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Abstract

Terahertz fibers used for optical-sensing applications are introduced in this chapter,
including the dielectric wires, ribbons and pipes. Different analyte conformations of the
liquid, solid particle, thin film and vapor gas are successfully integrated with suitable
fibers to perform high sensitivities. Based on the optimal sensitivities, analyte recogni-
tions limited in traditional terahertz spectroscopy are experimentally demonstrated by
the terahertz fiber sensors. Using the cladding index-dependent waveguide dispersion
and high fractional cladding power of terahertz wire fiber, 20 ppm concentration
between polyethylene and melamine particles can be distinguished. When the
evanescent mode field of a terahertz ribbon fiber is controlled by a diffraction metal
grating, subwavelength-confined surface terahertz waves potentially enable the near-
field recognition for nano-thin films. Resonance waveguide field surrounding the
terahertz pipe fiber is able to identify the macromolecule deposition in subwavelength-
scaled thickness, approximately A/225. For inner core-confined resonance waveguide
field inside the terahertz pipe fiber, low physical density of the vaporized molecules
around 1.6 nano-mole/mm? can also be discriminated.

Keywords: optical sensing, terahertz spectroscopy, terahertz optics

1. Introduction

Various dielectric fibers are introduced in this chapter for terahertz (THz) wave transmission
and sensing. Most of THz-electromagnetic power guided along the proposed fiber is
distributed in the air region, realizing long distance delivery of THz waves with low propa-
gation loss and dispersion. The detection sensitivity consequently increases due to the
sufficient field-analyte interaction length. Large portion of THz field evanescent in the air also
makes the waveguide mode quite sensitive to the slight refractive index variation of the
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analyte surrounding the fiber. The sensitive feature of THz refractive index is advantageous
to minute material detection based on analyzing the propagation property change of
waveguide mode. In this chapter, we address not only the waveguide characteristics and
sensing mechanisms of the proposed THz fibers, but also the fiber-sensing schemes with the
highest sensitivities, experimentally achieved via optimizing the waveguide geometric
parameters. The introduced low-loss THz fibers are categorized based on their geometries
including the wire-, ribbon- and pipe-fibers. The former two fibers have the subwavelength-
scaled waveguide core and air cladding, allowing single mode transmission with loosely field
confinement. The analytes distributed in the air cladding significantly influences the fiber
dispersion of the waveguide modes. The pipe-fiber delivers and confines terahertz waves in
the hollow air core based on the anti-resonant reflecting waveguide principle, leading to
multiple resonant dips and exhibiting in the transmission spectrum. The analyte inducing
slight variation of the optical path in the pipe wall or hollow core is able to significantly shift
the resonant spectral dips. Such variation of waveguide dispersion or spectral shift for the
proposed terahertz fibers are successfully measured by the fiber-based terahertz time domain
spectroscopy to identify various minute analytes, such as subwavelength films, particles and
volatile vapors.

2. Subwavelength plastic wire sensor

2.1. THz waveguide field along a plastic wire

The THz wire fiber has a circular cross section as the fiber core and an infinite air cladding,
where the wire core size is smaller than the THz wavelengths and called as the subwave-
length fiber [1]. The subwavelength fiber used to guide electromagnetic waves was first
demonstrated in infrared frequency, performing a large portion of the evanescent power
outside the fiber core [2]. On the basis of the evanescent waveguide field, the wire fiber is
demonstrated to deliver THz wave in a long distance with very low waveguide loss. In this
section, the polystyrene (PS) wire with a step refractive-index profile is taken as one exam-
ple of a THz subwavelength fiber and its evanescent power in the air cladding is expressed
in Figure 1(a), which is calculated from the solutions of a general step-profile fiber [3]. The
core diameter and THz refractive index of the PS core material are, respectively, 300 pm and
1.59 at 0.300 THz. Figure 1(a) shows the fractional THz power in the air cladding which is
increased with wavelength and the guiding power at 3 mm-wavelength almost entirely ex-
pands outside the fiber core. Obviously, the power percentage of a waveguide mode in the
air cladding exceeds 60% when the wavelength is longer than 1 mm. The large power ratio
in the air cladding greatly reduces the THz-wave propagation loss along the wire. Three
THz wavelengths, 0.75, 1.00 and 1.25 mm are observed for the relating across power distri-
butions in radial (inset of Figure 1(a)) and their modal sizes based on the full width at half
maximum (FWHM) are, respectively, 0.118, 0.438 and >6 mm. The waveguiding power obvi-
ously enhances near the core-cladding interface for the long wavelength waves. Such power
enhancement is thus highly sensitive to detect analytes surrounding the wire core [3].
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Figure 1. Calculation of the fiber-guiding THz-wave power ratio in the air cladding around a PS wire with a 300 pm
core diameter. (Inset) THz-wave power distributes in the cross section of a PS wire, where the black dash line and blue
dash dot line, respectively, indicate the wire radius, 150 um and the HE;; modal size range at the full with of half maxi-
mum (FWHM) power. (b) Calculation results of PS wire waveguide dispersion, which are normalized with the air clad-
ding index of 1.00 to observe the negative waveguide dispersion variation for cladding index increment up to 1.07
(Reprinted from Ref. [7] © 2009 OSA).

