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Chapter

Optical Gas Sensors Using
Terahertz Waves in the Layered
Media
Borwen You and Ja-Yu Lu

Abstract

Terahertz (THz) wave propagation in the layered media is presented based on
the waveguide and artificial-material configurations to sense the gas molecules. The
single dielectric layer with a cylindrical conformation works as a pipe waveguide in
the wave frequency of 0.1–1 THz. For a long-distance propagation over 10 cm of the
pipe, resonant modes are characterized from the transmission power dips. The
pipe-waveguide resonator works for a THz refractive-index sensor when the reso-
nance frequency is monitored to sense vapor molecules inside the pipe core. Besides
of the waveguide configuration, a multilayer microporous polymer structure (MPS)
is considered an artificial material to transmit THz waves for sensing gaseous
molecules. The MPS is not only transparent to THz waves but also enhances the
detection resolution of THz absorption for the vapor molecules. The porous struc-
ture provides a large hydrophilic surface area and numerous micropores to adsorb
or fill vapors, thereby leading to greatly enhanced wave-analyte interaction with an
apparent THz signal change. Different concentrations of toxic methanol adulterated
in alcoholic aqueous solutions are thus identified in their vapor phases by using the
MPS-based THz sensor.

Keywords: terahertz wave, optical sensor, waveguide, terahertz spectroscopy,
polymers, multilayers, and fiber optics sensor

1. Introduction

Gas sensing for pollutant monitoring and leaky molecules detection is important
when the environmental issues on breath health are revealed. Various gas sensors
based on different principles are presented, such as the gas chromatography-mass
spectroscopy [1–3], electrochemical [4], and optical sensors. For the electrochemi-
cal sensors [5, 6], the high sensitivity is requested from the high operation temper-
ature, which is risky for explosive gas detection due to the high-power consumption
at electrodes. The optical sensing scheme can solve the unsafe problem because of
the room-temperature operation without electric contact [7–9]. THz radiation,
which lies between the infrared ray (IR) and microwave regions, can strongly
perturb polar gas molecules with the energy level transitions of rotation or vibra-
tion. The absorption strength of gas molecules in the THz frequency range is
typically on the same order of magnitude as the IR region, and is �103

–106 stronger
than that in the microwave region [10]. The low photon energy of the THz wave is
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relatively safer than that of IR wave and has the stronger interaction response than
that in the microwave region [11–13].

THz gas sensing methods have been demonstrated based on two main styles.
The first style is normally illuminating THz radiation directly on the gaseous
analytes and acquiring their spectral response for the sensing purposes. For exam-
ple, the strong absorption lines at specific frequencies (i.e., fingerprint spectra) or
the pulse power decay within one certain THz spectral width have been applied to
analyze the gaseous analytes [14]. Such the sensing performance are presented from
the photo-mixing [15], heterodyne detection [3, 16], and chirped-pulse THz spec-
troscopy [12]. Such the spectroscopic systems successfully analyze the gas mixtures
of more than 30 chemicals [3] and distinguish gases that possess similar composi-
tions. This recognition scheme provides high selectivity based on the rotational/
vibrational transition of gas molecules. Nevertheless, the THz spectroscopic system
should be equipped with a long gas cell [3, 12, 14], a cryo/sorbent pre-concentration
system, and a heating apparatus [3, 16] to improve the sensing limit from the ppm
concentration to the ppb level. The overall configuration is complicated, bulky,
expensive, and consumes high power. Although the quantum cascade laser is
presented as a compact THz laser source for gas sensing applications to simplify
THz wave generation [17]. However, the THz laser source should be operated in the
low-temperature condition and is limited for practical applications.

The other method of THz gas sensing is to use the THz resonance field in the
photonic or periodic structures [18, 19]. For example, one- and two-dimensional
photonic structures respectively based on the silicon slabs [18] and pillar arrays [19]
have been validated for the non-specific gas sensing in the THz frequency range.
The proposed photonic structures have high-quality factors on THz field resonance
and are sensitive to slight changes of refractive index. The demonstrated detection
limit for hydrogen gas is about 6% concentration change [18]. The approved mini-
mum detectable amount of oxygen or argon is �1 μmol [19]. Although the
resonator-type THz gas sensor is relatively compact, portable, and consumes low
power, its short interaction length inside the chip essentially leads to the limited
sensitivity and poor selectivity.

In this chapter, THz gas sensors with sufficiently long interaction lengths are
presented based on THz wave propagation along the dielectric layers. The layered
media specifically perform the enhancement of THz resonance and absorption in
the dielectric waveguides and porous structures, respectively. The interaction
between THz wave and gas analytes thus becomes efficient. The presented wave-
guide sensor contributes the detection of THz refractive index variation based on
the resonator principle of Fabry-Pérot (FP) etalon, and the porous structures detect
vapor molecules based on the response of molecular dipole moment for THz wave
absorption.

