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Abstract

Gas sensing by THz wave absorption spectroscopy is demonstrated for several volatile organic compounds (VOCs) using a
broadband electronics-based THz wave spectrometer. Spectral absorption is characterized in the frequency range from 220 to
330 GHz for seven VOCs and water vapor in a gas cell at room temperature and pressures of 0.5—10 Torr. Amplitude-modu-
lation is applied to the interrogating radiation, and lock-in detection is used to acquire the transmitted frequency-dependent
radiation intensity. For methanol, ethanol, n-propanol, formic acid, formaldehyde, acetaldehyde, acetone, and water vapor,
measured transition frequencies agree with literature databases, where available. The present work demonstrates the potential
for an all-electronic THz gas sensor for conditions where pressure broadening and line blending occur, as would be found
in typical industrial, environmental, and biological gas sensing applications.

1 Introduction

Absorption spectroscopy in the terahertz (THz) or submil-
limeter frequency band, defined as frequencies from 0.1 to
10 THz (3.33-333.3 cm_l), provides selective non-intrusive
identification of polar gas molecules, including many vola-
tile organic compounds (VOCs), through the interrogation of
molecular rotations and low-energy internal torsional modes
with resonant external electromagnetic fields [1, 2]. While
non-intrusive gas sensing is typically carried out in the infra-
red region [3-5], the THz region offers several advantages,
especially for practical field applications in optically harsh
environments. Such environments are found in atmospheric,
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combustion, and industrial gas sensing [6]. Additionally, in
recent years there have been significant advances in micro,
and nano electronic THz frequency devices, enabling a
pathway for the development of miniaturized THz wave gas
sensors for the detection of a wide array of molecules in a
variety of applications [7].

The gas-phase detection of VOC:s is of interest in several
important industrial and environmental applications. VOCs
are unwanted and often controlled hazardous air pollut-
ant emissions [8], resulting from the combustion of fuels,
including fossil fuels, biomass, and liquid biofuels. Some
VOC:s, for example, methanol and ethanol, are also used as
combustion fuels, resulting in direct emission to the atmos-
phere by evaporation or incomplete combustion. Once in
the atmosphere, VOCs participate in reactions with nitric
oxides and ozone that contribute to photochemical smog
[9]. VOC:s are involved in a number of chemical and manu-
facturing processes [10], where they are used as solvents,
additives, and/or feedstocks for chemical synthesis; e.g., in
the manufacture of plastics, acrylics, rubbers, paints, and
pharmaceuticals. VOCs are also used as food preservatives,
material sterilizers, and crop pesticides and can be impor-
tant metabolic markers for biological activity; for example,
acetone is a biomarker for diabetes ketoacidosis [11]. Hence,
the detection of gaseous VOC:s is of interest in a number of
diverse applications, in which VOCs may be unwantedly
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released to the atmosphere or where quantitative detection
is of importance in engineered or natural processes.

In gas sensing applications, such as those described
above, the use of THz frequencies has many optical and
spectral advantages over infrared and higher frequencies.
Compared to the infrared region, THz waves experience
orders-of-magnitude less scattering from particles or aero-
sols [12]. THz absorption is also effectively immune to par-
ticle or aerosol scattering and extinction that so often hinders
infrared absorption gas sensors in environments containing
aerosols. Interference by water vapor absorption is also
reduced in the THz region compared to the infrared region,
especially for frequencies less than 1 THz, due to the spar-
sity of water’s rotational absorption lines in this frequency
band [13]. Finally, for many polar gas molecules of interest,
such as VOCs, THz wave sensing offers strong absorption
bands, providing greater sensitivity and/or selectivity than
infrared transitions [14].

Prior to recent developments in THz microelectronic
sources and detectors, THz absorption studies have mostly
been carried out in laboratory settings using large and
expensive spectrometers, most notably using frequency-
multiplier klystron microwave sources, the FAst Scan Sub-
millimeter Spectroscopy Technique (FASSST), and THz
time-domain spectroscopy (THz-TDS) methods. FASSST
provides highly-resolved (kHz) spectroscopy measurements
in the 0.1 — 1 THz frequency range [15—17], where radiation
is provided by quasi-optical sources, such as backward wave
oscillators, and detection often by high-sensitivity and low
time-response Golay cell detectors. FASSST methods have
been applied for several decades in fundamental spectros-
copy studies at extremely low pressure (mTorr) to catalog
line positions and strengths, discover and assign transitions,
and validate quantum mechanical calculations of rotational
energy levels.

