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Design strategies for microstructured-optical-fiber (MOF-) based surface-plasmon-resonance (SPR) sensors are
presented. In such sensors, plasmons on the inner surface of the large metallized channels containing analyte
can be excited by a fundamental mode of a single-mode microstructured fiber. Phase matching between a plas-
mon and a core mode can be enforced by introducing air-filled microstructures into the fiber core. Particularly,
in its simplest implementation, the effective refractive index of a fundamental mode can be lowered to match
that of a plasmon by introducing a small central hole into the fiber core. Resolution of the MOF-based sensors
is demonstrated to be as low as 3 X 10~ RIU, where RIU means refractive index unit. The ability to integrate
large-size microfluidic channels for efficient analyte flow together with a single-mode waveguide of designable
modal refractive index is attractive for the development of integrated highly sensitive MOF-SPR sensors op-
erating at any designable wavelength. © 2007 Optical Society of America

OCIS codes: 130.6010, 240.6680, 060.2370.

1. INTRODUCTION

Propagating at the metal-dielectric interface, surface
plasmons1 are extremely sensitive to changes in the re-
fractive index of the dielectric. This feature constitutes
the core of many surface-plasmon-resonance (SPR) sen-
sors. Typically, these sensors are implemented in the
Kretschmann—Raether prism geometry to direct
p-polarized light through a glass prism and reflect it from
a thin metal (Au, Ag) film deposited on the prism facet.?
The presence of a prism allows resonant phase matching
of an incident electromagnetic wave with a high-loss plas-
monic wave at the metal-analyte interface at a specific
combination of the angle of incidence and wavelength. By
detecting changes in the amplitude or phase of the re-
flected light due to its coupling with a plasmon wave, one
can detect minute changes in the refractive index of an
analyte bordering the metal layer. Using optical fibers in-
stead of a prism in plasmonic sensors offers miniaturiza-
tion, a high degree of integration, and remote sensing ca-
pabilities. Over the past decade, driven by the need of
miniaturization of SPR sensors, various compact configu-
rations enabling coupling between optical waveguide
modes and surface-plasmonic waves have been investi-
gated. Among others, metallized single-mode, polariza-
tion maintaining, and multimode waveguides, metallized
tapered fibers, and metallized fiber Bragg gratings have
been studied.>?! Two principal difficulties hindering de-
velopment of the integrated waveguide-based sensors
have been identified.

The first challenge is phase matching of a waveguide
core mode and a plasmonic wave. Mathematically, phase
matching constitutes equating the effective refractive in-
dexes of the two modes at a given wavelength of opera-
tion. In the case of a single-mode waveguide, the effective
refractive index of its core mode is close to that of a core
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material. For most practical core materials, such indices
are higher than 1.45. The effective refractive index of a
plasmon is typically close to that of a bordering analyte,
which in the case of air is ~1.0, while in the case of water
is ~1.33. Only at higher frequencies7’lo (A<700 nm for a
plasmon on a gold metal film, for example) the plasmon
refractive index becomes high enough to match that of a
waveguide core mode. From a sensor design point of view,
it is quite unsatisfactory to be limited by the values of the
material refractive indices without the ability of compen-
sating material limitations with a judicious choice of a
sensor geometry. In principle, the phase-matching prob-
lem can be alleviated by coupling to a plasmon via the
high-order modes of a multimode waveguide.'®*! Such
modes can have significantly lower effective refractive in-
dices than a waveguide core index. In such a setup, light
has to be launched into a waveguide to excite high-order
modes, some of which will be phase matched with a plas-
mon mode. As only a fraction of higher-order modes are
phase matched to a plasmon, then only a fraction of total
launched power will be coupled to a plasmon, thus reduc-
ing sensor sensitivity. Moreover, as power distribution in
high-order modes is very sensitive to the launching con-
ditions, this adds additional noise due to variations in a
coupling setup.

