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Abstract: A highly sensitive detection method based on the evanescent
wave of a terahertz subwavelength plastic wire was demonstrated for liquid
sensing. Terahertz power spreading outside the wire core makes the
waveguide dispersion sensitive to the cladding index variation, resulting in a
considerable deviation of waveguide dispersion. Two liquids with
transparent appearances, water and alcohol, are easily distinguished based
on the waveguide dispersion, which is consistent with theoretical
predictions. A melamine alcohol solution with various concentrations is
identified successfully, and the detection limit is up to 20ppm, i.e.
equivalent to the index variation on the order of 0.01.
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1. Introduction

Minute material detection has received considerable interest in genomic engineering, lab-on-
a-chip, and forensic medicine applications. Noninvasive and label-free molecular detection is
easily achieved based on terahertz (THz) fingerprint spectra because their absorption bands,
originating from molecular transitions between vibrational or rotational energy levels, are
located in the THz frequency range. THz technology has been extensively adopted for minute
material detection in the recent decade. A related method measures the relative absorption or
molecular characteristic absorption spectrum, such as the silicon waveguide [1] and metal
wire [2]. However, for increasing the sensitivity, it requires several milligrams of powders or
a high concentration solution [1,2]. Another means of detecting a slight amount of materials is
based on refractive index sensitive THz devices, such as metamaterials [3—5], coupled-
resonator optical waveguide [6] and metal hole arrays [7-9]. By utilizing a thin film micro-
strip line (TFMS), Nagel et al. [10] detected the deposited DNA with femto-mol level
sensitivity based on the THz resonant band shift of TFMS by varying the sample indexes. A
chip-based THz device with a high sensitivity is advantageous for integration with various
biochips and planer arrays for multiplexing. However, the TFMS is restricted in noninvasive
remote sensing due to the limited transmission length. In addition, the solvents of samples
deposited on the micro-strip line waveguide should be evaporated in the process of
manipulating samples, and the changed surroundings would possibly modify the intrinsic
properties of samples [11]. The subwavelength plastic wire delivered the evanescent wave
with low THz photon energy and allowed for non-invasive sensing without sample contact;
therefore, it could reduce the restriction mention above. In addition to its flexibility for
remotely detecting a sample placed anywhere, such a scheme allows easy integration with
biochip or microfludic channels for molecular sensing [12].

THz transmission via subwavelength plastic wire has been demonstrated, in which more
than 90% of the THz power is guided outside the wire core [13]. Besides decreasing the THz
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propagation loss incurred by wire absorption, the enhanced evanescent wave increases the
overlapped interaction between sample and THz wave, possibly increasing the sensitivity and
decreasing required amounts of the sample placed around the plastic wire. THz
subwavelength plastic wire is characterized by its easy availability, low loss, low dispersion
[14] and efficient coupling by quasi-optics [13], which is highly promising for biomedical
imaging [15,16], remote sensing, and biochip applications.

This work demonstrates the feasibility of an evanescent wave sensor based on the
subwavelength plastic wire for liquid sensing. The enhanced evanescent wave sensitizes
waveguide dispersion of wire to the refractive index of wire cladding. Slightly varying the
cladding index can significantly change waveguide dispersion. The dispersion deviation of
guided THz wave is evaluated, and two liquids, i.e. water and alcohol, are easily distinguished
between each other, which is consistent with theoretical predictions. A melamine alcohol
solution with different concentrations is then identified successfully with a detection limit of
20ppm, implying that detection of index variation is on the order of 0.01. The proposed
sensing method is highly promising for food quality control, illicit drugs or explosives
detection, as well as molecular dynamic characterization in living cell specimens.