THz-TDS methods have been applied to broadband (e.g.,
0.1 —2 THz) studies at higher pressures, however, with lower
resolution (~ 1 GHz) [12, 14, 18]. THz-TDS measurements
have proven to be extremely powerful for selective and sen-
sitive detection (ppm to ppb) of polar compounds, such as
VOC s, in the gas phase [14]; however, they are expensive,
complex, and not easily applied outside of the laboratory
setting.

The last decade has seen major investments in standard
silicon-based technologies to increase the cutoff frequencies
of active devices (transistors) and enable their operation in
the THz regime. Sub-THz wave generation and detection
based on such low-cost and high-yield silicon technologies
have been reported in complementary metal-oxide semicon-
ductor (CMOS) [7, 19, 20] and silicon germanium (SiGe)
[21-23] technologies. As an example, Neese et al. [24]
have reported a compact electronic spectrometer operating
in the 210-320 GHz frequency range offering detection of
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14 gases: acetonitrile, methyl fluoride, acrylonitrile, sulfur
dioxide, methyl iodide, methyl bromide, trifluoromethane,
acrolein, propionitrile, 1,1 difluoroethene, vinyl fluoride,
oxetane, vinyl bromide, and 1,2 dichloroethane. Further
examples of microelectronics-based absorption spectros-
copy, include the work of Wang and Han [19], which showed
gas-phase detection of acetonitrile in the 220-320 GHz fre-
quency range. Hindle et al. [25] developed an electronic
absorption sensor for H,S detection at 611 GHz, while a
general-purpose THz wave gas sensors in the 220-270 GHz
range [23,36-28] with application to detection of VOCs
have been reported by Schmalz et al. Recently our group
has reported on the detection of alcohols using an electronic
THz source at high pressures (> 5 Torr) [29]. The present
study expands on this work by including the characterization
of additional VOCs of interest at additional pressures and
increasing the resolution and scan rate. The measurements
conducted in this report further demonstrate the viability
of a high-bandwidth microelectronics-based spectrometer
in the 220 — 330 GHz frequency range for VOC gas sensing,
suited for industrial, biological, or environmental applica-
tions. Spectral absorption is characterized for pure methanol,
ethanol, n-propanol, formic acid, formaldehyde, acetalde-
hyde, acetone, and water vapor at room temperature and
pressures from 0.5 to 10 Torr, conditions where pressure-
broadening and transition blending complicate the spectra.

2 Experimental methods

Scanned-frequency absorption spectroscopy measure-
ments were carried out using the hardware implemented in
Tekawade et al. [29], including an electronics THz wave
source generating radiation from 220 to 330 GHz, a gas
cell, and a broadband Schottky diode detector. Experimental
procedures and data acquisition methods have been further
optimized and improved since the Tekawade et al. study. See
Fig. 1 for a photo of the experimental hardware.

Radiation was produced with a Virginia Diodes (VDi) sig-
nal generator extension (SGX) module based on planar GaAs
Schottky diode technology (model WR 3.4 220-330 GHz),
which provided 18-fold frequency multiplication of a radio
frequency (RF) input signal. An RF synthesizer (HP model
83752A, 10 MHz—20 GHz) provided the input signal to the
SGX module, for the current study at 12.22-18.33 GHz. The
high-frequency signal generated by the SGX was directly
coupled into a diagonal horn antenna (VDi model WR-3.4)
providing free-space radiation propagating away from the
horn tip with a 10-degree half-angle (50% power in radiation
cone). The diverging beam was collimated with a plano-con-
vex Teflon lens, then passed through the gas cell with two
high-density polyethylene (HDPE) windows, and refocused
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Fig. 1 Experimental setup for scanned-frequency absorption spectroscopy at 220-330 GHz

using a second plano-convex Teflon lens onto a Schottky
diode detector (VDi model QOD 3-15).