The second problem that limits development of the
waveguide-based sensors is that of packaging of the mi-
crofluidics setup, waveguide, and metallic layers into a
single sensor. For example, in traditional single-mode
fiber-based sensors, to metallize fiber surfaces, one has to
first strip the fiber jacket and then polish fiber cladding
almost to the core to enable evanescent coupling with a
plasmon. This laborious procedure compromises fiber in-
tegrity, making the resulting sensor prone to mechanical
failures. Integration of a metallized fiber piece into a mi-
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crofluidics setup presents yet another additional step in
sensor fabrication, thus increasing the overall fabrication
cost.

The goal of this paper is to build upon a great body of
ideas developed by the waveguide-based SPR sensing
community and to illustrate that the phase-matching and
packaging issues can be facilitated using photonic crystal
fibers (PCF's) or microstructured optical fibers (MOFs) op-
erating in the effectively single-mode regime. Recently,
we have demonstrated that the effective refractive index
of a Gaussian-like core mode propagating in the bandgap
of a photonic crystal Waveguidezz’23 can be designed to
take any value from 0 to that of a refractive index of a
core material. This enables phase matching and plasmon
excitation by the waveguide core mode at any desirable
wavelength. It was also recently demonstrated?*? that
the plasmon mode can be excited by the core-guided mode
of a single-mode holey fiber featuring a single ring of met-
allized holes. Microfluidics in microstructured fibers is en-
abled by passing analyte though the fiber porous clad-
ding, thus, partially solving the packaging problem.
Deposition of metal layers inside of the MOF's can be per-
formed either with the high-pressure chemical vapor
deposition technique26 or electroless plating techniques
used in fabrication of metallized hollow waveguides and
microstructures.?”?8

2. GEOMETRY OF A MICROSTRUCTURED-
OPTICAL-FIBER-BASED SURFACE-
PLASMON-RESONANCE SENSOR

In this paper, we develop general principles of the MOF
design for applications in plasmonic sensing, where the
two key requirements are phase matching with a plasmon
wave and optimized microfluidics. Figures 1(a) and 1(b)
show the two schematics of proposed hexagonal solid-core
MOF-based SPR sensors. In the first MOF, the fiber core
is surrounded by the two layers of holes. Metallized holes
in the second layer are considerably larger than those in
the first layer, thus simplifying the flow of analyte
through them. This fiber has been considered in detail in
Ref. 25. In the second MOF, two large semicircular chan-
nels covered with metal are used to further enhance mi-
crofluidic flow. Another reason for the introduction of the
two structures is to study the effect of metallic surface ge-
ometry on the efficiency of plasmonic excitation.

To lower the refractive index of a core-guided mode (to
facilitate phase matching with a plasmon), we introduce a
small hole of diameter d, into the core center. In place of a
single hole in the core, an array of smaller holes can be
used similar to those in Ref. 29. Holes in the core and in
the first layer are filled with air n,,=1.0, while metal-
covered holes in the second layer are filled with analyte
(aqueous solution) n,=1.33. As a first example, we will
consider a MOF with the diameters of the core, first-, and
second-layer holes chosen as d.=0.5A, d;=0.6A, and dy
=0.8A, respectively. The pitch of the underlying hexago-
nal lattice is A=2 um. By changing the size of a central
hole, one can tune the effective refractive index of the fun-
damental mode. The first layer of holes works as a low re-
fractive index cladding enabling mode guidance in the fi-
ber core. Coupling strength between the core mode and
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Fig. 1. (Color online) Schematics of the two MOF-based SPR
sensors. In Fiber I, large holes in the second layer are filled with
analyte and metallized for plasmon excitation. Air-filled holes in
the first layer enable guiding in the higher refractive index fiber
core, while at the same time, control coupling strength between
the core mode and plasmon wave. A small air-filled hole in the
fiber core is used to lower the refractive index of a core-guided
mode to facilitate phase matching with a plasmon. In Fiber II, a
large semicircular metallized channel is integrated into the fiber
structure to enhance microfluidic flow.