To assess the refractive index-sensing ability of the THz plastic wire fiber, the waveguide
dispersion of a PS wire (300 pm core size) under various cladding indices are simulated
(Figure 1(b)). The simulated results are normalized with respect to the lowest minimum val-
ue as “—1”for the negative waveguide dispersion in the waveguide dispersion spectrum.
When the cladding refractive index is modified from 1.00 to 1.07, the waveguide dispersion
dip becomes less negative and shifts toward a short wavelength [4]. The variation percent-
age of the waveguide dispersion dip, denoted as AD,,; is approximately proportional to the
cladding index. For the case of a PS wire, AD,, varies around 1% when 0.01 index incre-
ment at the fiber cladding is performed.

According to the theoretical results in Figure 1(b), it reveals that the variation of waveguide
dispersion dip is caused by the evanescent THz waves transmitted along different specimens
with various refractive indices, where the air-cladding index is partially replaced by the
analytes with higher refractive indices, i.e., >1.00. The plastic wire-sensing scheme is advan-
tageous to guide long-wavelength THz waves within a narrow bandwidth because of the loose
confinement and low transmission loss properties [5]. The fiber-sensing scheme, therefore,
provides one possibility to use a simple THz spectral system avoiding strict spectrum criteria
in the system, such as the broadband, high power or high frequency radiation. Advanced
applications in remote sensing or the integration with lab-on-a chip probably becomes
workable in THz frequency region by implementing this concept into practice.

2.2. Liquid-sensing results

Figure 2 schematically shows the optical configuration of a THz wire fiber-sensing scheme.
THz radiation is emitted and detected by a pair of photoconductive switches, excited by a
mode-locked pulse laser with a 100 fs pulse width, 80 MHz repetition rate and central
wavelength of 800 nm. Two off-axis parabolic mirrors with effective focal length of 75 mm
couple THz radiation from free space into the fiber. A 15-cm-long PS wire with a 300-yum-core
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diameter is applied as a THz subwavelength fiber. After the 15-cm-long fiber propagation, the
output THz waves are collimated by a lens and a pair of parabolic mirrors to couple the guided
THz waves into a THz detector. The signal process of the measured THz waveform from the
plastic wire waveguide follows the operation principle of THz time-domain spectroscopy,
involving the amplitude and phase of an electric field oscillation [6].
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Figure 2. Optical configuration of a THz fiber system. (Inset) Geometric arrangement between the PS-wire-guided
evanescent wave and the liquid sample holder (Reprinted from Ref. [7] © 2009 OSA).

We conduct the liquid-sensing experiment by integrating a sample holder, made of polypro-
pylene (PP), beneath the PS wire for loading the liquid analyte. The PP holder contains two
liquid channels with different lengths of 1 and 3 mm and the same width (6 mm) and depth
(0.5 mm). A 10-um-thick polyethylene (PE) film is covered on the top of liquid channels to
prevent liquid evaporation under the ambient temperature and pressure. The waveguide
dispersion can be derived from the phase difference of the transmitted THz waveform acquired
from PS wire integrated with PP holder with and without the analytes loading.

The phase difference for THz wave transmitted along the wire with and without liquid samples
is described as follows,

AP = (11 = bairs1) ~ (Fs12 = Buiri2) (1)

where ¢,;; and ¢,;,;; represent the phases of THz waves pass through a L;-long PP channel with
and without a liquid analyte loading, respectively. Similarly, ¢,;, and ¢,;;, refer to the phases
of THz waves propagating through L,-long PP channel with and without liquid analyte,
respectively. The phase difference according to Eq. (1) is only contributed from THz wave along
the IL; — L,| -long PS wire with the liquid analyte in the cladding region and the 2 mm-length
(i.e., difference between 1- and 3-mm-long liquid channels) is specifically designed to sense
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liquids with a sufficient signal-to-noise ratio to get the reliable phase difference. For other
analytes with lower THz refractive index comparing to the liquid analyte, increasing the length
difference of the two liquid channels is suggested. Based on the definition of a propagation
constant, 3 = |L; - L, -A¢ = 2rtn,/A, the effective refractive index (1,4 of the THz wavelength
(A) can be derived by substituting the measured A¢ in Eq. (2).

g :A_Fl 2
T 2w (L, - 1) @)

The measured waveguide dispersion (D) along a PS wire with the sample cladding is then
obtained from Eq. (3), relating to the group velocity (V,) as formulated in Eq. (4). For different
liquid samples loaded in the sensing scheme of Figure 2, the performed propagation constants
(B) along the PS wire are certainly distinct to shift the feature of the negative waveguide
dispersion curves, approximate to the calculation results of Figure 1(b).

