guided mode of a Bragg fiber, the phase-
matching condition is obtained at various wavelengths in the visible and near-IR.

3.1. Large Solid-Core Bragg Fiber-Based Sensor

The first design approach consists of using the leaky fundamental Gaussian-like core
mode of a Bragg fiber and lowering its effective refractive index toward that of a
plasmon by the proper choice of a fiber reflector and a fiber core size. The choice
of the fundamental Gaussian-like core mode over the higher-order modes is motivated
by its optimal spatial overlap with the common Gaussian laser sources. Moreover, when
a sufficiently long Bragg fiber is used, effective single-mode regime of operation can be
achieved by radiation of higher-order modes, thus reducing the overall noise limit of a
sensor. In particular, we consider solid-core photonic crystal Bragg fibers made of two
materials with refractive indices nl D 1:40 and nh D 1:60. Prototypes of such fibers have
been recently fabricated in our group by using a poly(vinylene difloride)/polycarbonate
(PVDF/PC) and poly(methyl methylacrylate)/polystyrene (PMMA/PS) material combina-
tions (Gao et al., 2006). In such fibers, the solid core of refractive index nl is surrounded



D
ow

nl
oa

de
d 

B
y:

 [C
an

ad
ia

n 
R

es
ea

rc
h 

K
no

w
le

dg
e 

N
et

w
or

k]
 A

t: 
17

:1
4 

19
 M

ar
ch

 2
00

8 

Photonic Crystal Waveguide-based Surface Plasmon Resonance Sensors 205

by N alternating high- and low-refractive index reflector layers of thicknesses dl and
dh. A typical choice of the reflector layer thicknesses is in accordance with the quarter
wave relation Eq. (1), where �c defines the center wavelength of the Bragg reflector
bandgap, and neff .�c/ is the desired effective refractive index of a core mode at that
wavelength. This choice of the reflector parameters only guarantees efficient bandgap
guidance at �c of a mode with effective refractive index neff .�c /; however, it does not
guarantee the existence of such a mode. As it will be detailed in what follows, one
effective way of positioning a core mode dispersion relation inside of a fiber bandgap
is by varying the fiber core diameter dc . In a large-core diameter Bragg fiber where
dc � �c , the effective refractive index of the fundamental core mode is close to that of
a core material. By decreasing the fiber core size, one can considerably reduce the core
mode effective refractive index.

With the choice of a desired phase matching �c and an approximation of the neff .�c/

performed using Eq. (2), we are still left with two free parameters, which are the number
of layers N in a Bragg reflector and the fiber core size dc . In metallized Bragg fibers,
guided modes incur additional losses due to high absorption of the metal film. When
operating within the bandgap of a Bragg fiber, fields of a leaky core mode decay
exponentially fast into the periodic reflector. Thus, modal presence in the metallized
region also decreases exponentially with the number of reflector layers. From this, we
conclude that variation in the number of reflector layers will primarily effect the core
mode propagation loss.

We now investigate, in more detail, the effect of core size on the modal structure
of an SPR sensor. First, we consider a Bragg fiber sensor having a large-core diameter,
dc D 8 �m, operating in the vicinity of �c D 740 nm, and featuring a four-layer reflector
plated with a 40-nm thick layer of gold (see Figure 3(a)). Reflector layer thicknesses