2. Evanescent wave of THz subwavelength plastic wire

The THz subwavelength plastic wire used in this experiment has a circular cross-section, an
infinite air-cladding, and a step-index profile [13,17]. The wire core is made of polystyrene
(PS), in which the refractive index is 1.59 [18]. Due to the thin core and low core index, a
large portion of THz power is transmitted in the air cladding [13]. It also means the power
distribution profile of the THz pulse propagating on the PS wire is wavelength dependent. For
instance, the calculated fractional THz power in the air cladding for a 300pm-core-diameter-
PS wire exceeds 70% when the wavelength exceeds 1mm, as illustrated in Fig. 1(a). This
finding implies that the long-wavelength portion of the THz pulse extends further into the air
than the short-wavelength, as shown in the inset in Fig. 1(a). The long-wavelength portion
possesses an enhanced evanescent wave, subsequently reducing the propagation loss [13] and
allowing high sensitivity detection of a medium that surrounds the wire core [19]. Using the
vector Maxwell’s Egs. (17), the waveguide dispersion of guided THz pulse on a 300um-core-
diameter-PS wire was determined for various cladding indices. Figure 1(b) shows the
calculated wavelength-dependent waveguide dispersions of a THz subwavelength wire with
various cladding indices, where normalized with respect to the lowest minimum value, i.e. the
case of an air cladding, such that the dispersion minimum of the cladding index of 1.00 curve
is normalized to —1. The dip of normalized waveguide dispersion (deep point of curve in Fig.
1(b)) becomes less negative and shifts towards a short wavelength when the cladding index
increases [17]. The percentage variation of negative waveguide dispersion, defined as ADyg,
is approximately proportional to the increasing cladding index. For instance, a PS wire is
observed to have around 1%- ADyg per 0.01-increase in the cladding index. For the
subwavelength THz wire sensor, the deviation of dispersion dip is resulted from the
evanescent THz wave transmitted along different specimens with various refractive indices.
The cladding index is changed owing to a certain volume of air in the cladding being replaced
by the higher index test samples. Based on the detection mechanism, the sensitive scheme to
detect refractive index is allowed to identify various specimens without broadband THz
transmission which is necessary for detecting THz absorption spectrum of materials. And
hence the sensing performance would not be restricted by the deliverable bandwidth even
though the transmitted bandwidth of THz subwavelength fiber is typically around 200GHz,
which is dependent on the wire length and core absorption loss [20]. By implementing this
concept into practice, subwavelength THz wire is a promising alternative for the detection of
minute index variations.
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3. Experimental setup and waveguide dispersion measurement

By using the THz time-domain spectroscopy (THz-TDS) [21] system, the experiment
attempted to evaluate and characterize the waveguide dispersion of PS wire with various
media that surrounded the wire core. The configuration in Fig. 2(a) contains a mode-locked

1.0 — S T T . T T T
= PS Wire 0.4 . 1
B . ! - Cladding Index:
2 08 300pm-Dia. 2 5 NN swane £ o2f 1.00 1
z i=1.25mm 2 ' Rip o] 1.02
C = 00 L i o el
Z 06 Py U'M E = w — 105
o 2 Nmm|| E o 02 —1.07
g 0.4 30, TS min E 'llf'ul II I E § -0.4 E
3 Sos | FWHM Z=l gﬂ 0.6 J
C 02 “ T :1 |;I1mpm E ’

0 IE ST

E Radial Position{pm) = -0.8 1

0.0 -1.0L_, i : " A ) 1

0306 09 1.2 1.5 1.8 2.1 2.4 2.7 3.0 03 06 09 12 15 18
Mmm) A(mm)
(a) (b)

Fig. 1. (a) Fractional power in the air cladding for a 300um-core-diameter-PS wire. The inset
shows the THz power distribution across the PS wire. The black dash line indicates the radius
of PS wire (150um) and the blue dash dot line represents the full with of half maximum
(FWHM) range of HE;; mode. (b) Normalized waveguide dispersion of 300um-core-diameter
PS wire with various cladding indexes ranging from 1.00 to 1.07.

Ti:sapphire laser with a center wavelength of 800nm, 100fs-pulse duration and 100MHz-
repetition rate, a THz emitter, as well as a THz detector. The THz emitter and detector are
both low-temperature-GaAs-based photoconductive antennas with a Spum electrode gap. The
generated THz wave was coupled to a 300um-core-diameter-PS wire by two off-axis
parabolic mirrors, collimated by a THz lens, and focused on the THz photoconductive antenna
for detection. A 300um-core-diameter-PS wire with length of 15cm is used for liquid sensing
experiment. After THz pulse propagated through a 15cm-long air-clad PS wire, the measured
signal/noise ratio (SNR) is around 10*. The measured attenuation constant of a 300um-core-
diameter-PS wire is illustrated in Fig. 2(b) and the minimum attenuation is as low as 0.01cm ™.
A sample holder made of polypropylene (PP) contained a 6mm-wide and 0.5mm-deep
channel, which was filled with the test sample. A 10 pm thick polyethylene (PE) film was
attached on the top of the PP holder to prevent evaporation of the liquid sample. In the
experiment, alcohol and water were used as the liquid samples with distinct THz refractive
indices 2.60 and 1.45 [22,23], respectively, at 0.9mm wavelength. Two PP holders with
different lengths, i.e. Imm and 3mm respectively, were used to evaluate the waveguide
dispersion in order to acquire the phase difference of THz pulse propagating along the PS wire
and through the test samples. The inset in Fig. 2(a) illustrates one portion of the evanescent
field interacting with the sample, and the other portion of the field is leaking into the air. Due
to the high attenuation of liquid sample, a specimen was placed beneath the PS wire with a
separation distance D; of around several hundred micrometers to sustain an adequate SNR
(>100) of THz wave, while insuring a good overlap between THz evanescent wave and the
specimen, as shown in the inset in Fig. 2(a). As the illustration of Fig. 2(b), the attenuation of
the THz wave propagated on a 300pum-core-diameter-PS wire across a 3mm-long liquid-filled
PP holder is increased from 0.01 to 1em™" in 0.9~1.1mm-wavelength range with the separation
D; of 0.43mm. Even though the SNR is decreased from 10* to 100, it is sufficient in the work
to acquire the phase information for sensing a small amount of liquids.