2. Gas sensors based on THz refractive-index detection

2.1 Pipe-waveguide resonator

One dielectric layer bent to be a cylindrical structure can be used as one hollow
core waveguide to guide THz waves. Those dielectric pipes or tubing used for THz
pipe waveguides are available from the hydroelectric materials and demonstrated in
the literatures [20]. In the study, a 30 cm-long glass pipe is used to load 0.05 cm3

liquid analytes to evaporate and fill the pipe core. When THz waves input and pass
through the glass-pipe core, the vapor molecules interact with the THz wave for the
sensing purpose.
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The cylindrical layer acts as a FP etalon, and THz waves satisfying the FP
resonance condition enables field resonance inside the cylindrical layer, which
becomes leaky to form multiple transmission dips. Based on the FP criteria, the
resonant wavelength of THz waves in the cylindrical layer is defined as,

λm ¼ 2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2cld � n2cor

q

=m, where λm, d, m, ncld, and ncor are, respectively, the m
th-

order resonant wavelengths, thicknesses of a cylindrical layer, orders of the reso-
nant modes, and effective waveguide refractive indices of cylindrical layer and the
pipe core [21]. Figure 1 shows the transmission spectrum of a blank glass pipe,
where the spectral dips with low power represent the FP resonant waves along the
glass layer. The measured resonant frequencies are approximate to the calculated
results via finite-difference time-domain (FDTD) method. The cross section of the
glass-pipe sensor is shown in the inset of Figure 1, where the inner core diameter
Din and the thickness of pipe-wall are 5.57 and 1.17 mm, respectively. The refractive
indices of the air-core and glass used in simulation are 1 and 2.6 [17], respectively.
There are five spectral dips of the glass-pipe waveguide in the transmission spec-
trum, 0.2–0.5 THz (Figure 1), which are 0.201, 0.266, 0.326, 0.392 and 0.452 THz
frequencies. According to resonance condition of FP etalon, the resonant dip fre-
quency changes with ncor, and thus various vapors can be identified in the hollow
core by detecting the spectral shifts of the resonant dips.

THz resonant fields inside the cylindrical layer must be sufficiently evanescent
toward the air core to make the pipe-waveguide resonator sensitive to the vapor
molecules. Interaction between the THz resonant field and the vapor molecules is
therefore enhanced, consequently resulting in the sensitive detection. Based on the
investigation of THz dielectric pipe waveguides, the high order resonance waves
have strong evanescent field inside the pipe core [22]. That is, the resonance dips at
the high frequency range have stronger core field than those at the low frequency
range. The resonant dip at 0.452 THz as shown in Figure 1 is thus suitable to probe
vapors within the glass pipe core because of the powerful resonant field to interact
vapor molecules.

2.2 Vapor sensing principle and results

To approve the sensing principle of a pipe waveguide sensor, the vapor mole-
cules of the water, hydrochloric acid (HCl), acetone and ammonia liquids are used

Figure 1.
Transmission spectra of a glass-pipe waveguide: (inset) the cross section of a glass-pipe-waveguide sensor
(reprinted from Opt. Express 20, 5858-5866 (2012). © 2012 OSA.
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as the standard analytes. The sensing results show that the spectral dip of 0.452 THz
obviously shifts toward the high frequency range when various vapors fill in the
pipe core (Figure 2a). The spectral dip position is shifted to 0.461, 0.465 and
0.477 THz, respectively, for the HCl, acetone and ammonia vapors. Based on the
measured spectral dips and FDTD calculation method (Figure 2b), the related
effective refractive indices of the pipe core (neff.core) are obtained as shown in
Figure 2c. The core indices of the glass pipe are 1.016, 1.035 and 1.102 for the
vapors of HCl, acetone and ammonia, respectively (Figure 2c).

The dip-frequency-shift only occurs at the resonance dip of 0.452 THz and the
other resonance dips in the low-frequency range do not exhibit any spectral shift for
sensing the vapors, which is different from the calculated results in Figure 2b. The
zero spectral-shift for the low-frequency-dips comes from the low strength of leaky
resonance field at the pipe core. It is too weak to sense the presence of vapor
molecules. This performance implies that the resonant fields for detecting vapors in
the pipe core require high transmission power to identify slight core-index variation
for the low densities of vapors. This low sensitivity phenomenon without any
significant spectral shift is straightforward correlated to all the anti-resonant fields,
i.e., the spectral peaks at the frequency lower than 0.52 THz.

Figure 2c shows the relation between the spectral dip frequencies and the neff.core
values for different vapors inside the pipe core. The dip frequencies increase with
the neff.core values. The increment effect of neff.core arises from the various vapor
pressures of the volatile liquids, which are generated from the 0.05 cm3 liquid
volume. High vapor pressure represents large amounts of vapor molecules inside
the pipe core. Therefore, the vapor pressures of volatile liquids are approximately
proportional to the quantities of vapor molecules in the sealed pipe core. The high
density of the vapor molecules in the pipe core results in the large neff.core, and the
resonant dip of 0.452 THz has an apparent blueshift.

Figure 2.
The spectral dip shift of (a) sensing results and (b) FDTD calculation for different vapors. (c) Relation between
neff.cor and ν for different vapors. (d) Relation between spectral dip shift and the estimated vapor densities
(reprinted from Opt. Express 20, 5858-5866 (2012). © 2012 OSA).
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The neff.cor value versus the resonance frequency can be fit by curve of
neff.cor = 24 � 103ν + 114.9ν2 (Figure 2c). The slight index variation could thus be
estimated via this fitting cure to identify the molecules in the pipe core. However,
the water analyte in the pipe core cannot contribute any spectral shift because the
density of water vapor is quite low. The sensing result is reasonable because the
vapor pressures of water, HCl, acetone and ammonia at normal atmosphere and
room temperature are, respectively, around 17 [23], 38 [24], 202 [24] and 308 [23]
mm-Hg.

