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Abstract: Plasmon-like excitation at theinterface between fully polymeric
fiber sensor and gaseous analyte is demonstrated theoretically in terahertz
regime. Such plasmonic excitation occurs on top of a ~ 30um ferroelectric
PVDF layer wrapped around a subwavelength porous polymer fiber. In a
view of designing a fiber-based sensor of analyte refractive index, phase
matching of a plasmon-like mode with the fundamental core guided mode
of a low loss porous fiber is then demonstrated for the challenging case
of a gaseous anayte. We then demonstrate the possibility of designing
high sensitivity sensors with amplitude resolution of 3.4-10~* RIU, and
spectral resolution of 1.3- 104 RIU in THz regime. Finally, novel sensing
methodology based on detection of changes in the core mode dispersion is
proposed.
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1. Introduction

In the visible and ultraviolet range, the collective oscillation of free charge carriers at a metal-
dielectric interface yields a surface plasmon wave propagating along the surface of the metal
[1, 2, 3, 4, 5]. Propagating at the metal/dielectric interface, surface plasmons are extremely
sensitive to changes in the refractive index of the dielectric. This feature constitutes the core
of many Surface Plasmon Resonance (SPR) sensors. Typically, in the visible range, these sen-
sors are implemented 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. The presence of a prism allows phase matching of an incident electromagnetic
wave with a plasmonic wave at the metal/ambient dielectric interface at a specific combina-
tion of the angle of incidence and wavelength. Mathematically, phase matching condition is
expressed as equality between the plasmon wave-vector and a projection of the wavevector of
an incident wave along the interface [1].

The sensitivity of plasmon excitation to changes in the refractive index of the dielectric
medium has been widely exploited for sensing applications. The plasma frequency, which im-
poses alower frequency limit for the existence of these plasmons, is defined by wg = nez/eome,
where n, e gy, me are the electron density, electric charge, vacuum permittivity and electron
mass. Since the free electron density in metals is typicaly in the range of 1022 cm™1, the
plasma frequency is frequently limited to the visible and ultraviolet regions. At frequen-
cies significantly below the plasma frequency (like the THz range), large negative permit-
tivity strongly prohibits electromagnetic fields from penetration inside a metal, and plas-
mon excitation on the metal/dielectric interface becomes challenging. Therefore, efficient
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plasmonic excitation at lower frequencies requires materials with lower plasma frequencies
[6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16]. Pendry et al. have suggested an artificial material in
the form of a 2D subwavelength metallic wire lattice for which the effective plasma frequency
is designable and equals ®j = 2rc?/a®In(a/r) [15, 16]. Since this plasmon frequency relies
on the wire radius, r, and the lattice constant, a, the geometrical parameters of the artificial
structure can tune the electron plasma frequency of metal to the THz or sub-THz frequency
range. Moreover, further studies have recently confirmed that artificial subwavelength-sized
metal structures can tune the plasma frequency of metals to GHz or THz frequency range and
allow metals to support plasmon-like surface waves at frequencies much lower than the visible
range[6, 7, 10, 13].

Thanks to the refractive index behavior of the ferroelectric Polyvinylidene fluoride (PVDF)
layer we demonstrate new type of plasmonic-like excitationsin THz regime which was impos-
sible before while using metal layers in THz regime. PVDF is a ferroelectric semi-crystalline
polymer with asmall absolute value of permittivity in the visible and near-IR regions. However,
in the THz region the dielectric function of ferroelectric PV DF exhibits a resonance:

(8dC — Eom)a’%o (1)
25— 02 +iyw’
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where, accordingto [17] eopt = 2.0, £gc = 50.0, w10 =0.3THZz and y=0.1THz Fig. 1 shows
the real and imaginary parts of the refractive index of ferroelectric PVDF in the wavelength
range between 100 um (3 THZz) and 700 um ( 0.43 THz). Thereal part of therefractiveindex of

PVDF in thisregion isless than one, while theimaginary part is positive and mostly larger than
one. Therefore, thereal part of the PV DF dielectric constant is negative and by analogy with the
behavior of the metals in the visible range, PVDF layer is expected to support a plasmon-like
excitation. Moreover, PV DF gives an opportunity to design afully polymeric structure for THz

plasmonic devices using such established mass production techniques as micro-embossing and
fiber drawing, which potentially makes the fabrication process highly suitable for the industrial

scale-up.
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Fig. 1. Thereal and imaginary parts of the refractive index of ferroelectric PVDF.
This paper pursuestwo goals. Thefirst goal isto show that thin layers of ferroelectric PVDF

inair can support THz plasmon-like excitations similar to the ones found at the metal/diel ectric
interfaces in the visible range. The second goal is to design a fully polymeric integrated fiber-
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based sensor in THz regime capabl e of detecting the index changein gaseous analytes (the most
challenging case).

