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Abstract—In this paper, a twin-FET (field effect transistor) THz
detector monolithically integrated with a dual-feed antenna is pre-
sented. The antenna-detector configuration can be extended for =

’N’ FET elements to relax the input impedance requirement for the ] ((
detector readout circuitry while maintaining good responsivity. A

dual-feed octagonal slot antenna is used to couple THz radiation
and provide differential excitation to the twin-FET detector. The
multi-feed antenna-FET detector interface can be designed for an
arbitrary phase excitation of one or more FET elements. Fabricated
in Global Foundries 22nm FD-SOI process, the proposed detector H
covers a measured frequency range from 220 GHz to 300 GHz.
Such bandwidth is sufficiently wide to capture reliable spectral % % wm e m m
information for distinguishing a number of gases in a mixture. The

absorption spectra of pure methanol, chloromethane and acetoni-
trile are measured using a rotational spectroscopy setup incorporating the twin-FET detector. Detection of a small
concentration of acetonitrile, at 4 Torr pressure, is demonstrated in a binary mixture with predominantly chloromethane.
Detection of ethanol and methanol in their binary mixture is also demonstrated at 4 Torr pressure. This is a significant
step towards the development of all-electronic THz spectroscopy for the detection of volatile organic compounds (VOCs)
in the presence of contaminants with a strong THz absorption signature at > 1 Torr pressure.
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[. INTRODUCTION lated analytically; even molecules that are structurally and
chemically similar, can exhibit distinct THz wave absorption
signatures. Finally, unlike electrochemical methods, rotational
spectroscopy is a non-intrusive approach where the gaseous
sample does not have to be in contact with the spectroscopic
detection system. While rotational spectroscopy is a powerful
analytical tool, however, the detection of non-polar molecules
remains one of its limitations. Recently, chiral analysis has
been proposed to allow for the detection of enantiomers.
Such analysis has the potential to enhance the capabilities of
rotational spectroscopy and enable its various applications [3].

Given its advantages, THz wave spectroscopy has been
proposed as a method for the analysis of gases in the human
breath to identify disease markers [4], [5]. While the spectra

HE detection and generation of terahertz (THz) wave

signals is an active area of research with the potential
for enabling a broad range of applications including ultra-high
speed communication, imaging, instrumentation and sensing
[1]. Being unaffected by smoke or dust particles, THz rota-
tional absorption spectroscopy offers key advantages for the
detection of volatile organic compounds (VOC) [2]. First,
the absorption cross-section of molecules is larger for THz
than for infrared photons. Second, the THz wave absorption
spectra of molecules are highly specific and can be calcu-
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of pure compounds have been reported in [6]-[8], a gas sensor
deployed in a practical setting will seldom encounter its target
compound in a pure form. Thus gas sensors need to be robust
enough to identify the target compound in the presence of
contaminants which may or may not themselves have a THz
wave absorption signature.

For the actual implementation of THz wave detection,
several technology options are available that vary in terms of
their sensitivity, specificity, size, cost and required operating
conditions. Microbolometers offer the lowest noise perfor-
mance along with high responsivity but require cryogenic
temperatures for operation [9]. Golay cells and pyroelectric
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Fig. 1. Simplified structure of an FD-SOI FET detector.

detectors both have high responsivity to THz wave signals but
they have a slow response time in the order of milliseconds
[10], [11]. Schottky diodes present a good balance of rela-
tively high responsivity along with fast response times [7],
[12] but can be relatively costly. THz wave detectors using
Field Effect Transistors (FETs) fabricated in standard silicon
processes are compact and consume low power. Furthermore,
the continuous development of advanced silicon technology
nodes has enabled the design of single detectors as well
as arrays of detectors at frequencies approaching 1 THz
with good responsivity and fast response times [13], [14].
Rotational spectroscopy systems implemented with silicon
integrated circuit based THz wave sources and detectors have
been described in the literature; some examples include [8],
[15]-[17]. There is however, still a need to develop THz
sources and detectors that can span a wide frequency range,
in the order of 100 GHz, to perform not only robust detection
of pure gaseous samples but also for samples containing a
number of absorbing gases.