plasmon is strongly influenced by the size of the holes in
the first layer (larger hole sizes result in a weaker cou-
pling). Holes in the second layer of Fiber I and semicircu-
lar channels of Fiber II are metallized with an ~40 nm
layer of gold and feature large sizes to facilitate the flow
of analyte. Finally, we assume that MOF is made of a
silica glass with the refractive index given by the Sell-
meier equation. The dielectric constant of gold e, is ap-
proximated in the visible and near-IR region by the Drude
model®® eAu(w)=e°°—w§/[w(w+in)], where €°=9.75, w,
=1.36x 10! rad/s, and w,=1.45x 10 rad/s.

3. EXCITATION OF PLASMONIC WAVES BY
THE CORE-GUIDED MODE OF A
MICROSTRUCTURED OPTICAL FIBER

A finite-element method with perfectly matched layer
boundaries was used to find complex propagation con-
stants of the core-guided and plasmonic modes. A typical
fiber-based plasmonic sensor operates in the vicinity of a
phase-matching point between the core-guided mode and
a plasmon wave localized at the metallized surface. As an
example, in Fig. 2 for Fiber II, we present dispersion re-
lations of the core-guided mode (solid curve) and a plas-
mon wave (dashed curve). The phase-matching point is lo-
cated at 640 nm, where the difference between the modal
refractive indexes is the smallest. Energy flux distribu-
tions in the vicinity of a phase-matching point [insets (a)
and (b) in Fig. 2] allow clear differentiation of the nature
of the two modes. In the vicinity of a phase-matching
point, the two modes become strongly mixed [inset (c¢) in
Fig. 2], with losses of a core-guided mode increasing dra-
matically due to the energy transfer into the lossy plas-
mon mode. Core-mode losses, which are proportional to
Im(N.g), are presented in Fig. 2 in a thin solid curve. For
reference, losses in decibels per meter are defined as
a(dB/m)=407 Im(N o)/ (In(10)\ m), where \ is in meters.
Detection of increase in the loss of a core-guided mode at
the point of its phase matching with a plasmon consti-
tutes the heart of many sensor designs.
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We now investigate a plasmon-wave transduction
mechanism in greater detail. In Fig. 3, we present losses
of the core-guided modes in the wavelength range of
0.5—-1.3 um for the two MOF designs of Fig. 1. The thin
solid curve corresponds to Fiber I, filled with analyte of
n,=1.33, and features three plasmonic excitation peaks
located at 560, 950, and 1290 nm defined by increase in
the core-mode propagation losses. The thick solid curve
corresponds to Fiber II, filled with the same analyte of
n,=1.33, and features two plasmonic excitation peaks lo-
cated at 640 and 1120 nm. To demonstrate potential of
these fibers for sensing, we present in thin and thick
dashed curves, losses of the core-guided modes of Fibers I
and II for the case when the analyte refractive index is
slightly varied (n,=1.34 for Fiber I, and n,=1.335 for Fi-
ber II). As a result, positions of the plasmonic resonances
shift by ~10 nm, with the first peak (at shorter wave-
lengths) being the most sensitive to the changes in the
analyte refractive index. This transduction mechanism is
commonly used for detecting the analyte bulk refractive
index changes, as well as monitoring formation of the
nanometer-thin biolayers on top of a metallized sensor
surface.