To increase the signal-to-noise ratio of the measured
absorption, amplitude modulation was implemented with
lock-in detection. The continuous 220 — 330 GHz output sig-
nal from the SGX module with an output power that ranges
from 1 mW at 220 GHz to 0.3 mW at 330 GHz, is digi-
tally chopped at a prescribed modulation frequency using
a Keysight 33220A 20 MHz Function/Arbitrary Waveform
Generator. The modulation “chopping” signal was sent to
the TTL modulation port on the SXG module, producing
a square-like output waveform for the 220 — 330 GHz sig-
nal. A modulation frequency of 2.7 kHz was found to yield
the greatest degree of noise reduction and most repeatable
output intensity-frequency functionality from the SGX mod-
ule. Higher modulation frequencies led to temporal distor-
tions and instability in the lock-in amplifier out, originat-
ing from the limited responsivity of the TTL modulation
feature in the SGX module. Lower modulation frequencies
require longer lock-in integration times and provide slower
frequency sweep rates or data acquisition rates. To improve
the frequency sweep rate of the current system, one would
need a frequency-multiplier source that can operate at higher
modulation frequencies, allowing the use of a shorter lock-in
integration time.

The lock-in amplifier (Stanford Research model SR510)
was operated in the standard manner, whereby the modu-
lated 220 — 330 GHz signal was multiplied with a reference
single at the same modulated frequency and a reference
single at the modulation frequency and shifted in phase by
90° to create two mixed signals. The two mixed signals are
then low-passed filtered, with an integration time of 1 ms, to
reject noise and harmonic signals and then converted, via a
Cartesian-to-polar transformation, to yield a DC amplitude

and phase. The DC amplitude output from the lock-in ampli-
fier is the 220 — 330 GHz signal intensity used to determine
the absorbance of the gas sample of interest.

A LabView script was developed and used to trigger the
experiment, define and control frequency sweep and ampli-
tude modulation parameters, and acquire and store data.
Once triggered, the RF synthesizer frequency sweeps, via
a linear ramp function, from 12.22 to 18.33 GHz and the
time-dependent 220 — 330 GHz signal output from the lock-
in amplifier, the ramp voltage itself, and data indices were
acquired and stored in a.xlIsx file. The ramp voltage and data
indices are easily converted to the time-dependent radiation
frequency.

To determine the spectral absorbance of a gas sample, we
measured the reference spectral intensity with the gas cell
under vacuum and then filled the gas cell with the gas of
interest and repeated the spectral scan, measuring the trans-
mitted signal intensity. Again, both measurements were car-
ried out using the Schottky diode detector and performed
using the amplitude modulation methods described above to
record the DC frequency-dependent signal intensity. Exam-
ple reference and signal measurements are shown in Fig. 2.
The absorbance of the gas sample can be described using
the Beer-Lambert law:

A=ecl=—In(I/1)),

where the absorption coefficient, e =¢(7, c, f), is a func-
tion of temperature (7), molar concentrations (c¢) (through
pressure broadening), and frequency (f). The absorbance,
A, scales linearly with the optical path length, /=21.59 cm
(in present experiments), and the absorbers concentration,
c. The absorption coefficient (¢) contains information about
the line shape for each transition and is also a function of the
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Fig.2 Example experiment 10
carried out for pure formic acid
(HCOOH) at 1 Torr and 297 K. 8
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concentrations of constituents present in the absorbing gas,
through their influence on line shape via collisional or pres-
sure broadening. Again, the reference and measured signal
intensities, I, and /, are measured under vacuum and with
the absorbing gas of interest in the gas cell, respectively.
Finally, the absorbance is passed through a low-pass filter
to reduce any high-frequency noise, mostly emanating from
the detector. See Fig. 2 for an example absorbance measure-
ment of formic acid (HCOOH). In the Fig. 2 example, the
frequency was swept at 4.7 GHz/s from 220 to 330 GHz,
the lock-in amplifier operated at an integration time of 1 ms,
and a cutoff filter of 300 Hz is used to increase the signal-
to-noise of the absorbance signal. The final spectral resolu-
tion under these operating parameters is 15 MHz, where the
spectral features of interest have half-widths of > 50 MHz,
and the noise floor or detection limit is +0.001 to +0.003 in
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absorbance. The noise is composed of high-frequency con-
tent originating from the electronics that make up the source
and detector, and low-frequency noise resulting from stand-
ing waves that subtly fluctuate due to optical path variation
(caused by the index of refraction differences, slight bending
of cell walls due to pressure/vacuum, and human error), such
that they cannot wholly be canceled using common-mode
noise rejection (e.g., division of absorbed and reference sig-
nal in the Beer-Lambert law). Improvements to the sensor
could be made by reducing the electronics noise, increasing
the THz power, and refining the optical configuration.
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Table1 Compounds and pressures for which spectral absorption
measurements were carried out. All experiments performed at 297 K

and for 220-330 GHz

Compound Molecular formula Pressures [Torr]
Methanol CH;0H 1,2,4,8
Ethanol CH,CH,0OH 1,2,4
n-Propanol CH;CH,CH,OH 2,4,8
Formic acid HCOOH 05,1,2,4,8
Formaldehyde/ H,CO/H,0/CH;0H 05,1,2

water vapor/ (total pressure)
methanol
Acetaldehyde CH;CHO 05,1,2
Acetone CH;COCH;4 05,1,2,4,8
Water vapor H,0 10
Fig.3 Absorption measure- 02F
ments for pure methanol
at 2 Torr (black line), with
comparison to HITRAN-based 015 I=5¢U=4