There is a limited body of work on the detection of gas mix-
tures using THz wave spectroscopy. In [18], the detection of
VOCs in the presence of a contaminant is reported while [19]
demonstrated the detection of a mixture of VOCs is reported.
However, these experiment were performed at very low,
milli-Torr, pressure levels which requires specialized pumping
equipment and hence these techniques are not suitable for the
miniaturization required for many practical implementations.
In [16], the detection of methanol in a mixture of nitrogen
is demonstrated. However, nitrogen is almost transparent to
THz wave signals and thus it is not established if the same
detection could be performed in the presence of another THz
wave absorbing species.

In this paper, we present (1) a wide-band THz detector
based on twin FETs excited through an octagonal slot antenna,
(2) a multi-port antenna-detector interface that allows for
implementation of arbitrary phase excitation of one or more
FET elements, (3) a rotational spectroscopy system employing
the twin-FET detector, for spectroscopic detection of pure
VOCs as well as their mixtures at above 1 torr pressure, where
considerable pressure broadening effects increase the difficulty

of classification of observed spectral data.

The design approach of the twin-FET detector can be
extended to a detector with "N’ FET elements for increased
tolerance to loading effects. The proposed antenna-detector
configuration reduces the overall size of the detecting module
and eliminates the losses associated with having a dedicated
power splitter from the antenna to the FETs. The presented
rotational spectroscopy system can operate between 220 GHz
to 300 GHz. Such bandwidth is wide enough for robust detec-
tion of a variety of compounds. The rotational spectroscopy
system is used to demonstrate the detection of absorbing gases
in their binary mixtures at > 1 Torr pressure.

The paper is organized as follows: Section II describes
the design of the THz detector. Section III characterizes the
behavior of the THz detector and compares it to that of a
standalone detector. In Section IV , the detector is integrated
in a gas spectroscopy system and the results of spectro-
scopic measurements performed on pure samples of methanol,
chloromethane and acetonitrile as well as those performed on
a binary mixture of chloromethane and acetonitrile and ethanol
and methanol are discussed.

II. CIrcuUIT DESIGN

The FET detector’s operating principle is based on the
plasma wave theory proposed by Dyakanov-Shur [20], [21].
It can also be explained by the self-mixing of the input THz
excitation using the non-linear response of the transistor [22].

If one considers the simple case of a single fully depleted
silicon-on-insulator (FD-SOI) FET excited at the gate terminal
with a THz wave signal as shown in Fig. 1, the maximum
response of the detector Vs can be represented by [23]:

max

2
ev;
in (1)

477]471,T7

where e is the charge of an electron, v;, is the incident THz
signal voltage, 7 is the ideality factor, k; is the Boltzmann
constant and 7' is the temperature. This peak response is
achieved when the FET is biased in the sub-threshold region.
It is worth noting that, while the above expression in (1) has
been derived for heterostructure FETSs, it was also validated
for SOI FETs as in [24].

When an external load is connected to the output of the
detector, the detector response is reduced from the maximum
value predicted by (1). The load impedance represents the
finite impedance of the readout circuitry or the amplifier stage
following the detector. This loading effect can be explained
using the voltage division between the FET channel resistance
R_.;, and the load impedance Z, connected in series [25], [26].

o Z1, + Ren

Unless R, < |Zr|, there is a considerable drop in the
detector output V,. R.; depends on the biasing and the W/L
ratio of the FET and can be in the order of tens of kilo ohms or
more. Typical configurations for THz wave detection employ
either an amplitude or a frequency modulated THz wave
signal. When the modulation frequency is low, in the order
of hundreds of kHz, high input impedance readout circuitry

~
~

Vdetmax

Vo Vdet (2)
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Fig. 2. (a) Schematic of a detector with 'N’ FET elements for increased
tolerance to detector loading (b) Simulated detector response as func-
tion of the number of parallel FET elements.

can be easily implemented on chip [27], [28]. Increasing the
modulation frequency to hundreds of MHz and above, reduces
the effect of FET flicker noise, however, a high frequency
amplifier should follow the detector. Such amplifiers tend to
have a low input impedance, which would increase the effect
of loading on the detector and reduce the strength of the
detected signal. Note that, higher modulation frequency (at
the order of several GHz) is also required in high data rate
communication applications as reported in [29], [30].