D = d(Vg_l) 3)
"e dA
2xC 1

On the basis of the geometric parameters of the wire radius (), channel depth (D,) and the
separation between the wire and the liquid surface (D,) as illustrated in the inset of Figure 2,
the percentages of the waveguide mode spreading in the liquid and air space can approxi-
mately be estimated. Based on the spreading ratio of waveguide mode and effective medium
concept, the theoretical effective refractive indices of waveguide mode relating the liquid
samples can be estimated and the theoretical waveguide dispersion can consequently be
calculated based on Egs. (3) and (4). In experiment, the pure water and ethanol are employed
as standard analytes to verify the fiber-sensing modality. The variation of waveguide disper-
sion at the spectral dip is successfully observed while the water and ethanol individually
interact with the evanescent waves of the PS wire. The measured variation percentage of the
waveguide dispersion dip well agrees to the theoretical calculation [7]. The result further
reveals only the variation in the negative waveguide dispersion without the significant spectral
shift as shown in Figure 1(b).

Figure 3 shows the sensing result to recognize minute polymer powder grains dissolved in the
ethanol, where the polymer powder grains are PE (434,272 ultra-high molecular weight,
surface-modified polyethylene powder, Sigma-Aldrich Inc.) and melamine (Melamine,
Nippon Bacterial Test Co., Ltd.) materials. A small amount of the both grains are mixed in
ethanol solutions separately with various concentrations, 20-100 ppm (part per million, i.e.,
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one milligram powder per one liter of ethanol in this case). The pure PE grains usually cannot
be dissolved in ethanol; however, the used PE grains are modified as polar surfaces for a higher
solubility in ethanol. In the ethanol solution, melamine powders are slightly solute and its
solubility is larger than that of PE grains due to the polar molecular structure [8].
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Figure 3. PS wire waveguide dispersions for liquid samples in the cladding, which are pure ethanol mixed with differ-
ent concentrations of (a) melamine and (b) PE powders. It is normalized by the pure ethanol condition at the negative
dispersion dip to observe their dispersion variation performance (Reprinted from Ref. [7] © 2009 OSA).

As illustrated in Figure 3(a), apparent variation at waveguide dispersion dips is indeed
observed while increasing the melamine concentration from 20 to 80 ppm in ethanol solutions.
However, the variation of waveguide dispersion dips in the PE-ethanol solution occurred only
when the PE concentration is altered from 20 to 40 ppm as shown in Figure 3(b). Because the
effective-cladding index of PS wire is changed with the solute concentration of analyte, the
waveguide dispersion of THz waveguide mode is also modified and agrees with the theoretical
prediction as shown in Figure 1(b). Comparison between Figure 3(a) and Figure 3(b), the
waveguide dispersion dip variations (AD,,) at the powder concentration of 40 ppm are 21 and
18%, respectively, for melamine- and PE-ethanol solutions. It implies more melamine grains
can be dissolved in an ethanol solution, comparing to the PE grains. Such different dissolving
abilities is reasonable because the polarity of melamine is higher than that of PE, which is easier
to be dissolved by a polar liquid, ethanol.

3. Plastic ribbon fiber sensor

3.1. Subwavelength confinement using a metal grating integrated THz ribbon fiber

A subwavelength plastic ribbon has been demonstrated as alow-loss THz waveguide to deliver
loosely confined THz waves with bandwidth of about 1 THz [9] for a long distance. Similar to
the aforementioned plastic wire, the waveguide mode power of the ribbon fiber also mostly
spreads in the air cladding. However, the ribbon fiber core is nonsymmetrical different from
the circular core of a plastic wire and able to guide a broader bandwidth than that of a plastic
wire. To excite the waveguide mode of the subwavelength ribbon fiber, the polarization
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direction of the input THz waves should be parallel to the ribbon thickness, i.e., perpendicular
to the thin-film surface.

Although the evanescent wave of a subwavelength fiber is highly sensitive to the refractive
index variation in the air cladding, the much extensive modal field is not suitable to sense
micro-particles or over layers in subwavelength scales. Subwavelength optics provides the
schemes to visualize or sense those subwavelength-scaled analytes in the near-field region
and the plasmonic waveguide [10] is one of the notable near-field sensors. To confine the
evanescent waves along a THz ribbon fiber, the feasibility to increase the waveguide refrac-
tive index via integrating the ribbon fiber with a period metal structure is presented in this
section. Figure 4(a) schematically depicts the hybrid THz plasmonic waveguide, constructed
by one plastic ribbon and a 1D periodic metal grating. The diffraction metal grating has a
length of 50 mm, a width of 15 mm and a thickness of 4, machined on a brass sheet with a
lattice constant of 1.5 mm and a slit width of 1 mm. It is attached on one side near the output
end of the ribbon fiber. The ribbon fiber is made of a 20-um-thick, 15-mm-wide and 22-cm-
long PE plastic thin film.
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Figure 4. (a) Configuration drawing of the planar hybrid plasmonic waveguide. (b) Phase-variation spectrum contrib-
uted by different metal grating thicknesses. (c) Variation spectra about the effective waveguide refractive indices in
different metal grating thicknesses (Reprinted from Ref. [13] © 2013 OSA).