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

sz(%u _wajru)_(%l_z _waerz) (1)
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where @y, and ¢, , represent the phases accumulated by the THz pulse that passed through a
L,-long PP holder with and without a sample, respectively. Similarly, ¢, and ¢, , refer to

the phases of THz pulse propagating through L,-long PP holder with the same depth and
width as L;-long PP holder. Notably, according to Eq. (1), the phase difference considered

here is only contributed from the THz wave along the |L1 - L2| -long PS wire with the sample

in the cladding region. The effective index of THz wave propagated on the wire and
propagation constant, B = 2w ng /A, can be derived by substituting A¢ in Eq. (2).
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Fig. 2. (a) Experimental setup for THz evanescent wave sensing by using a subwavelength
plastic wire. The inset illustrates the cross section of interaction between THz evanescent wave
and the sample where D, refers to the separation between wire and top surface of sample and
D, denotes the depth of the PP holder. (b) The attenuation of THz pulse propagated on an air-
clad PS wire (thick dash dot line), and on a PS wire across an alcohol-filled (thin solid line) and
a water-filled (thick dash line) PP sample holders. The core diameter of PS wire is 300um.

The measured waveguide dispersion can be straightforwardly calculated from Egs. (3) and
(4) [24] in which V, represents the THz group velocity along the PS wire with sample
cladding. Different samples in the cladding of PS wire influence the propagation features of
THz wave, such as the effective index and propagation constant, thus shifting the wavelength-
dependent waveguide dispersion curve, as illustrated in Fig. 1(b).

27zC
Vg=-"0 o (3)
g P
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4. Sensing results and discussions

The geometrical configuration in the inset in Fig. 2(a) illustrates one portion of THz
evanescent field interacting with the samples and the other leaking into the air. For the THz
wave on the plastic wire, this resembles a new cladding with an effective index, as attributed
to both the air and the sample, which can be defined as follows,

Nett gad = Nair “ O+ Ngarpie '(1_0-) )

where ¢ denotes the fractional power of evanescent THz wave in the air and 1-c is that in the
sample. The index of air, n,, , equals 1 and n, refers to the refractive index of test sample

air > sample
in THz frequency range.

According to Egs. (6) and (7), the power percentage in the air, o, could be estimated from
the geometric parameters, including the wire radius r, distance D;, and channel depth D, as

shown in the inset in Fig. 2(a).