Figure 3. Large solid-core photonic crystal Bragg fiber-based SPR sensor. (a) Schematic of a
sensor where the low-refractive index core is surrounded by a concentric photonic crystal reflector.
Outside, the reflector is gold-plated for plasmon excitation. The gold layer is bordered by an
aqueous analyte. Energy flux distribution across the fiber cross-section is shown with a solid curve
for the fundamental core mode and a dashed curve for the plasmonic mode. (b) Band diagram
of sensor modes showing dispersion relation and field distribution of the fundamental core mode
(thick solid curve) and plasmonic mode (dashed curve). The common part of the TE and TM
bandgaps of a periodic planar reflector is shown as a clear region, while gray regions correspond
to the continuum of the bulk reflector states. (c) Upper part: the solid curve shows the loss of the
fundamental core mode near the phase-matching point with a plasmon at which modal loss peaks.
The dashed line shows the shift of the modal loss curve when the refractive index of an analyte is
varied. Lower part: dependence of the sensor amplitude sensitivity on wavelength.
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are chosen to be dl D 1,133 nm and dh D 235 nm. In Figure 3(b), we present the
band diagram of this defined Bragg fiber sensor. Common TM and TE bandgaps of a
corresponding infinitely periodic Bragg reflector is presented as a clear region, while
gray regions signify a continuum of the reflector bulk states. For a large-core photonic
crystal Bragg fiber, the effective refractive index of the lowest loss leaky mode (thick
solid line) is close to that of the refractive index of a core material (thin solid line). The
dispersion relation of a plasmon mode is shown as a thick dashed line. The dispersion
relations of the core-guided and plasmonic modes near �c are positioned well inside the
reflector band gap by its proper design. Therefore, the fundamental core mode (solid
curve in Figure 3(a)) is well confined within the Bragg fiber core, while the plasmon
mode (dashed curve in Figure 3(a)) is mostly confined to the metal coating and the last
reflector layer. Phase matching between the core and plasmonic modes is achieved at
� D 684 nm.

In the upper plot of Figure 3(c), propagation loss of a core mode is presented as
a function of wavelength. As seen from this figure, core mode propagation loss peaks
at the wavelength of phase matching with the plasmon mode due to an efficient energy
transfer from the core mode into the highly absorbing plasmon. In the lower part of
Figure 2(c), we present amplitude sensitivity (Eq. (4)) of the proposed large solid-core
Bragg fiber-based SPR sensor. Maximal sensitivity is achieved at 697 nm and is equal
to 262 � RIU�1. The sensor resolution reaches 3:8 � 10�5 RIU based on the last section
assumption. In the case of a large solid-core Bragg fiber-based SPR sensor, we find that
the corresponding spectral sensitivity (Eq. (5)) is 3,000 nm � RIU�1. For a wavelength-
based detection, a sensor resolution of 3:3 � 10�5 RIU is obtained. Sensor length in this
case is �10 cm.

3.2. Small Solid-Core Bragg Fiber-Based Sensor

In the second design, we explore the possibility of considerably reducing the effective
refractive index of a core mode by reducing the fiber core size. This enables plasmonic
excitation at longer wavelengths in the near-IR. Thus, with the same overall structure
of the Bragg reflector as in the prior case, by reducing the fiber core diameter to dc D

2:2 �m, plasmonic excitation at the interface with aqueous analyte is demonstrated at
836 nm. In Figure 4(a), we show the cross-section of a small solid-core photonic crystal
Bragg fiber sensor and the energy flux distributions in its leaky fundamental core mode
and plasmonic mode. Although reflector layer thicknesses are the same as in the prior
case (see Figure 3(a)), the total number of layers is increased to ten in order to reduce
core mode radiation loss. In Figure 4(b), we present the band diagram for this design.
Common TM and TE bandgaps of a corresponding infinitely periodic Bragg reflector is
presented as a clear region, while gray regions signify the continuum of reflector bulk
states. In a small-core photonic crystal Bragg fiber, effective refractive index of the lowest
loss leaky mode (thick solid line) can be considerably smaller than the refractive index
of the core bulk material (thin solid line). The dispersion relation of the plasmon mode is
shown as thick dashed line. Moreover, the dispersion relation of the core-guided mode is
shifted toward the lower edge of the reflector bandgap. Therefore, the core mode (solid
curve in Figure 4(a)) and plasmonic mode (dashed curve in Figure 4(a)) are not strongly
confined, penetrating significantly into the reflector region. Phase matching between the
core and plasmonic modes is achieved at � D 836 nm.

In the upper plot of Figure 4(c), propagation loss of the core mode is presented as
a function of the wavelength. As seen from this figure, it peaks at the wavelength of



D
ow

nl
oa

de
d 

B
y:

 [C
an

ad
ia

n 
R

es
ea

rc
h 

K
no

w
le

dg
e 

N
et

w
or

k]
 A

t: 
17

:1
4 

19
 M

ar
ch

 2
00

8 

Photonic Crystal Waveguide-based Surface Plasmon Resonance Sensors 207

Figure 4. Small solid-core photonic crystal Bragg fiber-based SPR sensor. (a) Schematic of a
sensor where the low-refractive index core is surrounded by a concentric photonic crystal reflector.
Outside, the reflector is gold-plated for plasmon excitation. The gold layer is bordered by an
aqueous analyte. Energy flux distribution across the fiber cross-section is shown with a solid curve
for the fundamental core mode and with a dashed curve for the plasmonic mode. (b) Band diagram
of sensor modes showing dispersion relation and field distribution of the fundamental core mode
(thick solid curve) and plasmonic mode (dashed curve). The common part of the TE and TM
bandgaps of a periodic planar reflector is shown as a clear region, while gray regions correspond
to the continuum of the bulk reflector states. (c) Upper part: solid curve shows the loss of the
fundamental core mode near the phase-matching point with a plasmon at which modal loss peaks.
The dashed line shows the shift of the modal loss curve when the refractive index of an analyte is
varied. Lower part: dependence of the sensor amplitude sensitivity on wavelength.

phase matching with the plasmon mode. In the lower part of Figure 4(c), we present
amplitude sensitivity (Eq. (4)) of the proposed small solid-core Bragg fiber-based SPR
sensor. Maximal sensitivity is achieved at 882 nm and is equal to 269 � RIU�1. An
amplitude interrogation yields a sensor resolution of 3:7 � 10�5 RIU. Finally, we find
that the corresponding spectral sensitivity (Eq. (5)) is 12,000 nm � RIU�1, leading to a
resolution of 8:3 � 10�6 RIU. Sensor length in this case is sub-cm.

3.3. Analyte-Filled Hollow-Core Bragg Fiber-Based Sensor

When designing fiber-based SPR sensors in the near-IR, one faces the difficult problem
of phase matching a plasmon and a core-guided mode. The reason for such a difficulty
is that, in this spectral region, the effective refractive index of a plasmon becomes very
close to that of an analyte, which, for aqueous solutions, for example, is na � 1:32. As
described in the previous section, to lower the effective refractive index of a core-guided
mode to that of a plasmon, one can use a small solid-core Bragg fiber with a properly
positioned bandgap region. In that case, however, fiber core size becomes too small for
convenient coupling. To resolve this problem, we suggest using a large analyte-filled
hollow-core Bragg fiber, as shown in Figure 5(a). In this case, as described earlier, the
effective refractive index of the core mode (thick solid line in Figure 5(b)) is close, and
somewhat smaller than, the refractive index of the core material (analyte). In turn, the
plasmon refractive index (dashed line in Figure 5(b)) is close, and somewhat larger than,
the refractive index of the analyte. To enable phase matching between the core mode
and a plasmon, one has to force the core mode to cross over the dispersion relation of
an analyte. As detailed in Engeness et al. (2003), to force such a crossing, one has to
introduce a defect into the structure of a reflector so as to induce anticrossing of the core
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Figure 5. Analyte-filled large hollow-core photonic crystal Bragg fiber-based SPR sensor. (a)
Schematic of a sensor where the analyte-filled hollow-core is surrounded by a concentric photonic
crystal reflector. Outside, the reflector is gold-plated for plasmon excitation. The gold layer is
bordered by an aqueous analyte. The energy flux distribution across the fiber cross-section is
shown with a solid curve for the fundamental core mode and a dashed curve for the plasmonic
mode. (b) Band diagram of sensor modes showing dispersion relation of the fundamental core
mode crossing over the analyte light line (thick solid curve) and plasmonic mode (dashed curve).
The TE bandgap of a periodic planar reflector is shown as a clear region, while gray regions
correspond to the continuum of the bulk reflector states. (c) Upper part: solid curve shows the loss
of the crossed-over core mode near the phase-matching point with a plasmon at which modal loss
peaks. The dashed line shows the shift of the modal loss curve when refractive index of an analyte
is varied. Lower part: dependence of the sensor amplitude sensitivity on wavelength.