[41] spectral simulations (blue AK=0

dashed line). The path length is

21.59 cm

Absorbance

3 Results

Spectral absorption in the 220-330 GHz frequency range
was characterized at 297 K for a range of VOCs listed in
Table 1. All experiments were performed using pure rea-
gent-grade chemicals, with the exception of formaldehyde,
which was vaporized from a formaldehyde/water/methanol
solution. The experimental results have been appended in
the electronic supplementary material. The compounds
studied were chosen due to their appreciable absorption
in the accessible frequency range and their importance in
industrial applications (e.g., energy, combustion, and manu-
facturing), biological systems, medical diagnoses, and/or as
atmospheric pollutants. The gases studied include alcohols,
ketones, aldehydes, carboxylic acids, and water vapor.
Although there is substantial prior fundamental experi-
mental work on the rotational spectroscopy of small VOCs
carried out at very low pressures (~mTorr) where features
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Fig.4 Absorption measure-
ments for pure ethanol at 4 Torr 0.15 1] Measurem.e_nt
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are well separated and in the Doppler limit, there is limited
study of the absorption of these compounds under appreci-
able pressures and using microelectronics-based sub-THz
sources suitable for the development of commercial gas sen-
sors [26, 33-39, 42-54].

3.1 Alcohols

Measurements for the three alcohols characterized are
shown in Figs. 3 and 4. In the case of methanol (Fig. 3),
an asymmetric top molecule, the features observed in the
220-330 GHz range are rotational transitions that occur
in both the ground and the first vibrationally-excited state.
The features are labeled in Fig. 3 according to vibrational
quantum number (v), the quantum number for total rota-
tional angular momentum (J), and the quantum number for
the projection of J onto the a- inertial axis (K). For metha-
nol, the a-axis is parallel to the methyl top axis. The J’
and J’ and K’ and K’ symbols represented the quantum
numbers for the lower and upper states, respectively. The
strong features in the frequency range of interest include
transitions for J'=5+«J""=4 and AK=0 at 241 GHz and
J'=6«<J"=5 and AK=0 at 290 GHz. These features are
split into a primary peak for transitions in the ground vibra-
tional state and a secondary peak, shifted to lower frequen-
cies, resulting from rotational transitions in the first excited
vibrational state. The other strong methanol features in this
frequency range include a blended feature at 252 GHz for
AJ=0and K’=3«K’’=2 and a series of features from 302

@ Springer
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Frequency [GHZ]

to 328 GHz for J=1to 10 (AJ=0)and K’'=1<—K’’=0.
The present measurements are in good agreement with the
HITRAN simulations for line locations and reasonable
agreement of integrated absorbance; however, the present
study shows a bit more collisional line broadening than pre-
dicted by the HITRAN database. Collisional line broadening
parameters could be a topic worthy of future experimental
study.

For ethanol and n-propanol (Fig. 4), we observe repeating
and blended spectral features, due to the pressure broaden-
ing of the multitude of closely spaced transitions. Ethanol
is a near-prolate asymmetric top (i.e., A> B = C) with rota-
tional constants: A=34.9, B=9.35 and C=8.14 GHz [36].
Near-prolate asymmetric tops often exhibit strong repeat-
ing R-branch a-type transitions (i.e., AJ=+1, AK,=0, and
AK_.= +1) centered at frequencies of (B+ C)(J'’+1) and
spaced at frequency intervals of (B + C). For an asymmetric
top molecule, J is the quantum number for total rotational
angular momentum and K, and K, are the quantum labels
for the projection of total angular momentum onto the a- and
c-axes, respectively.