For qualitative analysis, the vapor molecules discussed in this work are assumed
as the ideal gases and their densities in the enclosed pipe would be calculated based
on the ideal gas law. Figure 2d illustrates the relation of molecular density (ρ) and
spectral dip shift (Δν), which can be fit as Δν = 26.3 � e�ρ/2.7. Figure 2d illustrates
that the blueshift relative to 0.452 THz frequency gradually saturates when the
vapor density is over 10 nano-mole/mm3. The saturation response eventually
reduces the sensitivity of the pipe sensor. Based on the spectral resolution of 4 GHz
and the fitting curve in Figure 2d, the minimum detectable molecular quantity
would be around 7.8 μmole, corresponding to a molecular density of 1.6 nano-
mole/mm3.

3. Gas sensors based on THz absorption detection

3.1 Microporous polymer structures (MPSs)

Besides of the single cylindrical layer, multiple layers of MPS can be used as a
THz gas sensor. The sensing mechanism of THz wave is monitored from THz
absorption of gas molecules, different from the refractive-index detection of the
pipe-waveguide resonator. A MPS gas sensor is integrated from multiple layers of
polyethylene terephthalate (PET) mesh (SEFAR PET1000, SEFAR AG, Switzer-
land). To collect and seal the gaseous analytes, MPS is assembled with one
microfluidic chamber, which is made of Teflon material. As shown in Figure 3a and
b, a PET mesh is flexible and consists of periodical square holes. PET mesh layers
are stacked and fixed by a rectangular acrylic holder to form a MPS structure. There
are large numbers of micropores (i.e., square air holes) in one MPS and the micro-
pores are random inside the composite.

Figure 3c shows the schematic diagram of the THz gas sensor based on a MPS
device and a microfluidic chamber. The MPS sensor is compact and low loss for THz
waves, different from the bulky gas chambers. A flexible plastic tubing to the fluidic

Figure 3.
(a) Macroscopic and (b) microscopic photographs of a PET mesh. (c) The scheme of a MPS volatile gas sensor.
(d) Uniform and periodic configurations of the MPSs in the x-z plane (reprinted from Opt. Express 25,
5651-5661 (2017). © 2017 OSA).
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channel is externally connected with the sample chamber for easy control of the
liquid analyte and its vapor. The inner volume of the chamber is larger than the
MPS dimension and sealed to easily achieve the saturated pressure of vapor analyte.
The inner chamber has a width of 21 mm (x-axis), a length of 60 mm (y-axis), and a
height of 45 mm (z-axis). One fluidic channel (18 mm long in x-axis, 5 mm wide in
y-axis, and 3 mm deep in z-axis) is machined at the bottom of the Teflon chamber
for loading the liquid analytes that are injected via the external tubing. The liquid
analytes evaporate, becoming vapors, and diffuse into the MPS. In the volatile gas
sensing experiment, the sample loading and sensing processes are performed at
room temperature and normal atmosphere without enforcing pump or additional
heating process.

To study the sensing performance dependent on the MPS dimensions, four
kinds of PET meshes with different thicknesses and square micropore sizes are
stacked into two MPS configurations, which are the uniform and periodic
structures (Figure 3d). The micropores of each PET meshes in a MPS were not
precisely aligned with each other when the PET layers are randomly placed layer
by layer for both uniform and periodic MPSs. The periodic MPS is constructed
by alternately stacking two kinds of PET meshes that have different micropore
sizes. In the other way, the uniform MPS is made by stacking only one kind of PET
mesh. Different micropore sizes of PET meshes represent different porosities or
different effective refractive indices (e.g., n1 and n2 in Figure 1d). To investigate
the pore size effect for the vapor sensitivity, large- and small-pore MPSs are pre-
pared in both the uniform and periodic structures using the four kinds of
PET meshes.

In the geometric designs, large-pore periodic MPS is composed by the PET
meshes with 90 and 249 μm pore widths, denoted as Periodic-90-249 MPS.
Periodic-45-133 MPS represents the small-pore periodic MPS, possessing 45 and
133 μm pore widths of the PET meshes. Similarly, the small- and large-pore
uniform MPSs are denoted as Uniform-45 and Uniform-90 MPSs, respectively. Their
pore widths of the composed PET meshes are 45 and 90 μm, respectively. The
specifications of the applied MPS devices are list in Table 1, including the pore
width, mesh thickness, stacking layer number, device thickness, and effective
porosity.

MPS No. Pore width

(μm)

PET mesh

thickness (μm)

Layer

number

MPS thickness

(mm)

Effective

porosity (%)

Periodic-

90-249

249 200 23 3.46 40.5

90 50

Periodic-

45-133

133 100 6 0.45 37.2

34 2.5545 50

46 3.45

Uniform-90 90 100 23 2.3 30.1

Uniform-45 45 50 6 0.3 29.6

12 0.6

34 1.7

Reprinted from Opt. Express 25, 5651-5661 (2017). © 2017 OSA.

Table 1.
MPS specification.
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3.2 Sensing principle

The effective absorption coefficients and refractive indices of MPS micropores
are observed in the sensing process to distinguish different types and concentra-
tions of volatile gases. The transmitted power spectra of the microporous structure
with and without vapor analytes are defined as follows,

Pvþp ωð Þ ¼ P0 ωð Þe�2αvþp ωð ÞL, (1)

Pp ωð Þ ¼ P0 ωð Þe�2αp ωð ÞL: (2)

The subscripts p and v + p in the Eqs. (1) and (2) represent the sample chamber
without and with vapor analytes, respectively. P0(ω), α(ω), and L mean the power
of input THz wave, effect absorption coefficients of micropores, and thickness of
the multilayer-stacked device, respectively. Based on the effective medium concept,
the effective absorption coefficient of MPS that is defused with vapor analytes can
be written as,

αvþp ¼ αvf þ αPET 1� fð Þ: (3)

