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Abstract: The concept of photonic bandgap fiber-based surface plasmon
resonance sensor operating with low refractive index aeslig developed.
Plasmon wave on the surface of a thin metal film embedded iritbea
microstructure is excited by a leaky Gaussian-like core enofla fiber.
We demonstrate that by judicious design of the photonictatysflector,
the effective refractive index of the core mode can be madesider-
ably smaller than that of the core material, thus enablirigieft phase
matching with a plasmon, high sensitivity, and high couplefficiency
from an external Gaussian source, at any wavelength of ehfsimm
the visible to near-IR. To our knowledge, this is not achideaby any
other traditional sensor design. Moreover, unlike the adg®etal internal
reflection waveguide-based sensors, there is no limitaticthe upper value
of the waveguide core refractive index, therefore, anyaaptnaterials can
be used in fabrication of photonic bandgap fiber-based senBased on
numerical simulations, we finally present designs usingouar types of
photonic bandgap fibers, including solid and hollow coredgréibers, as
well as honeycomb photonic crystal fibers. Amplitude anccsBpen based
methodologies for the detection of changes in the analytaative index
are discussed. Furthermore, sensitivity enhancement ejerrate double
plasmon peak excitation is demonstrated for the case of eylsomb fiber.
Sensor resolutions in the range 0% — 5. 10°RIU were demonstrated
for an aqueous analyte.
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1. Introduction

Propagating at the metal/dielectric interface, surfa@smlbns [1] are extremely sensitive to
changes in the refractive index of the dielectric. This deatconstitutes the core of many
Surface Plasmon Resonance (SPR) sensors. Typically, eesers are implemented in the
Kretschmann-Raether prism geometry where p-polarizdd lig launched through a glass
prism and reflected from a thin metal (Au, Ag) film depositedtba prism facet [2]. The
presence of a prism allows phase matching of an incidentreleagnetic wave with a plas-
monic wave at the metal/ambient dielectric interface atexcsic combination of the angle of
incidence and wavelength. Mathematically, phase matatonglition is expressed as an equal-
ity between the plasmon wavevector and a projection of theevextor of an incident wave
along the interface. Since plasmon excitation conditiguetiels resonantly on the value of the
refractive index of an ambient medium within 206B00hmfrom the interface, the method en-
ables, for example, detection, with unprecedented seitgitdf biological binding events on
the metal surface [3]. The course of a biological reactiantb@n be followed by monitoring
angular [3, 4], spectral [5] or phase [6, 7] characteristitthe reflected light. However, the
high cost and large size of commercially available systerakasthem useful mostly in a lab-
oratory, while many important field and other applicatioti iemain out of the reach for this
method.

Using optical waveguides and fibers instead of bulk prisnfigaration in plasmonic sensors
offers miniaturization, high degree of integration and o¢ensensing capabilities. In fiber and
waveguide-based sensors, one launches the light into aywialeecore and then uses coupling
of a guided mode with a plasmonic mode to probe for the chaimgég ambient environment.
To excite efficiently a surface plasmon, the phase matchamgliion between a plasmon and
a waveguide mode has to be satisfied, which mathematicalbuats to the equality between
their modal propagation constants (effective refractiides). Over the past decade, driven by
the need for miniaturization of SPR sensors, various cobrguadigurations enabling coupling
between optical waveguide modes and surface plasmonicsiave been investigated. Among
others, metallized single mode, multimode and polarizati@intaining waveguides and fibers,
metallized tapered fibers, metallized fiber Bragg gratirgys9} 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24] and, recently, solid core nsicuwtured fibers [25, 26, 27],
as well as planar photonic crystal waveguides [28, 29] haentstudied. In the majority of
fiber implementations (with an exception of microstructlufibers), one typically strips fiber
polymer jacket and polishes off fiber cladding until fibere@ exposed; then, a metal layer is
deposited directly onto a fiber core. Thus functionalizediese of a fiber core is then exposed
to an analyte.

Ideally, one would use a single mode fiber or waveguide witlhal power travelling in a
single Gaussian-like core mode operating near the poirgsgimant excitation of the plasmon
[30, 31, 32, 33, 34, 35]. Gaussian shape of a core mode is tengaas it is best suited for
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Fig. 1. Schematics of various photonic crystal waveguide-based 8RIIsimplementa-
tions. a) Single mode planar photonic crystal waveguide-based SBBrs€he dispersion
relation of the core guided mode is in solid blue, that of the plasmon is in thiskeda
red. Inset - coupler schematiS;| of a plasmon (left) and a core mode (right). b) Solid
core Bragg fiber-based SPR sensor. ¢) Microstructured coreybomb photonic crystal
fiber-based SPR sensor.