Indirect analogy to SPR sensing in the visible, existence of plasmon-like resonancesin THZ
can enable study of the micron-sized particle binding dynamics within 10-60 um of the sensor
surface. This can be of particular interest for the label-free detection of specific bacteria by
fictionalizing the sensor surface with bacteria specific phages. In comparison, SPR sensors in
the visible can only detect binding of nano-molecules with sizes less than 100nm (size of a
plasmon tail), rendering the method insensitive to the larger particles, such as bacteria.

It is worth mentioning that SPR sensing mechanism is completely different in spirit
from spectroscopy based sensing. Particularly, plasmon-based sensors are mostly sensitive to
changes in the real part of the refractive index in a thin sensing layer in the near vicinity of
a metal surface. Specificity of a SPR sensor is achieved by coating a metal layer with a thin
sensing layer that changes its refractive index when exposed to the target analyte. In contrast,
spectroscopy based methods use detection of absorption lines in the spectrum of atarget ana-
lyte, thus relying on existence of a spectroscopic "finger print” [24, 25, 26] for the detection
and differentiation of a target. Moreover, when target anayte is weakly absorbing (which is,
for example, the case for gas detection) one typically needs a several meter long gas cell to be
able to measure absorption spectrum reliably. In a strike contrast to spectroscopic detection,
SPR-based sensors can achieve the same sensitivity for low absorbing analytes in devices of
only afew centimeters of length.

2. THzplasmon-like excitation at the PVDF/air interface

We start by explaining general ideas behind the principles of operation of a fiber-based SPR
sensor. A typical configuration of such a sensor is afiber with athin metal layer deposited on
its surface in the near proximity of a fiber core. Another side of a metal layer is facing the
analyte to be monitored. During operation of a sensor, one launches a broadband light into
the fiber core. In the vicinity of a specific wavelength defined by the sensor design, one of
the core modes is phase matched (avoiding crossing of the corresponding dispersion relations)
with a plasmon excitation mode confined to the metal/analyte interface. In the vicinity of such
a resonant wavelength one observes dramatic decrease in the power transmitted through the
fiber due to partial energy transfer from the core guided mode into a lossy plasmon wave. As
dispersion relation of a plasmon mode is very sensitive to the refractive index of the analyte,
resonant wavel ength, and hence, spectral position of the absorption peak will shift when analyte
refractive index is changed. By detecting spectral shift in the absorption peak of a core guided
mode, changes in the analyte refractive index on the order of 10 % — 10~° RIU (Refractive
Index Units) can be detected.

Based on the theory governing plasmon surface waves, effective refractiveindex of aplasmon
excitation istypically close, while somewhat higher, than that of the analyte. On the other hand,
effective refractive index of a fiber mode guided in a solid core is close to that of the core
material. As there are no readily available optical materials that have refractive indices near 1,
in practice, it becomes challenging to achieve phase matching between the plasmon and core
guided modes when working with gaseous analytes. One solution [4, 5] that we have proposed
to resolve the phase matching problem in the visible range was to use photonic bandgap fibers
to design the effective refractive index of a core guided mode to be low enough so that phase
matching with a plasmon becomes possible. The key advantage of using the photonic bandgap
fibers is that fundamental core guided mode in such fibers can be, in principle, designed to
have arbitrarily small effective refractive index. In practice, we have realized that photonic
bandgap fibers that support Gaussian-like core mode with too low of an effective refractive
index, necessarily have very small core sizes, thus leading to coupling challenges.
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An alternative solution to the phase matching problemisto greatly lower the effective refrac-
tiveindex of a core guided mode by making the material of afiber core highly porous (with the
pore sizes being sub-wavelength). Such approach in THz regime has an additional advantage
of low loss guidance outside of a phase matching point with a plasmon, as effective mater-
ial absorption is greatly reduced in porous materials. As a particular design for such afiber we
consider aTeflon rod of 1480 umdiameter having porous corein the form of 4 layers of hexago-
nally arranged subwavel ength holes. In the following simulations the hole-to-hol e distance (the
pitch) is considered to be 86 um, while the hole diameter is 76 um. The refractive indices of
Teflon and air are taken to be 1.59 and 1.0 respectively. From outside, the teflon rod is covered
with athin PVDF layer facing air. In the following simulations we consider two thicknesses of
a PVDF layer - 30 um and 35 um. Sub-wavelength single mode porous fibers for THz have
been first introduced in [19, 20, 21], and they were demonstrated to support Gaussian-like fun-
damental mode with effective refractive index close to 1, while being also resistent to bending
losses even for tight bending radii.