For the blank structure, the effective absorption coefficient is defined as,

αp ¼ αairf þ αPET 1� fð Þ: (4)

In Eqs. (3) and (4), the factors of f, αv, αair, and αPET indicate the air filling ratio
of micropore volume, the absorption coefficients of vapor analyte, air, and PET
material, respectively. αv + p and αv in Eqs. (1) and (2) are substituted by Eqs. (3)
and (4). The absorption coefficient variation (αv � αair) is consequently shown as,

αv � αair ¼ ln Pp=Pvþp

� �� �

= 2fLð Þ: (5)

The value of (αv � αair) approximates to αv because the THz wave absorption of
air is as small as 10�5 cm�1 [25]. Thus, the absorption coefficient of vapor (αv) can
be obtained in the approximate condition. The effective medium concept to express
the absorption coefficients of the micropore in Eqs. (4) and (5) represents the
absorption value within the unit pore space/volume. We thus denote αeff as the
vapor absorption coefficient instead of αv to emphasize the critical assumption of
effective medium idea (Eq. (6)).

αeff ¼ ln Pp=Pvþp

� �� �

= 2fLð Þ: (6)

Furthermore, the phase difference for the unit pore volume with and without
vapors in the MPS can be defined as (Δϕ/Vpore), where Δϕ = ϕv + p � ϕp and Vpore

are the phase difference for MPS with-without vapors and the total pore volume,
respectively. The phase difference Δϕ and the total volume of MPS, Vpore, can be
individually estimated from Eqs. (7) and (8),

∆ϕ ¼ ω=cð Þ � Δn � L, (7)

Vpore ¼ Abeam � f � L: (8)

Δn, ω, c, and Abeam are the refractive index variation, angular frequency, light
speed in vacuum and input THz beam size on the MPS structure, respectively. The
phase difference for the unit volume of micropore is thus presented as,
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Δϕ=Vpore ¼ ω=cð Þ �
Δn

Abeam � fð Þ
: (9)

Based on Eq. (9), we consider the effective refractive index variation of the unit
pore volume, Δneff, correlating to the macroscopic version of refractive index
variation, Δn, as

Δneff ¼
Δn

Abeam � fð Þ
: (10)

The macroscopic variation of refractive index (Δn) can be obtained from Eq. (9)
as,

Δn ¼
c

ω
� Abeam � f �

Δϕ

Abeam � f � L
¼

c � ∆ϕ

ω � L
: (11)

Eq. (10) is then substituted by Eq. (11) and re-written as,

Δneff ¼
c � Δϕ

Abeam � f � L � ω
: (12)

The effective refractive index variation within the unit volume of micropore
(Δneff) can eventually be extracted from the phase information of the measured THz
waveforms (Δϕ) and the pore volume that is radiated by the THz-wave beam spot.
That is, Vpore = Abeam L f. Based on the sensing principle as shown in Eqs. (1)–(12),
the detected THz fields within the unit pore volume of micropore are measured and
compared with and without vapors infiltration in the scheme (Figure 3c). Because
of the transparent property of PET material in THz frequency, the scattering loss of
surface roughness along the propagation axis can be excluded.

3.3 Volatile gas sensing abilities

The Periodic-90-249 MPS device was used to study the volatile gas sensing
abilities of MPS and observed for the αeff response under different amounts of
acetone vapor exposure. Figure 4a illustrates THz power transmission spectra of
the Periodic-90-249 MPS before and after exposure to different concentrations of
acetone vapor. The THz spectra are apparently identified for acetone aqueous

Figure 4.
(a) Power transmission spectra and (b) the corresponding effective absorption coefficient spectra within the unit
volume of micropore for various aqueous acetone concentrations (reprinted from Opt. Express 23, 2048-2057
(2015). © 2015 OSA).
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solutions with concentrations from 2.5 to 100%. In the sensing scheme (Figure 3a),
all the acetone aqueous solutions naturally evaporate until the vapor pressure is
saturated in the chamber. According to the Raoult’s law [26], the aqueous acetone
concentration is approximately proportional to the vapor pressure. That is, the large
concentration of acetone aqueous solution generates a large acetone vapor pressure.
The increased amount of acetone vapor results in power reduction in the THz
frequency range of 0.1–0.45 THz (Figure 4a).

Figure 4b presents the αeff spectra under different concentrations of acetone
vapor exposure, which is extracted from the parameters of spectral transmittance,
MPS thickness of 3.46 mm, and the micropore filling ratio, 40.5% (Eq. (6)). The
absorption coefficient increases with THz frequency and vapor molecular density.
Based on the ideal gas formula and vapor pressures of acetone aqueous solutions,
the vapor densities of acetone (ρ) can be obtained. The vapor pressures for different
concentrations of acetone solutions are estimated based on the experimental data-
base in [27] and not by using Raoult’s law.

THz time-domain spectroscopy (THz-TDS) was used to integrate MPS devices
to observe the sensing performance of 0.10–0.45 THz waves. Figure 4b shows the
extracted αeff values obviously achieve the largest distinction at 0.4 THz. Above
0.4 THz frequency, the signal-to-noise ratio is too low for the vapor sensing.
Therefore, we apply the 0.4 THz wave to probe αeff and Δneff that are responded
from the vapor molecules in the MPS devices. Based on the spectroscopic curves of
αeff in Figures 4b and 5a and b illustrate the sensing results of 0.4 THz wave to
detect different concentrations of acetone vapors with and without using the MPS
inside the chamber, respectively.