the excitation by standard Gaussian laser sources. Neaotheof phase matching, most of
the energy launched into a waveguide core mode should beeffictransferred into a plas-
mon mode. However, in the Total Internal Refraction (TIR)gbé& mode waveguides with low
refractive index-contrast, coupling with a plasmon is izl at essentially grazing angles of
modal incidence on the metal layer. As follows from the b&RR theory, coupling at such
grazing incidence angles leads to an inevitable decreasensitivity of the SPR method. In
principle, high index-contrast single mode waveguidedabe employed to increase the an-
gle of modal incidence on the interface. Overall, in the Engode waveguide-based sensors,
phase matching between plasmon and fundamental waveguide is typically hard to real-
ize. This is related to the fact that the effective refraziivdex of a core guided mode is close
to the refractive index of the core material, which is tyflicéarger than 1.45 due to practical
material limitations. The effective refractive index of lagmon is close to the refractive index
of an ambient medium which is typically aig = 1 (gas sensing) or wateg = 1.3 (biological
sensing). Thus, large discrepancy in the effective indinaekes phase matching between the
two modes hard to achieve, with an exception of the high eqies § < 650nm), where the
plasmon dispersion relation deviates towards higher cgfindices. Thus, due to practical
limitation on the lowest value of the waveguide core and dilagl refractive indices, single
mode TIR waveguide-based sensors were demonstrated arobssively in the visible where
phase matching condition is easier to enforce.

Problems with phase matching and loss of sensitivity dueh&dl@v angles of incidence
could be, in principle, alleviated by using multimode wavegs [20, 21, 22, 23, 24]. If
launched properly, modal effective propagation anglesi@hsvaveguides can be much steeper,
also resulting in smaller effective refractive indiceswéwer, in multimode waveguides, only a
certain number of higher order modes will be phase matchédayplasmon. Thus, sensitivity
and stability of such sensors depend crucially on launcliitions. Moreover, as spatial field
distribution in a Gaussian-like laser source is typicaly well matched with the field distribu-
tion of a higher order mode of a multimode waveguide, only alsfraction of energy can be
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launched into such a mode resulting, again, in decreasesitiségn

In this paper, we present design principles of the novel gtiotbandgap fiber-based SPR
sensors, and show that they integrate advantages of bothirtgee mode and multimode
waveguide-based SPR sensors. Moreover, in photonic bpriga-based SPR sensors, fun-
damental Gaussian-like leaky core mode can be phase matkdtied plasmon at any desired
wavelength of operation, thus enabling sensing anywhera the visible to mid-IR. The term
“leaky mode” generally refers to the guidance mechanismreveéective refractive index of
a propagating mode is smaller than that of the waveguidedirigd Such unusual modes are
called leaky modes as, outside of a waveguide core, theetdimmough the finite size reflector,
and finally radiate into a substrate. Leaky modes, thergfoeeinherently lossy. When guided
within a reflector bandgap, leaky modes decay exponentidtly respect to distance into the
microstructured cladding. The effective refractive irtiof the leaky core modes can be ar-
bitrarily smaller than that of a waveguide core materialistienabling phase matching with a
plasmon at any desirably frequency. Moreover, the lowesst leaky core mode typically ex-
hibits a Gaussian-like intensity distribution in the wawitg core region, thus enabling its con-
venient excitation by the Gaussian beam of an external §ightce. Using such a leaky mode
for sensing gives the additional advantage of an effegtisielgle mode propagation regime. In
particular, when a set of modes is excited at a sensor infgliehorder leaky modes radiate
out faster than a fundamental mode. Consequently, aftertaircgropagation distance, only
the lowest loss mode is left in the waveguide core. Findlig, eéffective angle of modal inci-
dence onto a metal film, and hence sensitivity, can be vatiedlldy a proper selection of the
waveguide core and reflector materials.

Example of a planar photonic bandgap waveguide-basedrs@ossidered in great details in
[28, 29]) operating at 800nm is shown in the inset of Fig. 1Takre, a core of refractive index
Ncore = 1.5 is surrounded with a periodic photonic crystal reflectoritng refractive indices
n, = 2.0 andn, = 1.5. The multilayer is covered with a thin gold layer facing aqus analyte.
Detailed analysis shows that the effective refractive xnofea plasmonic wave at a gold-water
interface at 800mis ~ 1.38. With a proper choice of the reflector layer thicknessas, @an
then position reflector bandgap to be most efficient for gudhe core modes having refractive
indices around that of the plasmon. In such a sensor, thegoided Gaussian-like mode (thick
blue curve in the inset) is mostly confined to the waveguide cegion, while the plasmon
(thick dashed curve in the inset) is localized at the goldewanterface. Finally, by tuning the
waveguide core size, one achieves phase matching betweamndimodes exactly at 8@én