Like ethanol, n-propanol is also a near-prolate asymmet-
ric top, but with five stable conformers it has very complex
rotational spectroscopy [37]. The present measurements for
n-propanol (Fig. 4 bottom panel) show strong blended fea-
tures that repeat approximately every 7 GHz. The observed
spectral features, repeating every ~7 GHz, are due to
R-branch a-type transitions of the 7t and Tg conformers.
Rotational constants for these two conformers are: A =26.6,
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Fig.5 Absorption measurements for pure formic acid at 4 Torr. Labeled transitions and frequencies are from the JPL molecular spectroscopy

database [40]

B=3.8, and C=3.5 GHz for the Tt conformer and A =26.1,
B=3.7, and C=3.5 GHz for the Tg conformer [37]. The
rotational constants result in strong R-branch a-type transi-
tions spaced at (B+ C)=7.2—7.3 GHz, as observed experi-
mentally in the repeating broad n-propanol absorption fea-
tures (Fig. 4 bottom panel).

3.2 Formicacid

The measured absorption spectra for formic acid in the
220 — 330 GHz range is shown in Fig. 5. Like ethanol and
n-propanol, formic acid is a near-prolate asymmetric top.
However, for formic acid, we observe distinct transitions,
rather than blended transitions as in ethanol and n-propanol.
Formic acid has rotational constants of A=77.51, B=12.06,
and C=10.42 GHz [44], resulting in spacing for R-branch
a-type transitions (AJ=+1, AK,=0, and AK,= +1) of
(B+ C)=22.4 GHz, with transitions centered at (B + C)
(J7+1) for J77=9—13 in the 220 — 330 GHz frequency
range [40, 41]. In the present frequency range, R-branch
b-type transitions also exist, with AJ= 41 and a simulta-
neous change in K, and K_; however, these transitions are
too weak to be experimentally observed against the noise
floor. The formic acid transitions are shown in Fig. 5 are
spaced every 22.4 GHz and grouped by J’ «J’’, with each

transition occurring for a specific K, and K.’ < K_”’. For
large values of K, the transitions converge and blended
spectral features are observed at 225.1, 247.6, 270.1, 292.6,
and 315.2 GHz.

3.3 Aldehydes

Figure 6 illustrates measured absorption spectra for for-
maldehyde, where formaldehyde was prepared in the gas
phase from the evaporation of a formaldehyde/water/ethanol
solution at 37 mass-% formaldehyde (i.e., formalin). The
resulting gaseous mixture, for which spectral absorption was
characterized, was primarily water vapor (~90-95%) with
2-3% formaldehyde. In Fig. 6 strong and narrow R-branch
a-type transitions are observed for formaldehyde, similar
to formic acid. Rotational constants for formaldehyde, a
near-prolate asymmetric top, are A=281.97, B=38.8, and
C=34.0 GHz [45].

Spectral absorption measurements for acetaldehyde are
shown in Fig. 7. Acetaldehyde is another near-prolate asym-
metric top, with rotational constants of A =56.49, B=10.45,
and C=9.09 GHz [46]. The acetaldehyde spectrum is sig-
nificantly more complex than that for formaldehyde, contain-
ing many more transitions, some of which overlap. Again,
strong R-branch a-type transitions are mostly observed with
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Fig.6 Absorption measurements for gaseous formaldehyde/water
vapor/methanol at a total pressure of 2 Torr and containing approxi-
mately 2-3% formaldehyde. Labeled transitions and frequencies are

strong and significantly blended spectral features, spaced at
(B+ C) with a few weak R-branch b-type also observable in
the spectral range.

3.4 Acetone

Spectral absorption measurements made for acetone are
shown in Fig. 8 and illustrate discrete spectral features that
sit on top of a broad continuum absorption that increases
in strength with increasing frequency. The continuum
absorption has been observed in prior studies using THz-
TDS and Fourier transform spectrometer methods to inter-
rogate broadband acetone absorption in the THz frequency
range [55,56, 57]. In the present study, the continuum ace-
tone absorption is observed to increase with the square of
the pressure and, therefore, we presume occurs for simi-
lar reasons as to the well-studied absorption continuum
for water vapor in the far infrared and into the microwave
region. For water vapor, the mechanisms responsible for its
rotational continuum include absorption in the intermedi-
ate to far wings of transitions, that is not accounted for in
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from the JPL molecular spectroscopy database [40]. The bottom two
graphs are for J'=4«J"’=3

conventional line shape models, and absorption that occurs
due to metastable dimers that result from biomolecular col-
lisional events.