The αeff and Δneff values of THz wave apparently rise within an acetone vapor
density (ρ) of 6 nmol/mm3 and become saturated while ρ is about 6–14 nmol/mm3.
This trace trends between αeff and Δneff versus ρ are consistent. It implies that the
increased acetone vapor molecules not only significantly absorb the THz wave
(represented by αeff) but also introduce considerable phase retardation in the THz
electric field oscillation (represented by Δneff). The high ρ value certainly makes the
infiltration of vapor molecules into the micropores and increases the molecular
adsorption capacity of the hydrophilic surface [28]. The acetone vapor molecules,
confined in the micropores and adsorbed on the pore surface of MPSs, consequently
cause the increment of αeff and Δneff.

The αeff responsivity in Figure 5a can be fit by the Langmuir adsorption isotherm
with a high R2 value (>97%). The Langmuir fitting indicates that the monolayer
adsorption of acetone vapor molecules on the hydrophilic microporous surface is

Figure 5.
Detecting the effective absorption coefficients (blue square dot) and refractive index variation (red circular dot)
at 0.4 THz for various acetone vapor densities (a) with and (b) without the Periodic-90-249 MPS. The blue
and cyan curves indicate the mathematical fit of the proportional relationship and the Langmuir adsorption
isotherm, respectively (reprinted from Opt. Express 23, 2048-2057 (2015). © 2015 OSA).
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mainly caused by physisorption. For the molecular density of <6 nmol/mm3, the
proportional response of the 0.4 THz wave absorption versus the acetone vapor
density can be linearly fit as α = 0.036 + 0.52ρ and considered the sensitive region of
the sensor, which is denoted by the blue line in Figure 5a. The lowest detected
concentration of acetone vapor is 291 pmol/mm3, which is indicated as the first data
point of Figure 5a and corresponding to 17 ppm. From the slope of the linear fitting
curve and αeff inaccuracy (about 0.01–0.02 cm�1), the minimum detectable con-
centration change of acetone vapor is <108 pmol/mm3, which is equivalent to
6.29 ppm. Therefore, MPS are particularly advantageous for minute vapor sensing
with a detection limit of low ppm level.

Figure 5b shows the sensing results for different ρ values inside the blank
chamber without MPS. For the same ρ, the αeff and Δneff values inside the blank
chamber are smaller than those measured with the MPS. The air-filling ratio (f)
quals 100% when we obtain αeff and Δneff for the blank chamber and based on
Eqs. (6) and (10). The MPS enhances the THz absorption about 20 times higher
than that in the blank chamber (Figure 5a and b). In addition, the Δneff in MPS is
two orders of magnitude larger than that in the blank chamber for the same ρ. Both
αeff and Δneff slowly increase with vapor density and without the saturation effect
for the blank chamber sensing, which is contrast to the MPS condition.

For an acetone liquid concentration of 100% (�13 nmol/mm3 vapor molecules),
the absorption coefficient at 0.4 THz is �0.18 cm�1 in Figure 5b, which is on the
same order and reasonably agreed with the published value of 0.45 cm�1 in [29].
According to the slope of the linear fitting curve in Figure 5b and the system
uncertainty of αeff, the minimum detectable molecular density variation of acetone
vapor is �0.558 nmol/mm3, which equals 32.37 ppm. This result reveals that the
sensitivity of volatile gas detection by the MPS is higher than that by a traditional
THz-TDS system. Given that the MPS can congregate volatile vapors inside the
micropores and adsorb on the hydrophilic surface, the interaction strength between
THz radiation and polar gas molecules can be enhanced via the adsorbent medium
to significantly increase the absorption and index variations.

The sensing ability of MPS is additionally approved to detect other volatile
organic compounds (VOCs), including methanol, ethanol, and ammonia. For
the three vapors, both the 0.4 THz αeff and Δneff increase with vapor densities
(Figure 6). The trends are approximate to the sensing result of acetone vapor
(Figure 5), but the saturation responses of αeff and Δneff are different. The Periodic-
90-249 MPS exhibits obvious differences of αeff and Δneff among the three VOCs

Figure 6.
Detecting (a) effective absorption coefficients and (b) refractive index variations at 0.4 THz for different
densities of methanol, ethanol, and ammonia vapors by the Periodic-90-249 MPS (reprinted from Opt.
Express 23, 2048-2057 (2015). © 2015 OSA).
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(Figure 6), which are responded from the enhanced adsorption and infiltration of
vapors in the micropores. In this sensing configuration of MPS, capillary condensa-
tion of vapors does not occur in the micron-sized pores for all vapor species
[30, 31].

The 0.4 THz αeff values for different concentrations of acetone, methanol, etha-
nol, and ammonia vapor exposures are summarized in Figure 7a. The magnitude
order from the largest to smallest αeff values is ketone, alcohol and ammonia. The
linear fitting curves, denoted by the dashed lines in Figure 7a, represent the
molecular responses of the MPS microporous to the vapor analyte. The sensing
ability of MPS is significant to identify the three VOC classes. Each type of vapor
has a distinct αeff curve that can be used to distinguish from other vapors. THz
radiation can strongly perturb the dipole moment of a VOC, and predominantly
induce molecular motion to increase the THz absorption coefficients. Based on the
investigation in Figure 7b, the magenta columns present magnitudes of the dipole
moments of the four polar vapors in the following order: ketone > alcohol > ammonia
[32]. The order of molecular dipole moment is approximate to the magnitude
sequence of the THz absorption coefficients (Figure 7a). The THz interaction
strength of acetone vapor is higher than those of the other vapors. Methanol and
ethanol vapors belong to alcoholic VOCs and have similar THz absorption coeffi-
cients in the MPS. The sensitivities of MPS for detecting the four vapors can be
evaluated when considering the linear fitting slopes and the system inaccuracies of
αeff. The detection limit (i.e., detectable molecular densities) of acetone, methanol,
ethanol, and ammonia vapors using the Periodic-90-249 MPS sensor are 0.125, 1.71,
1.62, and 3.35 nmol/mm3, respectively, which are denoted by the blue columns in
Figure 7b. The sensing scheme of MPS device not only recognizes minute concen-
tration changes of VOC with picomolar sensitivity but also exhibits excellent dis-
crimination for different polar VOCs.