In the rest of the paper, we present a theoretical study of SfRor designs based on the
various types of photonic bandgap fibers, rather than plaaeeguides. The advantages of the
fiber based sensors over their planar counterparts inctwaer Imanufacturing cost, possibility
of distributed sensing, and incorporation of microfluidezgabilities directly into the fibers.
We start by designing sensors using solid core or analyeslfiibllow core Bragg fibers (see
Fig. 1(b)) operating at 638n, 76hm, 1550m We argue that for plasmon excitation in the
near-IR, the analyte filled hollow core Bragg fibers presembtent solution. We then present
an SPR sensor based on a honeycomb photonic crystal fibel (€lgoperating at 1060m
We further demonstrate a novel sensing mechanism basecatetction of breaking of an
accidental degeneracy between the two plasmonic excitatM/e conclude by summarizing
major findings of the paper.

2. SPR sensors using photonic crystal Bragg fibers

In this section, we propose two distinct approaches for filzesxed SPR sensing in aqueous
solutions using respectively solid or hollow core photatrigstal Bragg fibers. In both cases,
a thin gold layer is deposited on the outer surface of a Brawgy fin direct contact with an
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analyte. By tailoring the dispersion relation of the cor&lgd mode of a Bragg fiber, the phase
matching condition is obtained at various wavelengths énhBible and near-IR.

2.1. Large solid core Bragg fiber-based sensor

The first design approach consists of using the low l8&s1; Gaussian-like core mode of a
Bragg fiber, and then lowering its effective refractive indewards that of a plasmon by the
proper choice of the fiber reflector geometry and core size.chioice of théHE;1 mode over
other modes is motivated by its optimal spatial overlap wiimmon Gaussian laser sources.
Moreover, among other modes with angular momentutd B4 typically exhibits the lowest
loss. Thus, when long enough span of a Bragg fiber is usedfentieély single mode regime of
operation can be achieved by the outward radiation of lossg&les, thus reducing the overall
noise limit of the sensor.

5} — 1.4 3
analyte — O\
Nh @ 1.46 g g A X
I dl § p Nan=1.331/; *Nan=1.332
old layer ; i y T g 3
. X g y i 1-45§ : TE, Mbandgf = 4 >\
' 1.4414 H Z2 3
: . plasmon 4 3 2
3 plasmon; a3y ST [| S
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= S de | 520 (pm)
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Fig. 2. Large solid core photonic crystal Bragg fiber-based SPRsea)sSchematic of the
sensor. The low refractive index core is surrounded by a conceftoionic crystal reflec-
tor. Outside, the reflector is goldplated for plasmon excitation. The gold isay®rdered
by an aqueous analyte. The energy flux distribution across the fit&s-sextion is shown
with a solid curve for the fundamental core mode, and with a dashe@ éonthe plas-
monic mode. b) Band diagram of the sensor modes showing the digpee&ition of the
fundamental core mode (thick solid curve), and plasmonic mode édaslrve). Common
part of the TE, TM bandgaps of a periodic planar reflector is showrcksaaregion, while
gray regions correspond to the continuum of bulk reflector states. Irga tore Bragg
fiber, the effective refractive index of the fundamental core modose to the refractive
index of the core material. c) Upper part: solid curve shows loss of theafmental core
mode near the phase matching point with the plasmon. The modal lo$eseite maxi-
mum at the phase matching wavelength. The dashed line shows a shi wbtthal loss
curve when the refractive index of the analyte is varied. Lower panipeted dependence
of the sensor amplitude sensitivity over wavelength.

Particularly, we consider solid core photonic crystal Bréigers made of two materials with
refractive indices, = 1.42 andn, = 1.60. Prototypes of such fibers have been recently fab-
ricated in our group by using a poly(vinylene difloride) (PMMpolycarbonate (PC) material
combinations [36]. In such fibers, a solid core of refractivéex n, is surrounded byN alter-
nating high and low refractive index reflector layers of kimesseg;, anddy (see Fig. 2). A
typical choice of the reflector layer thicknesses followes gluarter wave relation [37]:

dh= 1)
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whereA is the operating wavelength amd;¢(A¢) is a desired effective refractive index of a
bandgap guided core mode at that wavelength. This choideeatflector parameters, guaran-
tees efficient bandgap guidanceAgtof a mode with effective refractive index(Ac), how-
ever, it does not guarantee the existence of such a modewdlshie detailed in the following,
one way of positioning a core mode dispersion relation msiffa fiber bandgap is by varying
the fiber core diametat;,. Namely, in the large core diameter Bragg fibers vdths> A, the
effective refractive index of the fundamental core moddaseto that of the core material. By
decreasing the fiber core size, one can consistently retieceore mode effective refractive
index.