B PVDF [ TEFLON Air

Fig. 2. Schematic of a porous THz fiber with a PVDF layer facing analyte.

As detailed in [19, 20, 21], introduction of sub-wavelength holes in the fiber core allows
to lower dramatically the effective refractive index of the core guided mode. This, in turn,
makes phase matching possible between the core guided mode and THz plasmon propagating
at the PVDF/air interface. Furthermore, outside of the phase matching point, most energy in
the Gaussian-like core mode is guided in the subwavelength holes, thus resulting in greatly
reduced absorption loss. In Fig. 3 we present dispersion relation and |0sses of a core guided and
plasmonic modes for a structure defined in Fig. 2. Particularly, Fig. 3(a) presents the effective
refractive index of the core guided and plasmon modes as a function of wavelength for the
two values of a PVDF thickness. Avoided mode crossing between the two modes around the
wavelength of 300 umisclearly visible. In Fig. 3 (b), losses of the core guided and plasmonic
modes near the point of avoided crossing are shown. Losses of a core guided mode peak (~
30dB/cm) at the point of phase matching with a plasmon, while being much lower (j10dB/cm))
outside of the phase matching region (see also Fig. 6). In order to highlight increase in core
mode losses solely dueto its coupling to a plasmon, in our simulations we consider that Teflon
material is lossless. In fact, bulk Teflon loss is reported to be ~1.3dB/cm. When added to
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simulations we find that Teflon material loss increases the loss of a core guided mode by mere
0.2dB/cm in the vicinity of 300 um. Clearly, loss contribution due to bulk material loss of
Teflon is much smaller than loss contribution due to coupling to a plasmon (absorption in a
PVDF layer), even outside of a phase matching point.
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Fig. 3. Avoided crossing of the dispersion relations of the fundamental core mode and
a THz plasmon-like excitation in a porous fiber with PVDF layer. The figure shows the
a) real, and b) imaginary parts of the refractive index of the two modes as a function of
wavelength.

In Fig. 4 we present distribution across the fiber crossection of the longitudinal energy flux
component Sz for a core guided mode in the vicinity of a phase matching point. Only 1/4 of the
fiber crossection is shown due to symmetry. Figures 4(a),(b), correspond to the points (a) and
(b) on the core mode dispersion curvein Fig. 3(a). As expected, near the phase matching point
core mode (high flux intensity in the air holes in the porous core) is strongly hybridized with a
plasmon (high flux intensity at the PV DF/air interface).

5 5

800 800
600 600

400

0 200 400 600 800 Hm 0 200 400 600 800 HmM

Fig. 4. Longitudinal energy flux component distribution across the fiber crossection for the
core guided mode in the vicinity of a phase matching point with a plasmon. Plots (a) and
(b) are calculated for the points (a) and (b) in Fig. 3a).

In Fig. 5 we also present dispersion of a core guided mode versus wavelength in the vicinity
of a phase matching point. Two solid curves in Fig. 5 correspond to the two values of the
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air refractive index ng = 1 and ny = 1.01 (only the refractive index of air outside the fiber is
varied), assuming PVDF layer thickness of 30 um. All the dispersion curves show a positive
peak at the phase matching point, while passing through zero and becoming negative outside
of the phase matching region. Note that even a small changein the air refractive index changes
considerably dispersion of a core guided mode near the phase matching point. Thus, a 1%
increase in the air refractive index shifts the dispersion peak by about 2 um, while reducing
mode dispersion by about 20 ps/nm-km (from about 35 ps/nm-km). Such strong changes are
related to the sensitivity of a plasmon mode dispersion relation to the changes in the refractive
index of air at the PVDF/air interface. Furthermore, the dispersion of fiber core mode is very
sensitive to the PVDF layer thickness. Particularly, dashed line in Fig. 5 is computed using
na = 1, and PVDF layer thickness of 35 um. One observesthat the dispersion peak shifts about
4 pmand increases by almost 50 ps/nm-km when the thickness of a PVDF layer increasesfrom
30to 35 um.