3.4 Geometry-dependent sensitivity: micropore size effect

To study the micropore size effect of MPS on the detection sensitivity, the pore
number of the MPSs to interact a THz beam is fixed and only the pore width is
changed. In Table 1, the micropore number of the 23-layered Periodic-90-249 MPS
is consistent with that of the 6-layered Periodic-45-133 MPS, but the pore width of
the former device is two times larger than the latter device. These two MPSs are
compared to observe the pore-size-dependent sensitivity performance. Similarly,

Figure 7.
(a) Detecting the effective absorption coefficients at 0.4 THz under different vapor densities. (b) Investigation of
dipole moments and detection limits of the molecular densities (reprinted from Opt. Express 23, 2048-2057
(2015). © 2015 OSA).
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the 23-layered Uniform-90 MPS and 6-layered Uniform-45 MPS devices, having an
identical pore number but different pore sizes, are also prepared for this test
purpose.

Here is the operation detail to observe the sensitivity dependent on the micro-
pore size effect. The micropore amounts within the THz beam spot for the periodic
and uniformMPSs are fixed, and the micropore sizes of both structures are changed
to compare their sensitivities in terms of αeff and Δneff. Regarding the periodic MPS
configuration, the small-pore structure (Periodic-45-133, average porosity �37.2%),
composed of 6-layered meshes and corresponding to a 0.45 mm thickness, has
�1900 micropores covered by the THz beam. To maintain the same pore quantity
in Periodic-90-249 MPS (average porosity �40.5%) under the same THz beam spot,
the large-pore mesh of Periodic-90-249 should be stacked up to 23 layers,
corresponding to 3.46 mm thickness. For the MPS uniform configuration, the
micropore number covered by the THz beam spot in the 6-layered Uniform-45 MPS
(porosity �29.6% and thickness �0.3 mm) is around 3600. To keep the identical
micropore number in the Uniform-90 MPS under the same THz beam spot, the
Uniform-90 mesh (i.e., a mesh with the large micropores) with 30.1% porosity
should be stacked by 23 layers, corresponding to a 2.3 mm thickness.

The sensitivity of different MPS can be measured by the exposure of the MPS to
different VOC amounts, and the THz linear responses in effective absorption and
refractive index variation are related to the molecular dipole moment of the VOC
(Figure 7). In this study, acetone vapor molecule is thus applied as the standard
VOC to calibrate the sensitivity performance of MPS because its high dipole
moment (�2.88 Debye [33]) is easily perturbed by THz waves. That is, obvious
THz electromagnetic attenuation or dispersion can be performed from the acetone
vapor molecules. Different amounts of acetone vapor are prepared from different
volume concentrations of acetone aqueous solutions, including 2.5, 5, 10, 20, 40, 60,
80, and 100%. All the acetone aqueous solutions are individually loaded inside the
microfluidic chamber to naturally evaporate into vapor phase under ambient atmo-
sphere/room temperature until the saturated vapor pressures are approached. The
vapor pressure inside the chamber is approximately proportional to the aqueous
acetone concentration, following the experiment design in Figures 4–7.

Figure 8a and b present the αeff and Δneff, respectively, detected by the Periodic-
45-133 and Periodic-90-249 MPSs. In Figure 8a, the absorption coefficients in the
large (Periodic-90-249)—and small (Periodic-45-133)-pore MPSs both proportion-
ally increase within a molecular density of about 6 nmol/mm3 and become saturated
at high vapor density. The trace trends of refractive-index variations (Δneff) shown

Figure 8.
Detecting (a) effective absorption coefficients and (b) refractive index variations at 0.4 THz within the unit
pore volume by the Periodic-45-133 and Periodic-90-249 MPSs (reprinted from Opt. Express 25, 5651-5661
(2017). © 2017 OSA).
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in Figure 8b are similar to those of the absorption coefficients (αeff) (Figure 8a),
except that the saturation phenomenon of Δneff for the small-pore structure,
Periodic-45-133 MPS, occurs at a much lower vapor density (�2 nmol/mm3) com-
pared with that of the large-pore structure, Periodic-90-249 MPS (�6 nmol/mm3).
The comparison results in Figure 8 show that the αeff and Δneff of Periodic-45-133
MPS for all vapor densities are much larger than those of Periodic-90-249 MPS. For
example, the absorption coefficients of Periodic-90-249 and Periodic-45-133 MPSs
(Figure 8a) at the vapor molecular density of 13 nmol/mm3 are around 4 and
50 cm�1, respectively. Further shrinking the micropore volume under a certain
vapor density exposure is able to increase the molecular occupied densities, which
are confined in the micropore and adsorbed on the pore surface to increase THz
wave absorption and phase retardation. The enhancement in αeff and Δneff of Peri-
odic-45-133 MPS is attributed to its small pore size, whereas its pore quantity is
identical to that of Periodic-90-249 MPS.