Using a one-dimensional metal grating to generate and deliver THz spoof plasmons has been
presented for the waveguide loss and dispersion properties [11]. The slit width and depth of
a diffraction grating have a significant impact on the field confinement and propagation
distance of the transverse magnetic (TM) polarized THz waves [12]. The ribbon fiber delivers
TM waveguide mode, matching the polarization criterion of the THz spoof plasmons. As
presented in Figure 4(a), TM-polarized THz waves are edge-coupled to one end of the ribbon
fiber from the free space, forming the weakly confined waveguide mode to propagate through
a 170-mm-long fiber length. The stabilized waveguide mode would then directly enter a 50-
mm-long integrated metal grating waveguide. When the loosely confined THz waves illumi-
nate on the metal grating, partial transmission along grating periods occurs due to the
mismatch in the cross-modal field and effective waveguide index. With the same slit width of
1 mm and grating period of 1.5 mm, we discuss the impact of various metal grating thicknesses,
including 100, 200 and 400 um, on the modal confinement of the propagated TM-wave.

69
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The propagation vectors of the reflected and transmitted THz waves on the diffraction grating
follows the momentum conservation relation as Eq. (5),

intKp=Kp (5)

where the vectors of K;,, K and K, are, respectively, the propagation constants of the input and
reflected THz waves along the ribbon fiber as well as a grating wave vector. The grating wave
vector, K,, equals 2ntm//A where m and A are individually the Bragg diffraction order and the
grating period. The directions of propagation constants, K;, and Kp, are opposite but have the
same magnitude of 2mtvn,/C for THz waves propagated along the integrated ribbon fiber,
where v, C and n,; are, respectively, the THz wave frequency, speed of light in a vacuum and
an effective waveguide refractive index. The diffraction grating works to reflect THz waves
exactly at the Bragg frequencies in different orders, which can be derived as mC/Zneﬁ:/l from
Eq. (5). In the case of 1.5-mm-period metal grating, there are two narrow low-transmission
bands found in experiment, caused by the Bragg reflections, respectively, at near 0.300 and
0.400 THz. Such spectral dip exactly at Bragg frequency is the result of phase-matching
between the ribbon- and grating-waveguide modes. In experiment, the low order Bragg
reflection dips, near the 0.100 and 0.200 THz, cannot be found because the large cross section
of input THz wave leads to the low efficiency of coupling with the grating [13].

Figure 4(b) shows the measured results of the phase retardation (A®) of THz waves after the
50-mm-long propagation of the metal gratings with different thicknesses. The retarded THz
wave phase is only considered from the metallic grating contribution because the PE ribbon
fiber is normalized with the defined phase difference, AD = Oy, where O and Py, are,
respectively, THz-wave phases of the electric-field oscillation passing the 220-mm-long ribbon
fiber with and without the 50-mm-long metal grating. Equation (6) expresses refractive-index
variations (An) relating to the phase difference (A®).

cA
An = %MuL) ©6)

The light speed in vacuum, THz wave frequency and the length of a metal grating are, respec-
tively, denoted as C, v and L in Eq. (6). The refractive index increment resulted from the metal
gratings with different thicknesses is therefore illustrated in Figure 4(c) based on Figure 4(b)
and Eq. (6). The results show 100-um-thick grating slightly performs the phase retardation of
the guided THz waves, which is much smaller than those of the 200- and 400-pum-thick gra-
tings. When the grating thickness increases to 200-um thickness, zero phase difference occurs
at 0.300 and 0.400 THz, representing the phase-matching condition, i.e., @y, = @, between
the ribbon guided THz waveguide mode (K;,) and the reflected surface plasmonic (5P) modes
of the hybrid waveguide (Ky) via the metal grating (K,) structure. For those ribbon-guided
THz waves with the zero phase difference, their power can be completely transferred to the
spoof surface plasmon polaritions (SPP)modes and reflected through the Bragg reflection,
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corresponding to the zero-refractive index variation for index matching between the two
modes (Figure 4(c)).

The effective waveguide modal indices along the metal grating are obviously larger than those
of a blank ribbon waveguide and proportional with the frequency increment within the
deliverable frequency range. The waveguide theory expresses the high waveguide refractive
index is able to confine the extended EM fields close to the waveguide core as a small spatial
mode [14]. The metal grating delivering THz waves approximate to the modal field of a
dielectric waveguide. It is found the 400-um-thick grating performs the largest phase difference
and effective waveguide index within 0.300-0.360 THz and <0.260 THz because of the largest
across section to interact input THz waves. More closely confined THz SPPs can therefore be
guided along the 400-um-thick grating, instead of the 200- and 100-um-thick gratings.

Figure 5(a) shows the measured and simulated decay lengths on one side of the bare ribbon
and hybrid grating waveguides with different grating thicknesses. The waveguide decay
lengths with and without metal grating decrease as the frequency increment of THz waves.
The minimum decay length of the blank ribbon is around 0.56 mm at frequencies beyond 0.300
THz. However, the decay length is apparently extended for THz frequency below 0.350 THz
while the ribbon-guided waves input the 100-pum-thick metal grating. Contrarily, the decay
lengths shrink above the 200- and 400-um-thick metal gratings for THz frequencies, respec-
tively, approaching the 0.300 and 0.250 THz. The trend about these decay lengths can also be
obtained in FDTD calculation.
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Figure 5. (a) Measured and calculated decay lengths of the guiding THz waves along a blank ribbon and different inte-
grated gratings with 100, 200 and 400 um thicknesses (Reprinted from Ref. [13] © 2013 OSA). (b) Sensing configuration
of a plastic ribbon fiber integrated with a metal grating (Reprinted from Opt. Express 21, 21087-21096 (2013). © 2013
OSA).