To relax the input impedance requirement of the readout
circuitry, rather than having a single FET, an array of 'N’
parallel connected FET elements can be utilized, with the
output extracted from the common drain terminal of all the
transistors as shown in Fig. 2(a). This generalized architecture
allows for arbitrary phase excitation of each FET element
that may be provided through a N-feed antenna. In this
arrangement, the effect of loading will be shared between the
FET elements. The detector output can then be written as:

NZ;,
NZi + Ry,

Fig. 2(b) shows the simulated effect of loading on the detector
response as a function of the number of FET elements 'N'. Tt
can be seen from the figure that the effect of loading is reduced
as the number of FET elements are increased. Moreover, the
reduction in loading is more significant when the detector
interfaces with a load impedance comparable to or lower than
the channel resistance of the FETs. It is worth noting that the
idea of using two FETSs connected to a differential antenna has
been reported in prior art as in [28], however, in this paper,
we propose the concept of multi-feed antenna that can provide
signals with same amplitude but different phases depending on
the number of antenna ports. The twin-FET detector is just a
demonstration to validate the proposed concept. Theoretically
having an array of ‘N’ FETs is possible, however, practically
one has to consider applying the THz wave to each FET. One
solution is to use an antenna array and couple each FET to
its respective array element. This would translate to a large
area specially on the lower side of the THz spectrum. A patch
antenna at 250 GHz would occupy a chip area of ~0.2 mm?.
Another solution would be to use one antenna and then a
power splitter to feed each detector. Again, the losses in the

Vg = Vdet (3)

| 20nm
(b)

Fig. 3. (a) Schematic of the designed twin-FET THz detector. (b)
Schematic of twin-FET detector with separate outputs for each FET.

power splitter as well as its size would affect the level of THz
signal incident on each FET. The multi-feed antenna presented
here couples THz power to each FET detector without any loss
associated with power splitting or any size penalty when using
an antenna array. Details on the antenna are given in section
1I-B.

A. FET Detector

The proposed THz wave detector is designed using two
identical n-channel FETs with 20 nm gate lengths. A multi-
fingered layout is utilized for each transistor with an effective
total channel width of 9.6 pum. The transistors are sized by
taking into consideration the flicker noise, channel resistance
and the parasitic capacitance. Larger FETs have lower flicker
noise and channel resistance but also have higher parasitic
capacitance that can degrade the detector response and hence
a compromise must be made. The drain terminals of the two
transistors are tied together with 1 k{2 resistors. Differential
input excitation is provided through a dual-feed octagonal slot
antenna, in which the antenna outputs are tapped in a way
to yield two received signal that are 180° out of phase. Each
signal path from the antenna is fed to the gate of a transistor
using a grounded coplanar waveguide (CPW). A symmetric
layout is used throughout the design, with equal length of
CPW line along each path to retain the 180° phase difference
between the two THz signal inputs to the transistors. Fig. 3(a)
shows the schematic of the designed twin-FET detector. 10 k2
resistors connected to the gate of each transistor provide a path
for biasing the transistor while preventing the leakage of the
received THz signal towards the bias line. The THz response of
the detector can be significantly enhanced when a small drain
current is injected [31]. Biasing resistors provided at the drain
terminals of the transistors allow the characterization of the
detector in the presence of such biasing current. Access to the
back gate bias voltage is provided through a DC pad, allowing
an extra degree of freedom to tune the detector response post
fabrication.

A second detector is also implemented which is identical
to the designed twin-FET detector except the outputs from
the two FETs are not connected together and are instead
routed to individual pads. Fig. 3(b) shows the schematic of
the second detector with separate output connections for each
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Fig. 5. Simulated E-plane and H-plane normalized radiation pattern of
Fig. 4. Structure of the dual feed octagonal slot antenna and its  the dual-feed octagonal slot antenna with and without a silicon lens.

simulated radiation efficiency with and without a silicon lens.

FET. When the output is measured from one of the FETs
alone, it is equivalent to a conventional single FET detector.
However, when Vp; and Vpo are connected together, the
configuration simplifies to the twin-FET detector. Thus the
detector in Fig. 3(b) can be used to compare the effect of
loading on a single FET and twin-FET detector.