o= —% (6)
6 =cos™ (&j (7N
r+D, +D,

In the liquid sensing experiment, the estimated air percentage ¢ is approximately 68% for D,
of 0.43mm, channel depth D, of 0.5mm, and wire radius r of 0.15mm. The effective cladding
index can be calculated based on Eq. (5) from the refractive index of a liquid and the air
percentage in the sensing condition. Based on the estimated effective cladding index, the
theoretical waveguide dispersion of THz pulse along the PS wire transmitting through a liquid
sample can thus be obtained based on Egs. (3) and (4). In the study, the refractive indices of
water and alcohol in THz are considered as 2.60 and 1.45 [22,23], respectively, at 0.9mm
wavelength. By incorporating 68%-c into Eq. (5), the effective cladding indices are therefore
1.144 and 1.512 for alcohol and water, respectively. Figure 3(a) shows the simulated
wavelength-dependent waveguide dispersion, indicating a 58% variation of the dip of
waveguide dispersion between alcohol and water. Figure 3(b) shows the measured waveguide
dispersion of THz pulse propagated on the 300pum-core-diameter-PS wire with a liquid sample
in the cladding region. The dispersion dips between water and alcohol liquids also have a
58%-variation, which corresponds to the theoretical prediction in Fig. 3(a). However, there is
a discrepancy in terms of the wavelength position of the waveguide dispersion dips between
theory and the measured result shown in Fig. 3(a) and (b), which is more obviously for
sensing of water. It could possibly be resulted from the high index of water which is larger
than the PS core index to make the dip shift to long wavelength range [25]. Nevertheless, it
did not affect qualitative understanding and calculation of dip-variation of waveguide
dispersion induced from different cladding index. Notably, the material dispersion of water
and alcohol did not be taken into account in the calculated waveguide dispersion shown in
Fig. 3(a). For example, the calculated material dispersion of water [26] is on the order of 107
ps/Km/nm at wavelength range of 0.8~1.1 mm although the refractive index of water is
obviously changed from 2.5 to 2.8 at this range [23]. Therefore, the material dispersion of
water is small enough compared with the measured waveguide dispersion of PS wire with a
water cladding (~-20 ps/Km/nm at dip shown in Fig. 3(b)) and the neglect is reasonable.
Based on the variation of waveguide dispersion ADyg, different samples can be easily
distinguished, such as the water and alcohol in the experiment. According to Fig. 1(b),
waveguide dispersion variations ADyg of several percent can be detected when the effective
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cladding index is increased by 0.02. This finding suggests that the THz plastic wire based
evanescent sensor enables one to distinguish the slight variation of specimen concentration in
solutions, corresponding to cladding index variation, based on the variation of the waveguide
dispersion dip.

According to our results, a small amount of plastic powders, polyethylene (PE) (434272
ultra-high molecular weight, surface-modified polyethylene powder, Sigma-Aldrich Inc.) and
melamine (Melamine, Nippon Bacterial Test Co., Ltd.), with the grain size of several tens
micrometers are mixed in alcohol solutions separately with various concentrations. In general,
the pure PE cannot be dissolved in alcohol; however, the PE powders with high molecular
weight and a modified polar surface would be slightly dissolved in polar liquids [27]. In the
alcohol solution, melamine powders are slightly solute [28] and its solubility [29] could be
larger than PE powders due to the polar molecular structure. We stirred the melamine (PE)
alcohol solution in a beaker uniformly for several minutes. When turn off the stirrer, we
instantly transferred the solution into the PP sample holder by a micropipette before the un-
dissolved powders settled to the bottom of the beaker.
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Fig. 3. (a) Simulated waveguide dispersion of 300um-core-diameter-PS wire with an alcohol-
cladding and a water-cladding. Notably, ADyg in the graph represents the decreased percentage
of waveguide dispersion dips. (b) The measured waveguide dispersions for 300um-core-
diameter-PS wire with liquid claddings of water and alcohol.

The prepared melamine and PE alcohol solutions are with different concentrations,
20~100ppm (part per million, i.e. one milligram-powder per one liter of alcohol in this case),
and the waveguide dispersion of THz pulse was measured by THz-TDS system. Figures 4 (a)
and (b) display the measured waveguide dispersions of THz pulse traveling on the 300pm-
core-diameter-PS wire with melamine and PE alcohol solutions in the cladding region and the
concentrations range from Oppm to 100ppm. Notably, variations of waveguide dispersion dips
are observed in Fig. 4(a) while increasing the melamine concentration from 20ppm to 80ppm
in alcohol solutions. However, the apparent deviation of waveguide dispersion dips from the
PE-alcohol solution observed only when the PE concentration is altered from 20ppm to
40ppm. Because the effective cladding index of PS wire is changed with the solute
concentration in alcohol, the waveguide dispersion of THz evanescent wave is modified and
correlates with the theoretical prediction shown in Fig. 1(b). In Figs. 4(a), the percentage of
variation of waveguide dispersion in relation to pure alcohol, ADyg, is approximately
proportional to the increased concentration of melamine powder in the alcohol solution.
Additionally, the rising of the waveguide dispersion dips apparently ceases even when more
powders are mixed in the alcohol due to the saturation of alcohol, i.e. 80ppm and 40ppm for
melamine and PE powders, respectively. At the saturation excess situation, the un-dissolved
powders will be suspended in the solution. However, the material dispersion of the suspended
grains in the alcohol solution could be neglected, compared with the measured waveguide
dispersion (with the dip value ranged from —40 to —60 ps/Km/nm in Fig. 4(a)), because the
analysis of material dispersion in THz-TDS for PE and melamine bulks reveals that the
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intrinsic dispersions (~10~* ps/Km/nm) are negligible, as shown in Fig. 4(c). Additionally, the
extremely small amount of the suspended grains (~several tens ppm in this experiment) in the
alcohol solution are difficult to modify the overall index of alcohol solution. This is because