It is important to note that the shape of a metallized
surface can have a significant effect on the plasmonic ex-
citation spectrum. Thus, a planar metallized surface sup-
ports only one plasmonic peak, while a cylindrical metal
layer can support several plasmonic p<aaks.12’14’15’31 In
Fig. 3, we present energy flux distributions at the first
and second plasmonic peaks of the two MOFs considered
in this paper. From the pictures, one can see that the
shape of a metallized surface strongly affects the field dis-
tributions of plasmonic waves. Moreover, one can also no-
tice that for the first plasmonic peaks, there is consider-
ably more field penetration into the analyte-filled
channels than in the case of the second plasmonic peaks.
This explains why center wavelengths of the first peaks
are considerably more sensitive than the center wave-
lengths of the second peaks to the changes in the analyte
refractive index. In principle, by monitoring changes in
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Fig. 2. (Color online) Dispersion relations of a core-guided mode
(thick solid curve) and a surface plasmon (thick dashed curve) in
the vicinity of the phase-matching point. Insets (a) and (b) show
energy fluxes of the core-guided and plasmon modes close to the
phase-matching point. Transmission loss of a core-guided mode
(thin solid curve) exhibits a strong increase at the phase-
matching point due to efficient mixing with a plasmon wave as
confirmed by its energy flux distribution [inset (c)].
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Fig. 3. (Color online) Calculated loss spectra of the core-guided
modes for two fiber designs. Loss spectra (solid curves) feature
several attenuation peaks corresponding to the excitation of plas-
monic modes on the surface of metallized channels filled with
aqueous analyte n,=1.33. By changing analyte refractive index
(dotted curves) resonant attenuation peaks corresponding to the
points of phase matching between the core-guided and plasmon
modes shift. In the insets, energy flux of a core-guided mode is
presented at various absorption peaks.

the excitation of several plasmonic resonances, one can
improve sensor sensitivity. With this method, refractive
index resolution of ~107% has been demonstrated in opti-
cal fibers covered with circular metallic layers.15

The plasmon wave, being a surface excitation, is also
very sensitive to the thickness of a metallic layer. In Fig.
4, we show changes in the spectra of the first plasmonic
peaks for Fibers I and II when the thickness of a gold
layer on the inside of microfluidic channels is varied. Gen-
erally, modal propagation loss at resonance decreases
when thickness of a gold layer increases, and simulta-
neously, center wavelengths of the peaks shift toward
longer wavelengths. For Fiber II, for example, the posi-
tion of a plasmonic peak shifts from 640 to 655 nm when
the gold layer thickness increases from 40 to 65 nm.
Given that the width of a peak at half maximum is
~40 nm, changes in the peak position due to nanometer
variations in the metal layer thickness can be easily de-
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tected. This transduction mechanism can be used to study
metal nanoparticle binding events on the metallic surface
of a sensor.” This mode of sensor operation can be of in-
terest, for example, to the monitoring of concentration of
metal nanoparticles attached to the photosensitive drugs
in photodynamic cancer therapy.*
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Fig. 4. (Color online) Loss spectra in the vicinity of the first

plasmonic peak for fibers with a gold layer of varying thickness.
Dashed curves—Fiber I, solid curves—Fiber II.

A. Hassani and M. Skorobogatiy

4. TUNING OF PLASMONIC EXCITATIONS

A plasmon-wave excitation spectrum can be readily tuned
by varying MOF structural parameters. In what follows,
we will study the effect of size variation of the central
hole, as well as holes in the first layer, with a view of tun-
ing and optimizing plasmon excitation by the core-guided
mode of a MOF.

In Figs. 5(a) and 5(b) we present losses and effective re-
fractive indexes of a core-guided mode of Fiber II in the
vicinity of a plasmonic Peak I for various diameters of the
central hole d,=0.55A, 0.45A, and 0.35A. The diameter of
the holes in the first layer is fixed and equal to d;=0.6A.
In Fig. 5(a), one can observe an overall increase in the
modal losses of a core-guided mode for the larger diam-
eters of the central hole. This fact is easy to rationalize by
noting that the larger size of a central hole promotes ex-
pulsion of the modal field from the fiber core. This, in
turn, leads to the greater modal presence near the metal-
lic interface, hence higher propagation losses. Another
consequence of the modal expansion from the fiber core
and into the air-filled microstructure is reduction of the
modal refractive index, leading to the shift of a plasmonic
peak toward longer wavelengths.