B. Dual-Feed Octagonal slot antenna

The overall usable bandwidth of the THz wave FET detector
is limited by the bandwidth of the antenna. Examples of inte-
grated wideband antenna topologies that don’t require a spe-
cialized post processing step includes slot, dipole, monopole
and stacked patch antennas [16], [32]-[34]. Other ultra wide
band antenna structures such as log periodic multi-feed an-
tennas [35], have curved periphery which is not compliant
with the design rules of many large scale commercial IC
processes. Here, an octagonal slot antenna is selected because
of its wide bandwidth and commercial IC process compliant
structure that lends itself well for adaptation to a multi-feed
design. For an octagonal slot antenna, the electromagnetic
field vector goes through a phase difference of 360° as one
rotation is completed through the octagonal slots. Hence the
location where the antenna outputs are tapped could be used
to control the phase difference between the received outputs.
In this design, only two opposite sides of the octagon are
used to realize the excitation of the two transistors forming
the detector. Similarly, a quad-feed octagonal slot antenna can
also be designed while still maintaining symmetry between the
antenna outputs [36]. This multi-feed antenna-FET detector
interface can also be utilized for arbitrary phase excitation
of one of more FET elements, paving the way for compact
implementation of THz spectrometers as recently proposed in
[37]. For the selected antenna, each arm will have a phase
difference of 180°, so the FETs will receive THz radiation at
different phases. However, since the FET acts as a broadband
peak detector, the difference in phases will not affect the DC
response.

The dual-feed octagonal slot antenna predominantly radiates
from the bottom. The antenna is designed on the same thick
copper metal layer as the signal lines of the grounded CPW
to allow for seamless integration of the antenna and the

transmission line. Inset in Fig. 4 shows the structure of the
designed octagonal slot antenna, which occupies a chip area
of 184 pym x 184 pm.

To minimize the lossy substrate waves excited due to
backside radiation and to improve the radiation efficiency, the
bottom of the detector chip is attached to a hyper hemispheri-
cal silicon lens. Three-dimensional (3D) electromagnetic (EM)
simulation of the proposed antenna structure was performed in
Ansys HFSS. Fig. 4 shows the simulated radiation efficiency
of the octagonal slot antenna, with and without the silicon
lens. As can be seen, in addition to improving the radiation
efficiency, the silicon lens also significantly improves the
antenna gain. Fig. 5 shows the simulated antenna radiation
pattern, where it can be seen that the silicon lens, not only
allows the antenna to receive more of the incident THz
radiation but it also receives a greater portion of that power
from the intended broadside downward direction. The top side
radiation lobes are > 10 dB lower than the dominant back lobe
of the antenna and thus the unintended top radiation of the
antenna only has a minimal impact to the radiation efficiency
in the intended downward direction. For the simulated results
reported here, we assume a silicon lens with a diameter of 3
mm. This is mainly done due to the constraints imposed by
the computational power and time required for electromagnetic
simulations of large structures at THz frequencies. However,
the trend observed from these simulations could be extended
for silicon lenses of larger diameters.

I1l. DETECTOR CHARACTERIZATION

The designed detector chips were fabricated using Global
Foundries 22 nm FD-SOI process and each occupies a chip
area of 590 um x 340 pm including pads. Fig. 6 shows
the chip micrographs, identifying the regions containing the
antenna and the FETs. For testing, a high resistivity silicon
wafer tile was bonded to the back side of the printed circuit
board (PCB) which has a hole in the center. The chip is
placed in the cavity formed by the PCB dielectric and the
silicon wafer tile and wire bonded to the traces on the top
side of the PCB. The PCB is then placed in a mount which
contains a spring loaded 12 mm hyper-hemispherical silicon
lens pushing onto the backside of the PCB. Because an
epoxy is not used to keep the silicon lens in contact with
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Fig. 6. Chip micrograph of the proposed THz detectors; Twin-FET
detector (left), Twin-FET detector with separate outputs (right).
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Fig. 7. Measured response of the detector for different values of the
total drain current.

the chip, the relative position of the silicon lens and the
chip can be varied for maximum received signal intensity.
For the characterization of the detector, a Virginia Diodes
WR 3.4 Frequency multiplier source is used. The input to
the THz wave source is provided by an Anritsu 68369a/nv
frequency synthesizer with a frequency sweep capability. A
lock-in amplifier is used to extract the desired THz response
from the voltage signal observed at the detector output.

Fig. 7 shows the detector response for different values of
the total drain current supplied to the twin-FETs detector. It
can be seen from the figure that the detector responds to THz
signals over a broad frequency range from 220 GHz to over
300 GHz. This bandwidth is sufficient to observe multiple
absorption peaks for a variety of VOCs as validated recently
in [38]. The partial reflection of the incident THz wave signal
from the silicon lens-silicon tile and silicon tile-chip interfaces
leads to interference patterns, which can be seen as oscillations
in the measured detector response. The voltage response of the
detector can be significantly enhanced by increasing the drain
bias current [31]. However, the added current also increases the
noise contribution of the detector, which does not translate to
any improvement in the signal-to-noise ratio (SNR). Instead,
optimization of transistor sizing can be done to achieve the
desired balance between responsivity and noise performance
[39].