mode with a reflector defect state (marked as a dashed circular region in Figure 5(b)). The
particular sensor geometry implementing this design principle is presented in Figure 5(a).
In this sensor, analyte-filled fiber core of diameter dc D 10 �m is surrounded by a
ten-layer reflector with alternating refractive indices nl D 1:4 and nh D 1:6. All the
low-refractive index layers, with the exceptions of the second and tenth layers, have
thicknesses dl D 373 nm, while all the high-refractive index layers have thicknesses
of dh D 435 nm. On the outside, the reflector is plated with a 40-nm gold layer. Two
defects are incorporated into the structure of the Bragg reflector. The first defect is
introduced into the outer layer by doubling its thickness to 870 nm. This defect is
introduced to get rid of an unwanted surface state on the fiber-metal-analyte interface.
The second defect is introduced into the second layer by reducing its thickness to 47 nm.
The high-refractive index defect created by the first three layers of the reflector attracts
a localized state that causes anticrossing with the core mode, thus forcing the core mode
to cross over the dispersion relation of the analyte and enabling phase matching with a
plasmon.

The main disadvantage of this plasmon excitation mechanism is that the intensity
distribution in a crossed-over core mode stops being Gaussian-like. In fact, such a mode
is evanescent in the analyte region; hence, it becomes somewhat difficult to excite with a
common Gaussian laser source. However, when the plasmon dispersion relation is very
close to that of the analyte (as it is the case in the near-IR), then the evanescent tail of a
crossed-over core mode can extend substantially into the analyte-filled core region, thus
considerably simplifying coupling to such a mode. For example, the design of Figure 5(a)
enables phase matching with a plasmon near 1,306 nm (as seen from Figure 5(b)). At
this wavelength, a crossed-over core mode still has 28% of its energy concentrated in the
analyte-filled hollow-fiber core.
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We conclude with sensitivity analysis of the proposed near-IR SPR sensor. In the
lower part of Figure 5(c), we present sensor amplitude sensitivity (Eq. (4)). Maximal
sensitivity is achieved at 1,298 nm and is equal to 725 � RIU�1. Once again, assuming
that a 1% change in the transmitted intensity can be detected reliably, leads to a sensor
resolution of 1:4 � 10�5 RIU. Finally, we find that the corresponding spectral sensitivity
(Eq. (5)) is 4,300 nm � RIU�1. A spectral interrogation leads to a sensor resolution of
2:3 � 10�5 RIU. Sensor length in this case is sub-cm.

4. SPR Sensors Using Microstructured Photonic Crystal Fibers

In the previous section, we presented several design strategies for the SPR sensors based
on photonic crystal Bragg fibers. In principle, any photonic bandgap fiber can be used in
place of a Bragg fiber to develop such sensors. In this section, we present an example of
an SPR sensor based on a solid-core honeycomb photonic crystal fiber. As core guiding in
such a fiber is analogous to core guiding in a small solid-core Bragg fiber discussed earlier,
our presentation will be brief. In Figure 6(a), the schematic of a honeycomb photonic
crystal fiber-based SPR sensor is presented. Design parameters are chosen as follows:
the center-to-center distance between adjacent holes is ƒ D 1:33 �m, the cladding hole
diameter is d D 0:6ƒ, and the diameter of the hole in the core center is dc D 0:45ƒ.
The central hole in the fiber core lowers its effective refractive index compared to that
of a silica cladding. The fiber is made of silica glass with refractive index nglass D

1:45, the core and cladding holes are filled with air nair D 1, while the large semi-
circular channels are plated with an �40-nm thick layer of gold and filled with aqueous
analyte na � 1:33. With these parameters, the fiber core supports a leaky core mode
confined by the bandgap of the honeycomb reflector. Guided by the bandgap of the fiber
reflector, core mode effective refractive index can be considerably lower than that of

Figure 6. Solid-core honeycomb photonic crystal fiber-based SPR sensor. (a) Schematic of a sensor
where the solid-core, having a small central hole, is surrounded by a honecomb photonic crystal
reflector. Two large channels are integrated to implement analyte access to the fiber reflector
region. Channels are gold-plated for plasmon excitation. The gold layer is bordered by an aqueous
analyte. The purpose of the ring surrounding the channels is to add mechanical rigidity to the fiber
and enable microfluidic manipulations. (b) Energy flux distribution across the fiber cross-section
is shown for the fundamental core mode. (c) Upper part: the solid curve shows the loss of the
fundamental core mode near the phase-matching point with a plasmon at which modal loss peaks.
The dashed line shows the shift of the modal loss curve when the refractive index of an analyte is
varied. Lower part: dependence of the sensor amplitude sensitivity on wavelength.
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the silica material. In addition, similar to the case of a photonic crystal Bragg fiber,
radiation loss of the bandgap-guided core mode can be reduced by adding more layers
to the honeycomb reflector. The main reason why we chose a honeycomb structure of
the fiber reflector is because it enables a large photonic bandgap (Murao et al., 2006;
Barkou et al., 1999), thus simplifying phase matching of the core-guided and plasmonic
modes.