In the context of SPR sensindy, also corresponds to the wavelength of desired phase match-
ing between a plasmon and a core mode. Then, a reasonabtexapgtion tone¢(Ac) is a
value close to that of the effective refractive index of esplanic wave propagating at a planar

gold-analyte interface:
2 Egold(Ac)€a(Ac)
NSes(Ac) = ,
eff( C) Egold()\c) +€a()\c)

whereg, is the dielectric constant of the analyte aggq is the dielectric constant of the gold
layer approximated by the Drude model:

)

(A2
1+HiA/A)’

whereg, = 9.75, Ay = 13.0um, Ap = 0.138um.

With these choices dfeft(Ac) andAc, we are still left with two free parameters, which are
the number of layersl in the Bragg reflector, and the fiber core size In metallized Bragg
fibers, guided modes incur additional losses due to highrpben of the metal film. When
operating within the bandgap of a Bragg fiber reflector, tHeldief a leaky core mode decay
exponentially into the periodic reflector. Therefore, mgol@sence in the metallized region
also decreases exponentially with respect to the numbesfleictor layers. Thus, variation in
the number of reflector layers will primarily effect the canede propagation loss.

We now investigate in more details the effect of the core sizeghe modal structure of
an SPR sensor. First, we consider a Bragg fiber sensor hauigg tore diametat, = 6um,
operating in the vicinity o\ = 6331m, and featuring a 4 layer reflector plated with en40
thick layer of gold (see Fig. 2(a)). Reflector layer thiclsesare chosen in accordance with
(1) with ness = 1.4, thus resulting ird, = 666nm, dy, = 204nm More than 99% of the modal
energy is confined within the core. In Fig. 2(b) we presentlthed diagram of thus defined
Bragg fiber sensor. Common TM, TE bandgap of a correspondifigjtely periodic Bragg
reflector is presented as a clear region, while gray regigmsfg a continuum of reflector bulk
states. For a large core photonic crystal Bragg fiber, thectfie refractive index of the lowest
loss leaky mode (thick solid line) is close to that of the aefive index of the core material
(thin solid line). The dispersion relation of the plasmondaas shown as thick dashed line.
By a proper design of the Bragg fiber reflector, the dispersitations of the core guided and
plasmonic modes near; are positioned well inside of the reflector band gap. Theegfthe
fundamental core mode (solid curve in Fig. 2(a)) is well coadi within the Bragg fiber core,
while the plasmon mode (dashed curve in Fig. 2(a)) is mosthfined to the metal coating and
the last reflector layer. By design, the phase matching katwiee core and plasmonic modes
is achieved at 63#m~ A..

In the upper plot of Fig. 2(c), the propagation loss of theeeoode is presented as a function
of wavelength. As seen from this figure, the loss of the corelenpeaks at the wavelength
of phase matching with the plasmon mode. Near this phasehingtpoint, the fields of the
core guided mode contain a strong plasmonic contributiath& plasmon exhibits very high

®)

Egold = €w
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propagation loss, that of the core mode will also exhibitgliacrease near the phase matching
point. An important aspect of the proposed setup is the &neeaf adjusting the loss of the core
mode. As penetration of the leaky mode reduces exponegntiéthin the multilayer reflector,
the coupling strength between the plasmon and core modédsecemntrolled by changing the
number of reflector layers situated between the waveguideartd the metal film. Ultimately,
higher coupling strength leads to higher modal losses,éhestorter sensor length.

When the real part of the analyte refractive index is varibd, glasmon dispersion rela-
tion displaces accordingly, thus leading to a shift in theifien of the phase matching point
with the core guided mode. Consequently, in the vicinityhaf phase matching point, the loss
of the core guided mode varies strongly with changes in tladysnrefractive index (see the
upper part of Fig. 2(c)). The simplest mode of operation chsalfiber-based SPR sensor con-
sists of a detection of small changes in the bulk refractidi=k of an analyte. There are two
main modalities of SPR detection - amplitude based and igpdetsed. In the amplitude based
approach, all the measurements are performed at a singlelemgth. The advantage of this
method is its simplicity and low cost as no spectral manigaieis required. The disadvantage
is a smaller operational range and lower sensitivity whemmared to the wavelength inter-
rogation approach in which transmission spectra are taRdrcampared before and after the
change in the analyte has occurred.