Fig. 8 shows the variation of the detector response at the
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Fig. 8. Measured response of the detector versus gate voltage at 260
GHz for different values of the back gate voltage.
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Fig. 9. Measured detector response at 260 GHz for a single FET and
twin-FET detector configuration, as a function of the load impedance.

mid-band frequency of 260 GHz as a function of the biasing
gate voltage ’V; . The response is plotted for different values
of the back gate voltage 'Vp . The detector response curves
move towards lower gate voltages as the back-gate voltage
Vi is increased. This can be explained by the modulation
of the threshold voltage of the FET by the back gate voltage
[40]. The back-gate bias can be utilized to tune the detector
response, compensating for the threshold voltage variations
observed across different chips.

The effect of loading was characterized by using the second
detector with two separate outputs and connecting controlled
impedances in parallel with the lock-in amplifier. Due to
the large 100 M2 input impedance of the lock-in amplifier,
the effective load impedance seen by the detector is the
relatively small impedance connected in parallel. For each load
impedance, the detector response at 260 GHz was recorded for
a single FET and for the two FET outputs connected together.
Fig. 9 shows the measured detector response as a function of
the load impedance. The detector response decreases when the
load impedance decreases but it can be seen that the twin-FET
configuration achieves consistently higher detector response
compared to the single-FET configuration.

The inherent noise of the detectors was characterized using
a SR770 spectrum analyzer. Fig. 10 shows the measured
voltage noise spectral density of the single FET and twin-
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Fig. 10. Measured voltage noise spectral density of the single-FET and
twin-FET detector.

FET detectors. For the noise measurements, the detectors were
biased at the gate for maximum responsivity, and at the drain
with a small fixed voltage of 20 mV. Spurs in the DC bias,
originating from the 60 Hz AC supply and its harmonics
were filtered from the measurements. The noise contribution
of the detectors is dominated by flicker noise at low frequency
offsets. Thus the measured voltage noise spectral density has
a decreasing trend with frequency. Moreover, the twin-FET
detector has a lower noise spectral density than the single
FET detector. The lower noise of the twin-FET detector can
be explained by its larger effective area than the single FET
detector.

IV. ROTATIONAL SPECTROSCOPY USING THE TWIN-FET
DETECTOR

For demonstration of rotational gas spectroscopy, a mea-
surement setup similar to the one described in our earlier pub-
lication [16] is utilized. The specially designed gas cell with
45° angled windows is only 21.6 cm which is significantly
shorter than other spectroscopy works that have utilized gas
cells with length > 0.7 m [15], [18], [41]. Fig. 11 shows
the actual photo of the spectroscopic measurement setup. The
THz signal is amplitude modulated at 3 kHz, limited by the
capabilities of the THz wave source. Spectral resolution of
the measurement system is limited to the resolution of the
RF signal sweeper times the multiplication factor of the THz
wave source. The THz wave source and detector are positioned
at the focal points of the Teflon lenses. The overall distance
between the THz wave source and detector is approximately
1 m. The diverging THz radiation beam emitted by a horn
antenna, connected to the THz wave source, is collimated
using a Teflon lens and passes through the gas cell. After
passing through the gas cell, the THz radiation beam is focused
on the detector using another identical Teflon lens. The output
signal from the detector is fed to a lock-in amplifier which
extracts the THz wave response.

Gases are identified by their absorption of THz wave
photons at specific frequencies. To determine the absorbance,
the baseline signal without the absorbing gas ’I,” and the
response of the detector when the gas is present and held at
a controlled pressure inside the gas cell *I,’, are measured.

Fig. 11. Photograph of the spectroscopic measurements setup.
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Fig. 12.  Measured spectral absorbance of chloromethane at 2 Torr

pressure using the proposed THz detector as well as a commercial
Schottky diode detector. HITRAN predicted major absorbance peak
locations are also annotated.