Unlike planar metal/dielectric interface that supports a single plasmonic excitation,
metallized microstructured fibers can support multiple plasmonic modes (Hassani &
Skorobogatiy, 2006, 2007). Thus, when tracking losses of a core-guided mode as a
function of wavelength, one typically observes several plasmonic peaks corresponding to
the points of phase matching between the core mode and various plasmonic modes. In
principle, simultaneous detection of changes in several plasmonic peaks can improve
sensor sensitivity. For the case of a honeycomb photonic crystal fiber-based sensor
we observe two plasmonic peaks (see the upper part of Figure 6(c)): one located at
600 nm and another at 840 nm. In the lower part of Figure 6(c), we present amplitude
sensitivity of the sensor as defined by Eq. (4). Maximal amplitude sensitivity (Eq. (4))
at the first peak is 340 � RIU�1, while at the second peak it is 170 � RIU�1. Based on
the same 1% criterion, the sensor resolutions at the two peaks are 2:9 � 10�5 RIU and
5:9 � 10�5 RIU, respectively. Finally, spectral resolutions, as defined by Eq. (5) at the
two peaks, are 1,600 nm � RIU�1 and 2,800 nm � RIU�1. The proper detection of a
0.1-nm change in the position of a resonance peak yields sensor resolutions at the two
peaks of 6:3 � 10�5 RIU and 3:6 � 10�5 RIU, respectively. Sensor lengths in both cases is
sub-mm.

5. Conclusion

In conclusion, we have presented a novel approach to design a waveguide-based SPR
sensor, where the Gaussian-like mode of an effectively single mode photonic crystal
waveguide is phase matched at any desirable wavelength to a surface plasmon propagating
along the metallized part of such a waveguide. The operating wavelength of such sensors
can be anywhere from the visible to near-IR. Moreover, a wide variety of material
combinations can be used to design such a sensor as there is no limitation on the value
of the waveguide core refractive index. Finally, coupling strength between the waveguide
core and plasmon modes can be varied by changing the number of the intermediate
reflector layers, which also permits designing the overall sensor length.

The methodology for the photonic crystal waveguide-based SPR sensor design is
quite general, and its particular implementation can be based on metal-plated planar
integrated photonic crystal waveguides, Bragg fibers or microstructured photonic crystal
fibers. In particular, one starts with a choice of an operational wavelength �c . Then,
the plasmon effective refractive index neff .�c/ at �c is approximated by its value for
the plasmon excitation on a planar metal-analyte interface (Eq. (2)). Then, the photonic
bandgap of a waveguide reflector at �c is designed to be centered in the vicinity of
neff .�c/. By varying the waveguide core size (or by varying the geometry of a core), one
can shift the dispersion relation of a core mode toward that of a plasmonic mode until
phase matching occurs at �c . Sensor length can be changed by varying the number of
layers in a photonic crystal reflector, with more efficient reflectors resulting in the longer
sensors.

Finally, we have presented examples of the aqueous SPR sensors based on the planar
photonic crystal waveguide, solid-, and analyte-filled Bragg fibers, as well as solid-core
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microstructured photonic crystal fiber. Amplitude sensitivity of the proposed designs
was as high as 725 � RIU�1. Assuming that a 1% change in the transmitted intensity
can be detected reliably, sensor resolution as low as 1:38 � 10�5 RIU was demonstrated.
Spectral sensitivity of the proposed designs was as high as 12,000 nm � RIU�1. Assuming
that a 0.1-nm change in the position of a plasmonic peak can be detected reliably,
sensor resolution as low as 8:3 � 10�6 RIU was demonstrated. Sensor lengths in our
examples varied from sub-mm to �10 cm. For measuring changes in the aqueous analyte,
sensitivities of our fiber designs are comparable to, or even surpass, those of the best
existing waveguide-based sensor designs (Homola et al., 1999).
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