Acetone is a quasi-oblate asymmetric top (A ~ B> C)
with rotational constants of A=10.17, B=28.52, and
C=4.91 GHz [54]. The discrete and repeatedly spaced
acetone transitions observed in the current frequency range
are spaced at 2C, corresponding to R-branch b-type transi-
tions. The frequencies of the discrete and numerous acetone
transitions are in good agreement with literature values [40,
54] from a combination of high-resolution experiments and
theory, and can be assigned to both R-branch b-type and
a-type transitions.

3.5 Water vapor

Absorption by pure water vapor was characterized to verify
potential interference from this ubiquitous atmospheric gas
on VOC gas sensing in the present frequency range. See
Fig. 9 for an absorption measurement for water vapor at
10 Torr which illustrates that water vapor absorption in the
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Fig.7 Absorption measurements for pure acetaldehyde at 1 Torr. Labeled transitions and frequencies are from the JPL molecular spectroscopy

database [40]

investigated frequency range is negligible with the excep-
tion of a weak line at 325.15 GHz for the J'=5«J"" =4,
K,/ =1-—K,’=2,and K,’=5« K~ =2 transition.

4 Discussion

Measured absorption in the 220-330 GHz frequency range
for the seven VOCs characterized in the present study are
compared in Fig. 10. The spectra illustrate several potential
frequencies for selective gas sensing of each species in a
multi-component mixture, depending on what species are
present. For the alcohols, there are many frequency locations
for the simultaneous measurement of methanol and ethanol.
For a ternary mixture of the three alcohols considered, the
broad n-propanol spectrum complicates the identification
of isolated spectral features; however, there are features at
250 —260 and 285 — 300 GHz that provide sufficient speci-
ficity for the simultaneous detection of the three alcohols.
Similarly, formic acid, formaldehyde, acetaldehyde, and ace-
tone have many isolated features, with acetone, the weakest

absorber, the most difficult to detect. For example, in the
300 — 330 GHz window, several isolated features exist for
the detection of these four VOC species.

The present results illustrate the potential for microelec-
tronics-based THz wave gas sensing for VOCs. As illustrated
throughout the results section, the spectral measurements
are in good agreement with literature databases [40, 41],
in terms of line positions. However, in most cases, pressure
broadening parameters either are not available or have been
assumed for the target VOC species in the present spectral
range. Furthermore, few if any previous studies have been
carried out at appreciable pressures, such that would be
found in many gas sensing applications. Even at the rela-
tively modest pressures encountered in the present study,
pressure broadening controls the observed line shapes and
many of the seemingly discrete features are, in fact, combi-
nations of many transitions. Both the measurement of pres-
sure broadening parameters and the extension of THz gas
sensing capabilities to higher pressures are areas in which
future investigations would be welcome. While the pre-
sent study and recent literature [19-32] show the power of

@ Springer
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Fig.8 Absorption measurements for pure acetone at 1 Torr. Labeled transitions and frequencies are from the JPL molecular spectroscopy data-

base [40]

Fig.9 Absorption measurement 0.03} ) ) "
for pure water vapor at 10 Torr ——— —HITRAN J'=5¢]"=4 I
with comparison to HITRAN- Measurement Ka=1¢K,"=2
based spectral simulation [41] 0.02F K.=5¢K,“=2

v=0

Absorbance

-0.01

microelectronics-based THz wave systems for selective and
sensitive gas sensing, future development of miniaturized
and robust THz wave sources and sensors is needed for THz
wave gas sensing to become a commercial reality.

@ Springer
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5 Summary

Volatile organic compound (VOC) gas sensing using a
high-bandwidth microelectronics-based THz wave spec-
trometer, based on a radio frequency multiplier source and
Schottky diode detector, is demonstrated for pure metha-
nol, ethanol, n-propanol, formic acid, formaldehyde, acet-
aldehyde, and acetone. Spectral absorption measurements
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Fig. 10 Comparison of absorp-

tion spectra for the seven VOCs
characterized in the current
study
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were made in the 220 — 330 GHz frequency range using
an amplitude-modulation method with lock-in detection
for the seven VOCs and water vapor at room temperature
and pressures of 0.5 — 10 Torr, conditions where pressure-
broadening often results in complex blended spectra.
Measured spectral absorption and transition frequencies
agree well with literature databases. The potential appli-
cations for microelectronics THz wave gas sensing for
VOCs are significant, including monitoring combustion
and other energy systems where VOCs are byproducts,
chemical processes and materials synthesis where VOCs
are feedstocks and byproducts, biological or medical sys-
tems where VOCs result from metabolic processes, and the
environment where VOC emissions result from anthropo-
genic and naturogenic sources.
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