Using the two measured responses, the spectral absorbance of
a gas can be calculated as:

Absorbance = A = —In <I°> 4)

Iy

Each spectral scan was done at a sweep rate of ap-
proximately 1 GHz/s. However, recent experimentation has
shown that even faster scan rates can be utilized without
any degradation in the measured spectral absorbance. Ideally
the spectral measurements are desired to be performed as
close as possible to the atmospheric pressure to minimize
the pumping requirement. However, at higher pressures, line
broadening effects distort the characteristic spectral transitions
of molecules. That is why reported works on detection of gas
mixtures using rotational spectroscopy have utilized very low,
milli-torr pressure levels [18], [19].

A rotational spectroscopy based sensor may be employed
to detect its target compound in very low ppm concentration
such as in air quality monitoring to very high concentrations
approaching 100% purity such as relative concentration mon-
itoring of reactants in chemical industry. The concentrations
tested here serve as a proof of concept for detection of multiple
absorbers at > 1 torr pressure.

The frequency range between 220 GHz and 300 GHz does
not contain any strong absorption peak of water vapors [42]
which can dominate the relatively weak absorption peaks
of some compounds. Moreover, this band has characteristic
absorption peaks for a variety of compounds [38] and is thus
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TABLE |
APPROXIMATE FREQUENCY BETWEEN CONSECUTIVE ABSORPTION
PEAKS FROM 220 GHz 10 300 GHz*

Approx. frequency between

Compound conseclzlli):ive abst?rptiorf peaks (GHz)
Acetaldehyde 19
Acetonitrile 19
Ethanol 16
Methanol 10
Formaldehyde 9
Chloroform 7
Chloromethane 4
Formic acid 3

*Extracted from measurements reported in [38].

suitable for spectroscopic applications. The robust detection
of a compound requires that more than one absorption peak
of that compound be measured by the spectroscopic detection
system. The spectra of various VOCs of interest have been
reported in the frequency band of interest [38]. The approxi-
mate frequency between two consecutive absorption peaks of
compounds has been extracted from spectral measurements
and is shown in Table. I. The 80 GHz usable bandwidth of
the twin-FET detector is thus sufficient to robustly detect a
variety of compounds.

A. Detection of Pure Gases

Fig. 12 shows the measured spectral absorbance of
Chloromethane (C'H3-Cl) at 2 Torr pressure. The measured
absorbance using the proposed detector is compared to a
commercially available Schottky diode detector from Virginia
Diodes Inc. It can be seen from the figure that there is good
correlation between the measured spectra and the location of
the absorption peaks is consistent with those predicted by the
HITRAN database (High-Resolution Transmission Molecular
Absorption Database). The detector was also used to catalog
the absorption spectra of a gas at different pressures. For
spectroscopic detection, the sensitivity of the system is limited
by the absorbance noise floor. The absorbance noise floor is
a function of the detector noise and is calculated as the ab-
sorbance of any two consecutive baselines sweeps performed
using the detector. Fig. 13 shows the measured absorption
spectra of pure acetonitrile (C'H3-C'N) at 1 torr and 4 torr
pressure along with the absorbance noise floor. As can be seen,
there is no shift in the location of the major absorption peak
and the pressure broadening of absorption peaks is observed.
The inset in the figure shows a subset of the plot, zoomed in
at the absorbance noise floor.

We can reliably detect a compound if the absorbance noise
floor of the system is significantly below the peak absorbance
of the compound, or:

I— N,
_ l max A 5
og <I+Nmax) < 4, ®)
where, I is the voltage response of the detector in the
absence of noise, IV,,q, is the maximum noise voltage and

A is the peak absorbance of the compound to be detected.
This translates to a constraint on the minimum signal-to-noise

| . . v | | -
0.04
W\/ —— 1 Torr
2.5 0.02 .
- Noise
NS eV
o 2 242 244 246 248 250
Q
=
]
2151
)
172]
=2
< 17
| JN
220 230 240 250 260 270 280 290

Frequency (GHz)

Fig. 13. Measured spectral absorbance of pure acetonitrile using the
differential FET detector at two different pressures and the absorbance
noise floor.

0.2 ! ! !
— Twin-FET Detector
Schottky Detector
0.15+ —— — HITRAN-Major Peaks

Absorbance

220 230 240 250 260 270 280 290
Frequency (GHz)

Fig. 14. Measured spectral absorbance of methanol at 2 Torr pressure
using the differential FET detector and a commercial Schottky diode
detector. HITRAN predicted major absorbance peak locations are an-
notated.

ratio (SN Ry, = I?/N2,,..) of the system.