3.2. Particle sensing using a hybrid THz waveguide

In a traditional THz spectroscopy, to recognize solid particles with size much smaller than
THz wavelength, the required analyte amount should be sufficient to form tablets and the
thickness should be precise in order to obtain the correct THz information. For minute ma-
terial detection, a versatile and flexible THz-sensing platform is necessary. This section in-
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troduces the particle-sensing methodology using the metal-grating-integrated hybrid THz
waveguide and assesses its detection ability. The sensing scheme is schematically plotted in
Figure 5(b), where the particle analyte is located on a dielectric substrate which is attached
on the metal grating of the hybrid waveguide. The particle loaded membrane substrate is
entirely covered above the metal grating, becoming one part of the hybrid plasmonic wave-
guide and to facilitate passing through the subwavelength confined THz surface plasmonic
waves (SPWs). The evanescent fields of the THz-SPWs interact with the particle analyte in a
sufficiently long distance, leading to the enhanced THz response in spectrum. Due to the
multiple reflections from the metal grating at Bragg frequencies, the optical paths of THz
waves in the hybrid waveguide are obviously longer than those on the bare ribbon. The
long optical path makes the guided THz-SPWs quite sensitive to any slight variation of die-
lectric analytes located within the evanescent field range of waveguide mode. The propaga-
tion constants of the resonant waves are equal to 2mn,/C, where n,, v and C denote the
effective refractive index, resonant frequency of the THz-SPWs and light speed in vacuum,
respectively. For a specific grating period /A and an incident angle, the resonant frequency of
a THz-SPW is inversely proportional to the effective refractive index of the hybrid plasmon-
ic waveguide (n,5).The change of the effective refractive index related to surrounded analyte
would thereby change the resonant dip in THz transmission spectrum, providing a straight-
forward spectral feature for the sensing application.

To conceptually demonstrate the minute particle-sensing capability using the hybrid wave-
guide sensor, a chemical compound of Bi,CulSe; with irregular grain shapes and nonuniform
particle sizes, <300 um, is considered as a sample under test in the experiment. Different
amounts of compound analyte are prepared to produce distinct effective indices of the THz-
SPW propagated on the hybrid waveguide for sensitivity test. A 60-um thick, 50-mm-long and
15-mm-wide PE film was used as a sample substrate and attached to the grating surface to
adhere the analyte (Bi,CulSe;) in different quantities (e.g., 16.5, 29.3 and 55.3 umole). The
analytes with different amounts are individually loaded on the PE substrate to be sensed by
the SPWs and the fourth-order resonance dip can be found performing evident spectral shifts
(Figure 6(a)). For the blank PE-film substrate and sample loading amounts of 16.5, 29.3 and
55.3 umole, the transmission dips are, respectively, at 0.276, 0.266, 0.259 and 0.237 THz.
Obvious spectral shift can be found because of the granular particles contributing the high
material dispersion in THz frequency as illustrated in the inset of Figure 6(a).

Figure 6(b) summarizes the resonant dip-shifts of THz-SPWs that relate to waveguide-index
variations obtained from different thicknesses of blank PE substrates and different quanti-
ties of chemical compounds on a 60 um-thick substrate. For different thicknesses of the
blank PE substrates, their spectral responses are resulted from the distinct waveguide index
variation, ranging from 0.2 to 0.467, because of their different substrate thicknesses. A fitting
curve (black line in Figure 6(b)) is presented as a quadratic function. The detection sensitivi-
ty of the hybrid plasmonic waveguide can be considered as the tangential slope of each data
point, defined as the frequency-shift range per refractive index unit, i.e.,, Av/An. Using dif-
ferent PE substrate thicknesses in the sensing scheme, the estimated sensitivities based on
20, 50 and 90 pm thicknesses are, respectively, 261, 197 and 159 GHz/RIU. The particle-sens-
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ing ability using a 60 um thick PE film as substrate shows the spectral shift is almost linearly
proportional to the waveguide index variation (An) within An range of 0.395-0.626, as indi-
cated by the red fitting line in Figure 6(b). Based on the slope of the linear fitting curve (red
line), the sensitivity is estimated as 163 GHz/RIU which is less than the sensitivity of the 60
pum thick thin film (~187 GHz/RIU acquired from the slope of the quadratic fitting curve in
Figure 6(b)). Therefore, a uniform overlayer can be more easily detected than a powder ana-
lyte based on the waveguide-sensing scheme even though the granular material has consid-
erably high THz-wave dispersion.