We start by describing a single wavelength, amplitude baksdction method. We de-
fine a(A,n,) to be the transmission loss of the core mode as a functioneofvévelength
and refractive index of the analyt®,. ConsideringP, to be the power launched into the
fiber core mode, the power detected after propagation aloagénsor of length L will be
P(L,A,na) = Poexp—a(A,na)L). For the operational wavelength, the amplitude sensitiv-
ity to the dn, change in the analyte refractive index can then be definegl@s)[RIU~Y] =
(P(L,A,nag+dng) —P(L,A,na))/P(L,A,na)/dna. The sensor length is typically limited by
the modal transmission loss. A reasonable choice of a séarsgth isL = 1/a(A,n,), which
falls into a~ 1cmrange for the large core Bragg fiber-based sensor describthisi section.
Such choice of a sensor length results in a simple definitigewositivity for the small changes
in the analyte refractive index

1 1 OP(L,A,ng) 1  Jda(A,ny)
S(A)RIVTT] = P(L,A,na)  dng oa(A,ng)  dng “)
In the lower part of Fig. 2(c) we present the amplitude saisitof the computed large core
Bragg fiber-based SPR sensor. The maximal sensitivity ifeeeti at 644m and equals to
214RIU. It is typically a safe assumption that a 1% change in thestraited intensity can
be detected reliably, which leads to the sensor resolufidri7o 10 °RIU.

In the wavelength interrogation mode, changes in the amatjtactive index are detected by
measuring the displacement of the plasmonic pgak. In this case, sensitivity is defined as

Si[nm-RIU7Y = ‘“"ge‘r;(r‘a). (5)
In the case of a large core Bragg fiber-based sensor we findhthatorresponding spectral
sensitivity is 1908m- RIU~L. It is typically a safe assumption that al@m change in the
position of a resonance peak can be detected reliably, whais to a sensor resolution of
5.3-107°RIU.

2.2. Small solid core Bragg fiber-based sensor

With this second design, we explore the possibility of cdesibly reducing the effective re-
fractive index of the core mode by reducing the fiber core. Sibés enables plasmonic excita-
tion to take place at higher wavelengths in the near-IR. Tiith the same overall structure of
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a Bragg reflector as in the prior case, by reducing the fibex d@meter down ta; = 1.8m,
the plasmonic excitation at the interface with aqueousyé®& demonstrated at 7661
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Fig. 3. Small solid core photonic crystal Bragg fiber-based SPR se)sbchematic of the
sensor. A low refractive index core is surrounded by a concentatopiic crystal reflector.
Outside, the reflector is goldplated for plasmon excitation. The gold layerdgbed by an
aqueous analyte. The energy flux distribution across the fiber cectisisis shown with
a solid curve for the fundamental core mode, and with a dashed cointbe plasmonic
mode. b) Band diagram of sensor modes. Dispersion relation of tdefuental core mode
(thick solid curve), and plasmonic mode (dashed curve). The conpadrof the TE, TM
bandgaps of a periodic planar reflector is shown as a clear region, gvhiferegions cor-
respond to the continuum of bulk reflector states. In a small core Bragg fhe effective
refractive index of the fundamental core mode can be much smallethiearefractive in-
dex of the core material. c) Upper part: the solid curve shows loss otitttamental core
mode near the phase matching point with the plasmon. The modal lo$eseitge maxi-
mum at the phase matching wavelength. The dashed line shows a shiét wbtthal loss
curve when the refractive index of the analyte is varied. Lower pamipeied dependence
of the sensor amplitude sensitivity on wavelength.

In Fig. 3(a) we show a cross-section of the small solid coretqfic crystal Bragg fiber
sensor, and the energy flux distributions in its le&ki¢11 core mode and plasmonic mode.
Reflector layer thicknesses were chosen according to (h)nwit 1.42,n, = 1.6, Ac = 760nm
andness = 1.39, thus resulting ird, = 654nm, dy, = 240nhm The total number of layers is
N = 12. The amount of energy in the core is 78%. In Fig. 3(b) wegnkthe band diagram
of thus defined Bragg fiber sensor. Common TM, TE bandgap ofri@smonding infinitely
periodic Bragg reflector is presented as a clear regiongvgndy regions signify a continuum
of reflector bulk states. In this small core photonic cry8edgg fiber, the effective refractive
index of the core guide#E;; mode (thick solid line) can be considerably smaller than the
refractive index of a core material (thin solid line). Disgien relation of the plasmon mode
is shown as thick dashed line. In this particular case, thpedtsion relation of the core guided
mode is shifted towards the lower edge of the reflector bgmdbarefore, the core mode (solid
curve in Fig. 3(a)) and plasmonic mode (dashed curve in Ka&g)) &re not strongly confined,
penetrating significantly into the reflector region. The sghanatching between the core and
plasmonic modes is achieved at RB®~ Ac.