10A+1>2

111)

(6)

N min 1A 1
SNR >><10A_1

Methanol is a relatively weak absorber of THz wave ra-
diation and is thus harder to detect. It has two characteristic
absorption peaks between 235 GHz and 245 GHz that have
an expected absorbance of ~0.1 at 2 Torr pressure. From
(6), reliable detection of these absorption peaks requires that
SNR,;n > 76 for the detection system. Fig. 14 shows
the measured spectral absorbance of Methanol (CH3-OH)
at 2 Torr pressure. It can be seen from Fig. 14 that the
major absorbance peaks of Methanol were identified by the
spectral measurements done with the twin-FET detector and
the detected peaks are significantly above the absorbance
noise level. The spectral absorbance is in good correlation
with the commercial Schottky detector, that has a typical
responsivity and noise equivalent power (NEP) of 500 V/W
and 10 pW/v/Hz respectively [43]. Moreover, the spectral
location of the measured absorbance peaks more accurately
matches the HITRAN predictions than the measured data from
the FET detector reported in [16].
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Fig. 15. Measured spectral absorbance of a mixture of chloromethane and acetonitrile. The absorption peak locations of pure acetonitrile and pure

chloromethane are annotated.

B. Detection of Gases in a Mixture

Rotational spectroscopy is a robust technique which is
not only useful for characterizing pure gases but can also
be used for qualitative identification of gases in a mixture.
Fig. 15 shows the measured spectral absorbance of a mixture
of approximately 88% chloromethane and 12% acetonitrile
held at 4 Torr total pressure. It can be seen from the figure
that absorption peaks at frequencies identified by the pure
absorption spectra of acetonitrile and chloromethane are also
visible in the spectral absorbance of their mixture and therefore
can be used for the identification of these gases. It is interesting
to note that both chloromethane and acetonitrile have an
absorption peak around 239 GHz. In the absorption spectra
of the mixture, those two absorption peaks have merged into
a single peak. If narrow band spectroscopy systems, as in
[15]-[17], were utilized for this measurement, the presence
of the small amount of acetonitrile in the mixture would
have been missed. Similar conclusions can be drawn from the
results of a spectroscopic measurements performed on a binary
mixture of 60:40 ethanol and methanol at 4 Torr pressure as
shown in Fig. 16. Methanol and ethanol both have a strong
characteristic absorption peak around 242 GHz. In absorption
of the mixture, the two peaks merge into one peak. However,
since a wide frequency scan was performed which captured
multiple absorption peaks for each compound, their presence
could still be identified in the mixture.

Based on the above measurement results, one can conclude
that the capability to scan a wide frequency range in the
order of tens of GHz, is vital for the robust identification
of gases in a mixture. Even if two gasses in a sample
may have one absorption peak close to another, it is highly
unlikely that they would have multiple peaks at identical or
sufficiently close frequencies. It is also worth mentioning that
if the absorption spectra of the mixture are measured at lower
pressures, the single merged absorption peak would split up
into the individual absorption peak corresponding to each of
the pure samples.

V. CONCLUSION

The design and implementation of a twin-FET THz wave
detector in 22 nm FD-SOI technology is described. The

0.1 ™
} —— Mixture
i ———-Absorption peak: Methanol
0.08 o Absorption peak: Ethanol |
| |
8 | I
= 0.06 |
]
= \
St
=] |
2004 [ \
< L
| |
0.02 } }
| |
| |
0k . Ll L . o
220 230 240 250 260 270 280
Frequency (GHz)
Fig. 16. Measured spectral absorbance of a mixture of ethanol and

methanol at 4 Torr. The absorption peak locations of pure ethanol and
pure methanol are annotated.

detector is coupled to a broadband, compact and dual-feed
octagonal slot antenna. The advantages and feasibility for the
extension of the proposed detector topology to one with higher
number of FET elements were discussed. The implemented
twin-FET detector is characterized from 220 GHz to 300 GHz
and is shown to be more resistant to loading than a single FET
detector. The twin-FET detector is utilized to measure the THz
absorption spectra of pure samples of methanol, acetonitrile
and chloromethane. As a step towards the implementation of
a practical gas sensor based on rotational spectroscopy, the im-
plemented twin-FET detector is employed to demonstrate the
detection of chloromethane-acetonitrile and ethanol-methanol
in their respective binary mixture.
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