the ng,. in Eq. (5) could be approximated to (1—p).Ngyyion + PNy Where p denotes the

concentration of suspended grain on the order of 107, and thus the effective cladding index is
almost the same as the saturation case. In the saturation excess condition, the waveguide
dispersion induced by the suspended powders is so small that it almost cannot affect the
measured waveguide dispersion curve from the dissolved solute. For example, when PE
powder concentration exceeds 40ppm, as shown in Fig. 4(b), the waveguide dispersion curve
does not change, indicating no matter the material dispersion or waveguide dispersion
contributed from the suspended grains in the alcohol solution could not affect the measured
waveguide dispersion. Therefore, the deviation of the measured waveguide dispersion is
attributed to the dissolved materials in the alcohol solution.
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Fig. 4. (a) Normalized waveguide dispersions for various mixed melamine concentrations in
alcohol. (b) Normalized waveguide dispersions for various mixed PE powder concentrations in
alcohol. (c) Material dispersion of melamine and PE bulk materials. (d) Linear relation of
effective cladding index and the dip-variation of waveguide dispersion derived from the
melamine powder mixed in an alcohol solution at concentration of 20ppm to 80ppm. The
effective cladding indices for different concentrations are referred to the waveguide dispersion
dips located in the wavelength range of 0.93~0.94mm.

Closely examining Figs. 4(a) and (b) reveals that the same mixed powder concentrations,
40ppm, of melamine and PE induce 21%- and 18%- ADyg, respectively. This finding
suggests that an alcohol solution can dissolve more melamine powder than the PE powder.
Such an observation is reasonable since the polar molecular structure of melamine has a
higher dissolution in the polar liquid, alcohol, compared with the non-polar molecular
structure of PE powder. Figure 4(d) shows the linear relation between the measured ADywg and
effective cladding index for the melamine alcohol solution, in which the solid line denotes the
linear fit by polynomial. The +/-1% error bars of the measured ADyg at wavelength range of
0.93~0.94mm are also added in Fig. 4(d), which is induced from the measurement variations
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of phase difference in THz-TDS system. Based on the polynomial equation in Fig. 4(d), the
effective cladding index can be estimated from any known measured ADyg. The polynomial
equation is accurate to the second terms corresponding to two decimal places of effective
cladding index. THz refractive indices of the samples can thus be calculated from Eq. (5). For
example, 58%-ADy of pure water observed in Fig. 3(b) is applied in the fitting curve and the
calculated refractive index of water is 2.66, which is around 2%-deviation compared with the
standard water index of 2.60 [22] at 0.9mm-wavelength. Incorporation of +/—1% deviation of
ADyy in water index calculation, the calculated refractive index of water is ranged from 2.65
to 2.67. It indicates that the deviation of the calculated specimen index, which is induced from
the error (+/—1%) in the measured waveguide dispersion, is within 3% compared with its
standard. For the sensing results of melamine alcohol solution, the effective cladding index of
alcohol is increased with the solute concentration from 1.144 to 1.290 (40ppm), 1.322
(60ppm) and 1.368 (80ppm). Moreover, according to Eq. (5), the respective indices of
melamine alcohol solution can be derived as 1.91, 2.00 and 2.15, which are all larger than the
original index of pure alcohol, 1.45. This finding suggests that evanescent wave sensing based
on subwavelength THz plastic wire provides adequately high sensitivity and reliability to
identify minute index variation and the sensitivity can reach the order of 0.01.

5. Conclusions

A noninvasive and label-free THz evanescent wave sensing based on subwavelength plastic
wire has been demonstrated for liquid detection. The enhanced evanescent wave causes
considerable variation of waveguide dispersion when the cladding index change. Additionally,
the dispersion deviation of guided THz wave is measured and two liquids with transparent
appearances, water and alcohol, are easily distinguished, which is consistent with theoretical
predictions. Based on the measured variation of waveguide dispersion dip, various
concentrations of melamine alcohol solution are successfully identified. Moreover, the
detection limit is on the order of 20ppm, corresponding to 0.01 index variation in cladding.
The THz subwavelength plastic wire based evanescent wave sensor is highly promising for
use in various minute material detections, such as illicit drugs or explosives, as well as
molecular dynamic detection such as to monitor the product generation rate in the chemical or
physical reaction.
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