100 - : :

50

D (ps/nm—km)
=

-50

—100 ' ' '
280 290 300 310 320

A (um)

Fig. 5. Dispersion of the core guided mode of a porous core fiber covered with a thin
PVDF layer facing air analyte (see Fig. 2). Solid curves - PVDF layer thickness 30 um,
two different values of the air analyte refractive index ny = 1, n; = 1.01. Dashed curve -
PVDF layer thickness 35 um, n; = 1.
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3. Sensitivity of an SPR-like THz sensor

Here, we address the question of sensitivity of a proposed SPR-like sensor to the changes in
the refractive index of analyte. One mode of operation of a proposed sensor is by registering
at a fixed frequency the changes in the amplitude of a transmitted light. We define a:(A,n4)
to be the transmission loss of the fiber core mode as a function of the wavelength and the
refractive index of analyte ny. Considering Py 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,A,n3) =
Poexp(—a(A,na)L). For the operational wavelength A, the amplitude sensitivity to the dn,
changein the analyte refractive index can then be defined as:

1 P(L,A,na+dng) — P(L,A,n,)
(L,A,ng) dna

SRV =5 : e

The sensor length L istypically limited by the modal transmission loss. A reasonable choice of
asensor lengthisL = 1/0/(A,n,); such achoice of sensor length results in a simple definition
of sensitivity with respect to small changesin the analyte refractive index:

1 9P(LAn) 1 da(rn)
(L, A,Ng) ana  a(A,ng) dng

SRV =5 ©)

In Fig. 6 we present amplitude sensitivity of the porous-core fiber-based Surface Plasmon
Resonance (SPR) sensor as defined by Eq. (3). The maximal sensitivity is achieved at 292 um
and equals to 29 RIU~1. Assuming that 1% change in the transmitted intensity can be reliably
detected, sensor resolution of 3.4- 104 RIU is predicted.

Another way of defining sensor sensitivity is via a spectral measurement. Particularly, by
detecting A4 shift in the position of aresonant absorption peak for An, changein the refractive
index of analyte one can define spectral sensitivity as S; = Adp/An,. For example, in Fig. 6
we show loss curves of a core guide mode calculated for the two different values of an air
analyte refractive index ng = 1 and ng = 1.01. As seen from Fig. 6, analyte refractive index
change of 0.01 results in a 4 um shift of a loss peak, thus defining spectral sensitivity to be
S, = 400um/RIU. Assuming a typical 100MHz spectral resolution of a time domain THz
setup (equivalently 30nm wavel ength resolution at 1THZ), sensor resolution of 1.3-10 4 RIU
is predicted.

4. Conclusion

In conclusion, fully polymeric SPR-like sensor is demonstrated in THz using porous core fiber
covered with athin feroellectric PV DF layer facing gaseous analyte. Plasmon-like excitation at
the PVDF/air interface can be excited by the fiber core mode when phase matching is satisfied.
Similarly to the optical SPR sensors, guided core mode exhibits a pronounced loss peak at
the point of its phase matching with a plasmon-like mode. Moreover, core mode dispersion
varies dramatically in the same phase matching region. By detecting changesin the wavelength
of phase matching due to changes in the analyte refractive index, highly sensitive detection
systems are possible. We show that both amplitude-based and spectral -based detection methods
lead to sensitivities to the changes in the gaseous analyte refractive index on the order of ~
10~“RIU.
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Fig. 6. Sensitivity of a porous-core fiber sensor featuring a 30 um PVDF layer facing air
analyte (blue line). Losses of a core guided mode versus wavelength (green lines) in the
vicinity of a phase matching point with a plasmon for two values of the analyte refractive
index ng = 1, ng = 1.01.
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