The Langmuir adsorption isotherms in Figure 8a mean the physisorption of
acetone monolayer both occurs on the large and small micropore surfaces of MPS.
For the molecular density, <6 nmol/mm3 (�350 ppm), the THz responsivity of the
proportional relation between αeff and ρ in Figure 8a are linearly fitted and can be
regarded as the sensitive region of the MPS vapor sensor. The αeff of Periodic-45-133
MPS increases more rapidly than that of Periodic-90-249 MPS within the sensitive
region (ρ < 350 ppm). The minimum detectable concentration changes of acetone
vapor for the Periodic-90-249 and Periodic-45-133 MPS sensors determined from the
system deviation and responsivity slope in Figure 8 are estimated as less as 108 and
54 pmol/mm3, corresponding to 6.29 and 3.11 ppm, respectively. The detection
limit of Periodic-45-133 MPS is two times higher than that of Periodic-90-249 MPS,
thereby indicating that a decrease in micropore volume (such as half of the pore
width) obviously raises the detection sensitivity of the MPS gas sensor.

Figure 9a and b show the vapor sensing results of Uniform-90 and Uniform-45
MPSs, respectively. The detected αeff and Δneff both have linear responsivity versus
the vapor density and become saturated at a high vapor density, approximate to the
trace trends of the periodic MPSs as shown in Figure 8. However, the saturation
vapor density of the two uniform MPSs is about 4 nmol/mm3 (i.e., 200 ppm), and
lower than that of the periodic MPSs, which is about 6 nmol/mm3 or 350 ppm. The
THz absorption coefficient curves of Uniform-90 and Uniform-45 MPSs are also well
fitted by Langmuir adsorption isotherms with high R2 values (Figure 9a), respec-
tively. According to the slopes of the linear fitting curves in the sensitive region

Figure 9.
Detecting (a) effective absorption coefficients and (b) refractive index variations at 0.4 THz within the unit
pore volume by the Uniform-45 and Uniform-90 MPSs (reprinted from Opt. Express 25, 5651-5661 (2017).
© 2017 OSA).
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(i.e., ρ < 200 ppm) and the measurement inaccuracy of the THz absorption coeffi-
cient, the minimum detectable concentration changes of acetone vapor using Uni-
form-90 andUniform-45 MPS gas sensors are <46 and 31 pmol/mm3, corresponding
to 2.68 and 1.83 ppm, respectively.

The detection sensitivity of Uniform-45 MPS is apparently higher than that of
Uniform-90 MPS, consistent to the comparison result between Periodic-90-249 and
Periodic-45-133 MPSs. The performance emphasizes again that half of the pore
width, whether periodic or uniform configuration, facilitates the infiltration and
adsorption of acetone vapor in the micropores and on the pore surface, leading to an
enhanced vapor-field interaction to increase the sensitivity. In addition, the two
uniform MPSs in Figure 9 have obviously higher αeff and Δneff than those of the
periodic MPSs in Figure 8 under the same vapor density exposure. For example, the
largest THz absorption coefficient of Uniform-45 MPS is around 80 cm�1 and
evidently larger than 50 cm�1 of Periodic-45-133 MPS based on the same 6-layered
MPS thickness. The responsivity of linear fitting slopes in Figures 8 and 9 presents
that the two sensing parameters, αeff and Δneff, of uniform MPSs are increased more
rapidly within a narrower sensitive region compared with those of periodic MPSs. It
means only fewer amounts of vapor molecules that infiltrate the uniform MPSs can
drastically increase the THz absorption coefficient and refractive index variation
until the desired chamber saturation is achieved. The average pore width of Uni-
form-90/-45 MPS is smaller than that of Periodic-90-249/-45-133 MPS under the
similar MPS thickness (i.e., the same stacked layer number of the PET microporous
mesh). Therefore, the simple uniform MPS is particularly advantageous for minute
vapor sensing with a detection limit of even lower ppm level compared with the
periodic MPS.

Figure 10.
Detecting (a, c) effective absorption coefficients and (b, d) refractive index variations within unit pore volume
by Periodic-45-133 and Uniform-45 MPSs with different thicknesses (reprinted from Opt. Express 25,
5651-5661 (2017). © 2017 OSA).
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3.5 Geometry-dependent sensitivity: micropore number effect

The pore number effect on MPS sensitivity is studied by changing the stacking
layer numbers of Periodic-45-133 and Uniform-45 MPSs. As shown in Table 1, three
different layer numbers of MPSs with identical pore size are prepared for sensitivity
comparison in both the Periodic-45-133 and Uniform-45 MPSs. Figure 10 shows αeff
and Δneff for Periodic-45-133 and Uniform-45 MPSs, which are the small-pore MPSs,
respectively, with periodic and uniform configurations. Each type of MPS possesses
three kinds of thicknesses formed by stacking different layer numbers of PET mesh.
The αeff and Δneff of Periodic-45-133 MPS for 6-layered thickness are evidently larger
than those of 34- and 46-layered thicknesses under all vapor densities (Figure 10a
and b). For the response of Uniform-45 MPS, both αeff and Δneff are increased with
decreasing device thickness from 34 layers to 12 and 6 layers (Figure 10c and d).
The highest sensitivities for the periodic and uniform MPSs occur in their thinnest
conditions (i.e., 6-layered structure). The experiment in this case indicates that the
small pore numbers also increase THz wave responses in αeff and Δneff of the
micropores, thereby enhancing the vapor detection sensitivity.