In the upper plot of Fig. 3(c), the propagation loss of theeeoode is presented as a function
of the wavelength. As seen from this figure, it peaks at thesleagth of phase matching with
the plasmon mode. In the lower part of Fig. 3(c), we preseatatimplitude sensitivity (4) of
the proposed small solid core Bragg fiber-based SPR sensoimdl sensitivity is achieved
at 78%mand is equal to 293RIU L. Assuming that a 1% change in the transmitted intensity
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can be detected reliably, this leads to a sensor resolutimo10-°RIU. Finally, we find that
the corresponding spectral sensitivity (5) is 10800RIU~1. Assuming that a Anmchange
in the position of a resonance peak can be detected relihidyieads to a sensor resolution of
9.8-10 SRIU. The sensor length in this case is irdlcmrange.

2.3. Analyte-filled hollow-core Bragg fiber-based sensor

When designing fiber-based SPR sensors in the near-IR, oee dadifficult problem of phase
matching a plasmon with a core guided mode. The reason far diffcculty is the fact that,

in this spectral region, the effective refractive index gilasmon becomes very close to that
of an analyte, which for aqueous solutions, for exampla),is- 1.32. As described in the
previous section, to lower the effective refractive indéxaccore guided mode to that of a
plasmon, one can use a small solid core Bragg fiber with a psopesitioned bandgap region.
In that case, however, fiber core size becomes too small fmecent coupling. To resolve this
problem, we suggest using a large analyte-filled hollow &yegyg fiber shown in Fig. 4(a). In
this case, as described earlier, the effective refractidlex of a core mode (thick solid line in
Fig. 4(b)) is close and somewhat smaller than the refraaiiex of the core material (analyte).
In turn, the plasmon refractive index (dashed line in Fig)Yis close and somewhat larger than
the refractive index of the analyte. To enable phase magdb@tween the core mode and the
plasmon, one has to force the core mode to cross over theticadime of the analyte. As
detailed in [38], to force such a crossing, one has to inttedudefect into the structure of the
reflector so as to induce anticrossing of the core mode widlfleator defect state (marked as a
dashed circular region in Fig. 4(b)).

The particular sensor geometry implementing this desigrciple is presented in Fig. 4(a).
In this sensor, an analyte-filled fiber core of diameker 10umis surrounded by an 18 layer
reflector with alternating refractive indices = 1.42, andn, = 1.6. In accordance with (1)
whereA; = 155(hmandnes s = 1.3109, all the low refractive index layers, with an exception
of the 18th layer, have thicknessés= 710nm all the high refractive index layers, with an
exception of the first one, have thicknessedpf= 422nm On the outside, the reflector is
plated with a 40nm gold layer. Two defects are incorporatgd the structure of the Bragg
reflector. The first defect is introduced by halving the oudgeer thickness to 358n This
defect is introduced to get rid of an unwanted surface stateediber metal-analyte interface.
The second defect is introduced into the first high refracindex layer which thickness is
increased to 1008n The high refractive index defect created by the first layehe reflector
attracts a localized state that causes anticrossing wélrceine mode, thus forcing the core
mode to cross over the dispersion relation of the analyteaabling phase matching with the
plasmon.

The main disadvantage of this plasmon excitation mechaisiimat the intensity distribution
in a crossed-over core mode, is not Gaussian-like anymoffact, such a mode is evanescent
in the analyte region, hence, it becomes somewhat diffiowktite it with a common Gaussian
laser source. However, when the plasmon dispersion relaigery close to that of the analyte
(as it is the case in the near-IR), then evanescent tail obssed-over core mode can extend
substantially into the analyte filled core region, thus difying considerably coupling to such
a mode. For example, design of Fig. 4(a) enables phase mgtefiih a plasmon at 1556n
(as seen from Fig. 4(b)). At this wavelength, the crossezt-oere mode still has 29% of its
energy concentrated in the analyte filled hollow fiber core.

We conclude with sensitivity analysis of the proposed nRa®PR sensor. In the lower part
of Fig. 4(c), we present the sensor amplitude sensitivitytfle maximal sensitivity is achieved
at 156-hmand is equal to 368RIU . Assuming that a 1% change in the transmitted intensity
can be detected reliably, this leads to a sensor resolutiaryo10-°RIU. Finally, we find that
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Fig. 4. Analyte-filled large hollow core photonic crystal Bragg fiberdthSPR sensor. a)
Schematic of the sensor. The analyte-filled hollow core is surroundad:bycentric pho-
tonic crystal reflector. Outside, the reflector is goldplated for plasmoitation. The gold
layer is bordered by an aqueous analyte. The energy flux distributioasaihe fiber cross-
section is shown in solid curve for the fundamental core mode, and medasurve for
the plasmonic mode. b) Band diagram of sensor modes. Dispersitiomed@ the funda-
mental core mode crossing over the analyte light line (thick solid curve) pdasmonic
mode (dashed curve). Common part of the TE, TM bandgaps ofi@dieplanar reflector
is shown as a clear region, while gray regions correspond to the continfibulk reflec-
tor states. In a large analyte-filled hollow core Bragg fiber, the effeosifractive index of
the fundamental core mode is close to the refractive index of the anBlyt@troducing
a defect into the multilayer structure, one can force a core mode to avesshe analyte
radiation line. c) Upper part: solid curve shows loss of the crossedemre mode near
the phase matching point with the plasmon. The modal loss reaches its umaatthe
phase matching wavelength. The dashed line shows a shift of the msedaiuove when
the refractive index of the analyte is varied. Lower part: dependdrtbe sensor amplitude
sensitivity on wavelength.