In Fig. 5(c), we present losses of a core-guided mode of
Fiber II in the vicinity of plasmonic Peak I for various di-
ameters of the holes in the first layer d;=0.6A, 0.7A. The
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(Color online) Effect of the fiber structural parameters on the efficiency of plasmon excitation (case of Fiber II, incorporating a

40 nm thick gold layer). (a) Loss of a core-guided mode for various values of the fiber central hole diameter d.=0.55A,0.45A,0.35A,
assuming a fixed diameter of the first layer holes d;=0.6A. (b) Dispersion relation of a fiber core mode for various values of the structural
parameters. (c¢) Loss of a core-guided mode for two values of the first layer hole diameter d,=0.6A,0.7A, assuming a fixed central hole
diameter d,=0.35A. (d) Sensitivity comparison between fibers of different structural parameters.
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diameter of the central hole is fixed and equal to d,
=0.35A. In Fig. 5(c), one can observe an overall decrease
in the modal losses of a core-guided mode for the larger
size holes in the first layer. This is easy to understand by
noting that larger sized holes in the first layer lead to the
lower refractive index of the microstructured cladding.
This, in turn, increases the core-cladding refractive index
contrast, hence increasing modal confinement in the core
region, and resulting in lower modal losses due to cou-
pling to a metal surface in the second layer.

5. SENSITIVITIES OF MICROSTRUCTURED-
OPTICAL-FIBER-BASED-SURFACE-
PLASMON-RESONANCE SENSORS

The simplest mode of operation of a fiber-based SPR sen-
sor is the detection of changes in the bulk refractive index
of an analyte. As the real part of a plasmon refractive in-
dex depends strongly on the value of an analyte refractive
index, the wavelength of phase matching between the
core-guided and plasmon modes will also be sensitive to
the changes in the analyte refractive index. There are two
main approaches to detection. The first one is an
amplitude-(or phase-) based method, where all of the
measurements are done at a single wavelength. The ad-
vantage of this method is its simplicity and low cost as no
spectral manipulation is required. The disadvantage is a
smaller operational range and lower sensitivity when
compared with the wavelength interrogation methods, in
which transmission spectra are taken and compared be-
fore and after the change in the analyte has occurred.

We start by describing a single wavelength, amplitude-
based detection method. We define a(\,n,) to be the
transmission loss of a core mode as a function of the wave-
length and refractive index of an analyte. Considering
P, 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,\,n,)=Pyexp(-a(\,n,)L). For
the operational wavelength A, amplitude sensitivity
to the dn, change in the analyte refractive index can
then be defined as Sy(\) (RIUY)=|P(L,\,n,+dn,)
-P(L,\,ny)|/P(L,\,n,)/dn,, which is frequently ex-
pressed in the units of dBRIU! defined as Ss(\)
X (dBRIU1)=10/In(10)S4(\)(RIU-1). The sensor length L
is limited by the modal transmission loss. A reasonable
choice of sensor length is L=1/a(\,n,), which falls into a
subcentimeter range for the MOF's described in this pa-
per. The corresponding sensor volume is then subnano-
liter. This choice of a sensor length results in a simple
definition of sensitivity for the small changes in the ana-
lyte refractive index:

SA)(RIUY) = |da(h, ngllong)la(h,n,).

In Fig. 6, we present amplitude sensitivities of the two
proposed MOF-SPR sensors for the various values of the
metal layer thickness 40, 50, and 65 nm. Dashed curves
correspond to the Fiber I-based sensor, while solid curves
correspond to the Fiber II-based sensor. Maximum sensi-
tivity of the Fiber I-based sensor for detecting changes in
the aqueous analyte in the vicinity of 0.6 um is
520 dB-RIU-!, while maximum sensitivity of a Fiber II-
based sensor in the vicinity of 0.65 um is 820 dBRIU-!. It
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Fig. 6. (Color online) Sensitivity of the two MOF-based sensors
in the vicinity of the first plasmonic peak for various values of
the gold layer thickness. Dashed curves—Fiber I, solid curves—
Fiber II.