Under a constant amount of vapor exposure, increasing pore quantity or size is
equivalent to expanding the pore volume of the microporous structure. The vapor
density, congregated within the micropore and adsorbed on the hydrophilic surface,
is thus diluted and eventually decreases the measured values in αeff and Δneff.
Figure 10 also shows that 6-layered Uniform-45 MPS requires less acetone vapor
amounts to saturate the responsivities of αeff and Δneff because of its less micropore
volume/number, comparing to those of 12- or 34-layered Uniform-45 MPS. The
vapor saturation density of 6-layered Uniform-45 MPS occurs at around
4 nmol/mm3 (i.e., 200 ppm), indicating the dynamic range of linear responsivity is
sufficiently wide for minute vapor detection.

3.6 Sensing applications

The micropore size dependent sensitivity of the four types of MPSs is summa-
rized in Table 2, where the sensitivity corresponds to the slope of linear fit. The
blank chamber represents the vapor sensing performance of the microfluidic
chamber without the MPS. It is THz vapor sensing in the free space measured by
traditional THz-TDS. The Uniform-45 MPS with a 6-layered thickness has the
highest sensitivity, down to 1 ppm-level acetone vapor molecule. Such the sensitiv-
ity is more excellent than that of the 23-layered Periodic-90-249 MPS and much
higher than that of blank chamber.

MPS No. Layer number Error bar at

0.4 THz (cm�1)

Sensitivity

(cm�1/nmol mm�3)

Detection limit (ppm)

Periodic-90-249 23 0.065 0.60 6.288

Periodic-45-133 6 0.303 5.66 3.105

Uniform-90 23 0.062 1.34 2.683

Uniform-45 6 0.320 10.17 1.825

Blank chamber 0 0.007 0.013 32.37

Reprinted from Opt. Express 25, 5651-5661 (2017). © 2017 OSA.

Table 2.
Sensing performance of MPS for acetone vapor detection.
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The 6-layered Uniform-45 MPS can thus be used for identifying toxic methanol
adulterated in alcoholic solutions. Adulterated alcoholic solutions are prepared by
mixing different volume ratios of methanol with ethanol, including 1:0, 7:3, 5:5, 3:7,
and 0:1 (ethanol/methanol). The adulterated alcoholic solution is injected into the
microfluidic channel of the sealed microfluidic chamber, as shown in Figure 3c, and
becomes the vapor molecules via natural evaporation to be detected by THz waves.
Figure 11a illustrates the THz transmission spectrum of Uniform-45 MPS exposed
to the vaporized mixtures, which are generated from various concentrations of
adulterated alcoholic solutions. THz transmission power apparently decreases in the
frequency range of 0.25–0.45 THz as the volume ratio of methanol increases. The
THz absorption coefficient spectra for the different concentrations of adulterated
alcoholic vapors can be estimated and shown in the inset of Figure 11a. The mea-
sured THz absorption coefficients for each concentration of alcoholic vapor are
almost constant in the frequency range of 0.25–0.45 THz. The relatively high
absorption coefficients are resulted from the increment of the adulterated methanol
concentration. The refractive index variation before and after exposure to different
concentrations of alcoholic vapors can also be calculated. Figure 11b plots the
relations of the αeff and Δneff at 0.4 THz against different concentrations of alcoholic
aqueous solutions. The αeff and Δneff increase with the methanol concentration
adulterated in the alcoholic solution. The proportional relation of αeff and ρ is
linearly fitted as αeff = 1.2 + 0.67ρ. The sensing result of Figure 11 reveals that the
colorless and high THz-absorbed alcoholic aqueous solutions with different con-
centrations of toxic methanol adulteration can be easily distinguished using the
MPS gas sensor composed of 6-layered Uniform-45 MPS.

4. Conclusions

Optical gas sensors are experimentally demonstrated using the THz refractive
indices and THz absorption coefficients when THz waves propagating through the
dielectric-layer media are monitored in a spectroscopic system (THz-TDS). The
cylindrical layer is applied from a glass dielectric pipe to be the waveguide resona-
tor. Based on the FP criteria and FDTD simulation, the THz frequency of
pipe-waveguide resonance field is approximately proportional to the refractive
index of the pipe core. The experimental results present that only the high-order

Figure 11.
(a) THz-wave transmission spectrum for sensing toxic methanol adulterated in alcoholic solutions: (inset)
detecting THz absorption coefficient spectra by the 6-layered Unifrom-45 MPS. (b) Detecting absorption
coefficient and refractive index variation versus different concentrations of adulterated alcoholic aqueous
solutions at 0.4 THz (reprinted from Opt. Express 25, 5651-5661 (2017). © 2017 OSA).
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resonant modes are sensitive to the refractive-index variation due to the high
evanescent power toward the pipe core. Different analytes with different vapor
pressures, such as water, HCl, acetone and ammonia, are thus identified by a pipe-
waveguide resonator. To further improve the detection sensitivity and selectivity,
the MPS structures are applied as 1 THz artificial material to adsorb vapor mole-
cules. THz absorption coefficients of the unit volume are defined based on the
effective medium concept and demonstrated to identify various vapor molecules in
the investigation. The molecular dipole moment dominates THz absorption in the
unit volume of micropore when several analytes, such as the acetone, methanol,
ethanol and ammonia, are test in one MPS sensor. The sensing performance based
on the MPS geometry is studied for the sensitivity and the possible detection limit.
For the acetone molecule, the 6-layered Uniform-45 MPS sensor has the high sensi-
tivity and the detection limit is potentially down to 1.8 ppm. The 6-layeredUniform-
45 MPS sensor is eventually applied for one sensing application to distinct methanol
and ethanol vapor molecules from various liquid mixtures. The MPS sensing
scheme is therefore applicable to realize one optical gas sensor.
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