the corresponding spectral sensitivity (5) is 7000RIU 1. Assuming that a.Anmchange in
the position of a resonance peak can be detected reliaidyietids to a sensor resolution of
1.4-107°RIU. The sensor length in this case isNnlmmrange.

3. SPR sensors using microstructured photonic crystal fibexr

In the previous section we have presented several desapegtes for the SPR sensors based
on photonic crystal Bragg fibers. In principle, any photdmendgap fiber can be used in place
of a Bragg fiber to develop such sensors. In this section weeptean example of a SPR sensor
based on a solid core honeycomb photonic crystal fiber. M@mreoovel sensing mechanism is

discussed, where splitting of an accidentally degenetfatammpnic peak into two peaks is used

for detection of changes in the analyte refractive index.

In Fig.5(a) Schematic of a honeycomb photonic crystal fliesed SPR sensor is presented.
The design parameters are chosen as follows, the cententer aiistance between adjacent
holes isA = 0.77um, the cladding hole diameter &= 0.55A, the diameter of the hole in the
core center isl; = 0.35A. The fiber is made of silica glass with a refractive indexgfss=
1.45, the core and cladding holes are filled with mai; = 1, while the large semi-circular
channels are plated with adthick layer of gold and filled with an aqueous analgie= 1.32.
The central hole in the fiber core lowers its effective reffi@index compared to that of a silica
cladding. Under certain conditions, such a core can suporbde confined by the bandgap
of the honeycomb reflector. The core guided mode in such aibemalogous to that of the
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Fig. 5. Solid core honeycomb photonic crystal fiber-based SPR se)stchematic of the
sensor. The solid core having a small central hole is surrounded witheybomb photonic
crystal reflector. Two large channels are integrated to implement arsagéss to the fiber
reflector region. The channels are goldplated for plasmon excitation.gohd layer is
bordered by an aqueous analyte. b) Band diagram of sensor nizidpsrsion relation of
the fundamental core mode ( thick solid curve), analyte bound plasmonie (dashed
curve with circles), and cladding bound plasmonic mode (dashed)cUrve bandgap of
an infinitely periodic reflector is shown as a clear region. c) The eneugydiktributions
across the fiber cross-section are shown for the fundamental aate (H) as well as the
analyte and cladding bound plasmon modes (l,111) outside of the pinasehing region.
The energy flux distribution is also shown for the fundamental core navdke phase
matching point (IV) showing strong mixing of the fundamental core maitle plasmonic
modes.

small solid core Bragg fiber discussed earlier. Guided bybtmedgap of the fiber reflector,
the effective refractive index of the core mode can be madehnawer than that of the silica
material. Moreover, as in the case of photonic crystal Bifdggys, radiation loss of a bandgap
guided core mode can be reduced by adding more layers intbatheycomb reflector. The
main reason why we chose a honeycomb structure of the fibecteflis because it enables a
very large photonic bandgap [39, 40], thus simplifying ddasably phase matching of the core
guided and plasmonic modes.

Unlike planar metal/dielectric interface that supportsrayle plasmonic excitation, finite
size, microstructured metal layer separating two dielestcan support multiple plasmonic
modes [26, 27]. Thus, when tracking losses of a core guided fitnde as a function of wave-
length, one typically observes several plasmonic peak®sponding to phase matching be-
tween the core mode and various plasmonic modes. Particudae of the plasmonic modes
will have most of its energy concentrated in one of the nedginly dielectrics, while the other
plasmonic excitation will have most of its energy conceetlan the other neighboring dielec-
tric. In principle, simultaneous detection of changes wesal plasmonic peaks can improve
sensor sensitivity; additionally it gives a natural refere point in the measurements.