The sensing performance of the hybrid THz plasmonic waveguide dependent on the poly-
nomial fits in Figure 6(b) is then discussed on the sample substrate of a 20 um thick PE film,
whose sensitivity is about 261 GHz/RIU. Its thin-film detection ability approaches to 1.8 pm
when the thin film index is 1.50 and the spectral resolution is down to 0.004 THz. The opti-
cal path difference (OPD) is approximately 2.7 um and the thickness resolution can
approach A/289 of the 4th-order resonance wave at 0.380 THz. For sensing the powder on
the substrate of a 60 um thick PE film (163 GHz/RIU), the minimal detectable molecular
quantity is approximately 13 pmole on the 15 mm-wide and 50 mm-long substrate area, cor-
responding to the molecular density of 17.3 nano-mole/mm? When the spectral resolution is
further decreased to 1 GHz, 454 nm-thick thin film (681 nm-OPD) could be resolved in the
resonance spectral shift. Therefore, the hybrid waveguide-sensing scheme is certainly com-
patible with the planar terahertz metamaterial [15] to act as a sensitive thin film sensor in
THz frequency for nano-thin film detection. Metal hole array and planar terahertz metama-
terials are difficult to sense nonuniform and random distributed particles, even though the
highest sensitivity of metal hole array approaches 2 THz/RIU [16]. In the hybrid waveguide-
sensing scheme, the particles layer can be considered as an effective waveguide cladding of
the hybrid plasmonic waveguide sensor to induce the waveguide index change from vari-
ous particle quantities.
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Figure 6. (a) Waveguide transmission spectra for different amounts of powder analytes loaded on a PE film substrate;
(inset) THz refractive index spectrum of a tablet-formed compound Bi,CulSe;; (b) relation between effective waveguide
refractive index variation (An)and the spectral shift range (Av) of the fourth-order SPW resonance, which is compared
with the blank grating condition (Reprinted from Opt. Express 21, 21087-21096 (2013). © 2013 OSA).
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4. Dielectric pipe fiber sensor

4.1. Overlayer-sensing principle

A THz pipe fiber is a hollow tube which is composed of a ring-shaped dielectric cladding and
an air-core; it has been demonstrated as a broadband and low-loss THz waveguide [17]. The
dielectric ring cladding, inherently served as a Fabry-Pérot resonator, can transmit THz waves
in the hollow core based on anti-resonant reflecting optical waveguide principle (ARROW)
[18] to form multiple transmission peaks in a transmission spectrum, called as antiresonant
modes. The resonant modes of the ring-shaped Fabry-Pérot resonator leak out of the ring
cladding and form dips in a transmission spectrum [19]. The spectral dip position of a resonant
mode is closely related to the thickness and refractive index of the ring-shaped cladding. A
thin film attaching to the ring waveguide cladding is able to change the resonant condition of
the THz pipe fiber and results in resonant-frequency-dip shift [20]. Sensing the tiny variation
inrefractive index or thickness of an adsorbed molecular film near the ring cladding is therefore
applicable.

A double-layered Fabry-Pérot model is proposed to calculate the resonant mode of the THz
pipe fiber with a composite cladding [21], where the effective thickness of the sample or the
cladding is defined as Eq. (7),

| 2 2
Teld or fim = dcld or fim\ eld or fim — 10 » (7)

where the d;,, 5, and 1., ,, are the physical thickness and the refractive index of pipe wall or
thin-film analyte, respectively. A calibration experiment is conducted by attaching different
thicknesses of PE films on the ring-shaped pipe wall to estimate the sensitivity for thin-film
detection. It is found that the sensitivity of thin-film detection is proportional to THz resonance
wavelength, where long THz resonance wavelengths are equivalent to the low-order resonant
modes of the pipe fiber based on the fundamental of ARROW waveguide. For thin-film-sensing
application by the THz-pipe fiber, the low order resonant mode with long wavelength is thus
able to perform high sensitivities for those analyte thicknesses down to subwavelength scales.
The calibration results also show the pipe with a thin pipe wall has a higher sensitivity,
comparing to the thick pipe wall made of the same material. We take into account the effects
of pipe-wall thickness, index and THz resonance wavelength on sensing capability and the
thin-film detection sensitivity (S,) can be deduced in Eq. (8), where 7, and 1, are defined in

Eq. (7).

A
Sy=—-"—. 8
Teld 7 fim ®)

From Eq. (8), approaching highly sensitive THz pipe-fiber sensor can be described as following
two conditions. One way is that the effective thickness of a pipe cladding (7,,) should be small
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when the dip shift is observed at a specific resonant wavelength (A,,) for a certain thickness of
the thin-film analyte (Tjim)- The other way is the low-order resonant modes, i.e., long resonance
wavelengths, A,, are suggested to be employed under the geometry of a pipe sensor for sensing
analyte. More evanescent power is surrounded the ring cladding for the lower-order resonant
modes to perform the higher sensitivity, comparing to the shorter resonant wavelengths. For
a low index or a small physical thickness of pipe-wall, a resonant THz wave will be loosely
confined in the waveguide cladding and results in more THz evanescent power surrounding
the pipe-wall for efficient interaction with the analyte thin films near the waveguide cladding.

Based on the result of the calibration experiment, a PP tube with the highest sensitivity is used
to probe the macro-molecular overlayer adhered on the pipe inner-wall. The PP pipe fiber used
to sense the macro-molecular layer has a length of 15 cm, a cladding (i.e., pipe wall) thickness
of 0.29 mm and an inner-core diameter of 12 mm:. Different thicknesses of the macro-molecular
overlayers are prepared by dissolving different amounts of carboxypolymethylene powders,
named as carbopol 940 (Boai Nky Pharmaceuticals Ltd.), in water with different weight-
concentrations, including 1, 2, 3 and 4%. The Carbopol 940 powder belongs to macromolecular
material with molecular weight about 104,000 g per mole, corresponding to 1450 monomer
units [22]. The carbopol liquids have high viscosity, adhering to the inner pipe wall and forming
macro-molecular layers via gravity-driven flowing and natural evaporation.
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Figure 7. Estimated thicknesses of carbopol micro-molecular layers for different concentrations of the carbopol solu-
tions. (Inset) The transmission spectra of the first resonant mode along a 0.29-mm-thick pipe-wall PP tube, loaded with
various thicknesses of the macro-molecular layers (Reprinted from Ref. [21] © 2010 OSA).