is typically a safe assumption that a 1% change in the
transmitted intensity can be detected reliably, which
leads to the sensor resolutions of 8x107® RIU and 5
X 107% RIU for the fiber Designs I and II, respectively.
Predicted sensitivities of our fiber designs are comparable
with the ones of the best existing fiber sensors.?*

Note from Fig. 6 that amplitude sensitivity depends
strongly on the thickness of a gold layer. Overall, sensi-
tivity decreases when the metallic layer becomes thicker.
This fact is simple to understand. When the metallic layer
thickness becomes significantly larger than that of a
metal skin depth (~20-30 nm), the fiber core mode be-
comes effectively screened from a plasmon, resulting in a
low coupling efficiency, and, as a consequence, low sensi-
tivity. Additionally, as the fiber material refractive index
is larger than that of an analyte, for thicker metal layers,
the plasmon refractive index decreases. In accordance
with Fig. 5(b), this leads to a shift of the sensitivity peak
(phase-matching wavelength) toward longer wavelengths.
Rather surprisingly, the maximum value of sensitivity is
only weakly dependent on the choice of the diameters of
the central and first layer holes. In Fig. 5(c), we present
amplitude sensitivity of the Fiber II-based design for vari-
ous choices of the d, and d; parameters. While impacting
strongly on the wavelength of peak sensitivity and the
value of the modal loss, various choices of hole diameters
have a weak effect on the maximum value of sensitivity.
As sensor length is inversely proportional to the modal
loss, tuning of the fiber structural parameters allows de-
sign of fiber sensors of widely different lengths (from mil-
limeter to meter), while having comparable sensitivities.
This might be important for the practical considerations
of integrating such a fiber-sensing element into a com-
plete sensor system.

In the wavelength interrogation mode, changes in the
analyte refractive index are detected by measuring dis-
placement of a plasmonic peak. In this case, sensitivity is
defined as S, (nmRIU™Y)=|d\eqr/dn,|. For the two MOF-
based designs with a 40 nm gold layer, we find that their
corresponding  sensitivities are 800 nmRIU-! and
3000 nm RIU~, respectively. It is typically a safe assump-
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tion that a 0.1 nm change in the position of a resonance
peak can be detected reliably, which leads to the sensor
resolutions of 1.2X107* RIU and 3Xx10~° RIU for fiber
Designs I and II, respectively. Again, as in the case of
amplitude-based sensors, we find that for measuring
changes in the aqueous analyte using the wavelength in-
terrogation mode, sensitivities of our sensors are compa-
rable to the ones of the best existing waveguide sensors.>

6. CONCLUSION

We have introduced a concept of MOF-based SPR sensors.
Two main sensor design challenges were identified, which
are the phase matching of the core-guided and plasmonic
modes, and microfluidics optimization to enable efficient
analyte flow. Phase matching was facilitated by the intro-
duction of the hollow microstructure into the fiber core.
Improved microfluidics was addressed by the integration
of large analyte-filled channels adjacent to the fiber core.
Detection limit of the amplitude-based sensor for measur-
ing changes in the aqueous analyte at 0.65 um was found
to be 5x107° RIU, assuming a 1% amplitude change de-
tection limit. The detection limit of the same sensor in the
wavelength interrogation mode was found to be 3
X 1075 RIU, assuming a 0.1 nm detection limit in the shift
of a plasmonic peak. Thus the found sensitivities are com-
parable to the ones of the best existing fiber and
waveguide-based sensors optimized for aqueous analytes.
Additionally, MOF's offer sensor design at almost any de-
sirable wavelength in the visible and near IR because of
their ability to support core-guided modes of small effec-
tive refractive indices. By adjusting many of the MOF
geometrical parameters it is considerably simpler to en-
force phase matching with a plasmon compared with
standard total internal reflection waveguides and fibers.
Moreover, integration of the microfluidic channels during
MOF drawing increases sensor reliability as the laborious
extra step of microfluidics packaging is avoided.
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