In the case of a honeycomb photonic crystal fiber-based semsdesign the fiber so that two
plasmonic peaks are degenerate at h@O@ith Nanaiyte= 1.32. Fig. 5(b) shows the dispersion
relations of the Gaussian-like core mode (thick solid ljm@galyte bound plasmonic mode (thin
solid line with circles) and cladding bound plasmonic mathéck solid line). These dispersion
relationes are positioned well inside the bandgap of aniiafimoneycomb reflector, which
can be confirmed by the plane wave method [40]. Corresporfllirglistributions of the core
guided and plasmonic modes are presented in Fig. 5(c). Tieemode loss shows a single
plasmonic peak (solid curve in Fig. 6(a)). When the refractidex of the analyte is varied,
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Fig. 6. Sensitivity of the honeycomb photonic crystal fiber-based %PRas. a) The solid
curve shows loss of the fundamental core mode near the degenkaate patching point
with two plasmonic modes anthnayte= 1.32. Due to degeneracy, only one peak is dis-
tinguishable in the loss curve. Dashed line shows splitting of the degenarpasmonic
modes when the analyte refractive index is changegdgyte = 1.322. b) Dependence of
the sensor amplitude sensitivity on wavelength.

this affects the two plasmonic dispersion relations déifgly. Particularly, the analyte bound
plasmon mode is affected much strongly by the changes inrnthyte refractive index than
the cladding bound plasmonic mode. As a result, degenesdifjed, and two closely spaced
plasmonic peaks appear in the core mode loss curve (dasheglinlFig. 6(a)). For example,
a 0.002 change in the analyte refractive index splits a siptAsmonic peak into two peaks
separated by 27.5nm. This permits a novel spectral detetdichnique, where relative peak
separation can be used to characterize changes in the emafyactive index. By defining
spectral sensitivity as:
S = ‘)\peakl —)\peakz|/dnanalyte (6)

we find spectral sensitivity of 137&n- RIU~2. It is typically a safe assumption that al6m
change in the position of a resonance peak can be detecigblyelvhich results in a sensor
resolution of 72-10-°RIU, which is, to our knowledge, the highest reported spectrasisivity
of an aqueous fiber-based SPR sensor.

Finally, in Fig. 6(b), we present the amplitude sensitidfythe proposed honeycomb pho-
tonic crystal fiber-based sensor as defined by 4. The maxenalts/ity is achieved at 100@n
and equals to 40RIU~1L. Itis typically a safe assumption that a 1% change in thestraited
intensity can be detected reliably, which leads to a seresmution of 25- 10 °RIU. It is in-
teresting to note that for this sensor design, the sensitivirve has a single maximum, unlike
the sensitivity curves associated with the Bragg fiber dhesigported in the preceding section.
Sensor length in this case isinlmmrange.

4. Conclusion

In conclusion, we have presented a novel approach to thgrdesiphotonic crystal fiber-
based SPR sensors for measuring changes in low refractiex imnalytes. In such sensors,
a Gaussian-like fiber core mode is phase matched with a suplasmon propagating along
the metallized fiber microstructure. Due to bandgap guidaaperational wavelength of such
sensors can be designed anywhere from the visible to neadvitiReover, a wide variety of
material combinations can be used to design such a sensbemsis no limitation on the
upper value of the waveguide core refractive index. Fingtlg coupling strength between the
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waveguide core and plasmon modes can be varied by changnguthber of the photonic
crystal reflector layers, which also permits designing terall sensor length.

The methodology for the photonic crystal waveguide-baded Sensor design is quite gen-
eral and its particular implementation can be based on m&ttdd planar integrated photonic
crystal waveguides, Bragg fibers or microstructured photorystal fibers. Particularly, one
starts with a choice of an operational wavelengghThen, plasmon effective refractive index
neff(Ac) atAc is approximated by a value close to the effective refradtidex of a plasmon
excitation on a planar metal-analyte interface (2). Fovarmi, this allows to center the pho-
tonic bandgap of a waveguide reflector aronpg (Ac). By varying the waveguide core size (or
by varying the microstructure of the core), one can shiftdispersion relation of a core mode
towards that of a plasmonic mode until phase matching oaturs The sensor length can be
changed by varying the number of layers in a photonic crysfictor, with larger reflectors
resulting in the longer sensors.

Finally, we have presented examples of the aqueous SPRrsdyeged on the planar pho-
tonic crystal waveguide, solid and analyte filled Bragg fiheis well as solid core microstruc-
tured photonic crystal fiber. The amplitude sensitivity loé fproposed designs was as high
as 400 RIU~1. Assuming that a 1% change in the transmitted intensity eadetected reli-
ably, a sensor resolution as good a-20 °RIU was demonstrated. The spectral sensitivity
of the proposed designs was as high as 18@®RIU 1. Assuming that a Anm change in
the position of a plasmonic loss peak can be detected rgliatdensor resolution as good as
7.2-10 °RIU was demonstrated. The sensor lengths in our examples Vesiag mm to a cm
range. For measuring changes in the aqueous analyte refraudex, the sensitivities of our
fiber designs surpass those of the best existing wavegaiskedsensor designs [41].
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