The waveguide spectral features in Figure 7 show different macro-molecular layers with
different physical thicknesses can be detected from the spectral shift of resonance waveguide
modes. The 1% resonance mode wavelength is at 0.654 mm and shifted toward the long
wavelength range when increasing the concentrations of carbopol aqueous solutions. The
spectral shift of the resonant dip is owing to the different thickness of macro-molecular layer
adhered on the PP cladding and the distinct thickness of molecular over layer is formed by
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different viscosities of carbopol solutions [18]. The wavelength spectral positions (A,,) of the
resonant dips are 0.661, 0.669, 0.676 and 0.700 mm, respectively, for 1, 2, 3 and 4%- carbopol
aqueous solutions. The thicknesses of the carbopol molecular layer can thus be estimated
through the double-layered Fabry-Pérot models illustrated in Figure 7, where the THz
refractive index of the carbopol-layer is around 1.2. In Eq. (9), the resonance wavelength,
physical thicknesses and refractive indices of PP-pipe wall, macromolecular layer and the inner
core refractive index are, respectively, denoted as A,,, d, ny, d,, n, and n,.

2 2 2 2
Z(dl\/i’ll —Hy +d2\/n2 _l’loj (9)

m

m

The estimation shows the thicknesses of carbopol-molecular layers are around 5.3, 11.3, 16.7
and 34.3 um, respectively, for the 1-, 2-, 3- and 4%- solutions. The minimum detectable thin
film thickness of the PP-tube-sensing scheme can therefore be estimated with the sensitivity
of 0.0030 mm/um and the system spectral resolution, ~0.0057 mm. Taking a carbopol-layer as
an example, the detectable thickness increment can be down to 2.9 um (~A/225), corresponding
to the resolution of carbopol molecule quantities as low as 1.22 picomole/mm?* However,
molecular resolution limited in the spectral dip shift would be resulted from the broadened
bandwidth at the resonance wavelength, which is observed in the inset of Figure 7. The
interference theory explains the same intensity of interfered waves performs high visibility
[23], but the case of carbopol-layer has obvious THz waves absorption to decay the interference
visibility with broadening resonance bandwidth.

4.2. Vapor-sensing principle

The THz pipe fiber can provide a sharp spectral line-width of resonant mode with a large
portion of evanescent field spreads outside the pipe cladding, facilitating to integrate with
various biochips for highly sensitive molecular sensing. Such evanescent wave characteristic
is difficult to achieve in the metallic cavity type bio-sensors despite they possess the ultrahigh
quality factor (or Q-factor) for sensing applications [20]. In addition, the pipe fibers are easy
to commercially acquired without any complex fabrication. Based on above advantages, the
dielectric-pipe-fiber-based refractive index sensor could potentially be applied in micro-fluidic
systems for bio-chemical detection and inspecting industrial pollutants. Many industrial and
environmental pollutants are toxic gases and harmful to animals. This section further intro-
duces the capability to identify various vapors using the resonant modes of pipe fiber. To
demonstrate vapor sensing, a pipe made of glass material is taken as the sensing fiber to prevent
the volatile analytes from eroding/damaging the pipe-wall. In the vapor-sensing experiment,
a small amount of different volatile liquid droplets is individually injected into the glass pipe
and completely evaporate into vaporized molecules in the sealed hollow core under normal
ambient condition. The transmitted THz waves and the vaporized analytes are simultaneously
confined in the same channel to provide a sufficient interaction length and result in sensitive
detection of minute vapors.
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According to Eq. (10), the resonant dip wavelength (A,,) changes with inner core refractive
index (n,,), and various vapors in the hollow core can thus be identified by detecting the
spectral shift of a certain resonant dip ().

2 2
, ZZdW’m=1,2,3... i

m
m

To realize a highly sensitive detection of vaporized analyte in the hollow core, the resonant
waves in the pipe wall must be sufficiently evanescent toward the hollow core because the
sufficient interaction is required. Based on the transverse power distributions of resonant
waves in a pipe waveguide [24], the higher THz transmission power in the hollow core is ob-
served in the higher-order resonant-dip, i.e., the dips in the high frequency range. Figure 8(a)
shows the vapor-sensing example based on a 30 cm-long glass pipe, possessing the inner core
diameter and the pipe-wall thickness are, respectively, 5.57 and 1.17 mm. The vapor inducing
dip-frequency-shift only occurs in a resonance dip of 0.452 THz and other resonance dips in
the low-frequency range do not exhibit any spectral shift. It does not follow the simulated
results in Figure 8(b) because the leaky power of the low-order resonance-wave in the hollow
core is insufficient to sense the vapor molecules. It also practically presents the evanescent field
strength of a pipe resonant modes within the inner core is critical for the vapor sensing.
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Figure 8. (a) Spectral dip shift of the glass-pipe resonance wave at 0.452 THz for sensing different volatile liquids. (b)
Theoretical estimation of the inner core refractive indices to match the related spectral dip positions for the vapor-sens-
ing results. (c) The spectral relation of the inner core refractive indices for different vapors. (d) Relation between the
spectral dip shift and the related molecular densities (Reprinted from Ref. [24] © 2012 OSA).
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The vapors are prepared by dropping 0.05 cm?® liquids individually of water, hydrochloric acid
(HCl), acetone and ammonia inside the hollow core of glass pipe with vapor pressure satura-
tion. The sensing result shows the spectral dip at 0.452 THz can be shifted with different levels
(Figure 8(a)), locating at 0.461, 0.465 and 0.477 THz, respectively, for the hydrochloric acid,
acetone and ammonia vapors. Trying to match the spectral dip position, the effective inner core
refractive indices can be calculated by FDTD method (Figure 8(b)), which are 1.016, 1.035 and
1.102, respectively, for the vapors of hydrochloric acid, acetone and ammonia. The relation is
then summarized in Figure 8(c) between the spectral dip frequencies and the effective core-
indices of the glass-pipe fiber, which is filled with different vapors. Those inner core refractive
indices are distinct due to the different vapors even though the same liquid volume is inserted
inside the pipe hollow core. The relation between the effective inner core refractive index and
resonance frequency in Figure 8(c) can be fit with one polynomial to evaluate any slight index
variation inside the pipe hollow core. For the example of water sample, the relating spectral
dip is consistent with and without inserting the vapor because of the considerably low density,
comparing to those volatile liquids. It means the effective inner core index of water case
approximates to 1.0.

Different volatile liquids have individual vapor pressures at normal atmospheric pressure and
temperature. There are different quantities of vaporized molecules in the same hollow core
volume. Vapor pressures of volatile liquids are proportional to the quantities of vaporized
molecules in the same chamber. High vapor molecule density in the hollow core eventually
results in the higher effective core-index than the air core, performing apparent blue shift at
the resonant spectral dip at 0.452 THz. When we consider the vapor pressures in literatures
for water, hydrochloric acid, acetone and ammonia at 1 atmosphere and 20°C, their saturated
vapor pressures are, respectively, around 17 mm-Hg [25], 38 mm-Hg [26], 202 mm-Hg [26] and
308 mm-Hg [25]. Thereby, the effective core-index is proportional to the increase of the sample
vapor pressure. When the vaporized molecular density is estimated on the basis of the ideal
gases, the corresponding densities are illustrated in Figure 8(d). The relation is fit with one
nonlinear curve, representing the blue shift level would cease approaching the value of 10
nano-mole/mm?. The minimum detectable molecular quantity would be approximately 7.8
micromole in the glass pipe, corresponding to a molecular density of 1.6 nano-mole/mm?when
the system spectral resolution is about 4 GHz.

5. Conclusion

In this chapter, THz fiber sensors are successfully demonstrated in a PS-plastic wire, a PE-
plastic ribbon integrated with a metal grating, a PP- and glass pipes. The presented fiber
sensors are highly sensitive to the existence and variation of minute molecules and enable
sensing analytes with different formations, including the liquids, powder grains, vapor gases,
thin films and overlayers. A subwavelength plastic wire fiber has large percentages of
evanescent field surrounding the fiber cores and there is negative waveguide dispersion
sensitive to the refractive index variation in the air cladding. Fluidic channel is successfully
integrated to detect minute concentration of melamine grains dissolved in the ethanol solutions
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ranged from 20 to 80 ppm. A plastic ribbon fiber also has the extended evanescent waveguide
modes, butitis further advantageous to integrate a metal grating becoming a hybrid plasmonic
waveguide based on the optical properties of a THz ribbon fiber, including the TM polarized
wave guidance and the broadband transmission. When the optimal overlapping between the
metal grating and ribbon waveguide modes, subwavelength confined surface waves can be
excited and used for sensing powder grains or thin-film analytes. When the spectral resolution
of THz system is reduced down to 1 GHz, the nano-scaled OPD detection could be realized
by the plastic ribbon fiber sensor. The dielectric pipe fiber with a hollow air core is also
considered as one important THz fiber sensor because of the built-in resonator along the pipe
wall. To achieve highly sensitive detection, the applicable resonant modes for thin-film and
vapor detections are absolutely different because of the different cross locations of the target
analytes. Using the pipe fiber to adsorb liquids with high viscosities as one thin film layer on
the inner pipe wall, the low frequency resonance modes or small pipe wall thicknesses are
required to achieve the best sensitivity due to the much extended evanescent resonance field.
For sensing the inserted vapors at the pipe hollow core, the sensitive THz waves contribute at
the high order resonant modes because their resonant field well confined at the inner core
efficiently interacting the vapors. In the sensing experiments, the detectable overlayer thickness
and vaporized molecular density via THz pipe fiber sensors can be reduced to 2.9um (~A/
225)and 1.6 nano-mole/mm?, respectively.
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