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In this work “Field-effect transistor array modified by a stationary phase to generate informative
signal patterns for machine learning-assisted recognition of gas-phase chemicals”, we report a new
Al chemical sensing system for recognition of gaseous analytes. The system consists of a porous gate
FET (PGFET) sensor array modified by gas chromatography (GC) stationary phase materials, and a
supervised machine learning technique. Interaction between PGFET and gaseous molecules can be
tuned by selecting GC stationary phase materials. Signal patterns generated from GC stationary
phasemodified PGFET sensor array were applied for machine learning-assisted recognition of
gaseous molecules. The system has attractive potential for applications to mobile Al chemical
sensing devices.
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We propose an artificial intelligence-based chemical-sensing
system integrating a porous gate field-effect transistor (PGFET)
array modified by gas chromatography stationary phase materials
and machine-learning techniques. The chemically sensitive PGFET
array generates cross-reactive signals for computational analysis
and shows potential for applications to compact intelligent sensing
devices, including mobile electronic noses.

The sensing of gas-phase chemicals is becoming important in
many fields including medical diagnosis, food/agricultural
safety, industrial process, and home security together with the
Internet of Things (loT).! Artificial intelligent (Al) sensing
systems aided by statistical/computational analytical methods
are a promising approach to recognition and quantification of
gaseous chemicals from the signal patterns of sensor arrays.23
Disease diagnostics by identifying volatile organic compounds
(VOCs) as biomarkers from exhaled breath is a modern research
field, which takes advantage of Al-based sensing systems
through the application of cross-reactive sensor arrays.*®
Artificial nose technologies, including electronic noses (e-
noses), require an array consisting of cross-reactive sensors to
mimic the mammalian olfactory system, which can generate
broad (i.e., non-selective) and differentiated responsive signals.
Such cross-reactive signals are compatible with pattern
recognition techniques, such as principal component analysis,
artificial neural networks, among others.>4 Therefore, the
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development of cross-reactive sensor arrays is a key research
theme in the development of intelligent chemical-sensing
systems.

Field-effect transistor (FET)-based sensors show great potential as
highly sensitive sensing devices.” Furthermore, these devices possess
advantages for developing compact electronic devices owing to
miniaturization and large-scale integration in one chip, because
semiconductor processes can be applied to fabricate FET-based
sensors. In fact, chemically sensitive FETs have shown potential for
applications to multiplexed sensors for gas molecules at room
temperature and in applications to drones for aerial sensing of
chemicals.® According to the previous report, selective targeting of
gases, such as Hy, H,S, and NO,, has been archived with chemical-
sensitive nanosized metallic layers, including Pd-Au, Ni-Pd, and Ni.
Recently, we reported a polyethylene glycol (PEG)-modified porous
gate FET (PGFET).? The chemically sensitive PGFET incorporated a
PEG layer, which interacted with VOCs, and a porous Pt gate
electrode in the gate structure. Changes in the drain current and
threshold gate voltage were chemically gated through capacitance
changes in the gate structure by adsorbing gaseous molecules into
the stationary phase layer and porous Pt gate.

Here, we provide a machine learning-aided intelligent sensing
system based on a PGFET sensor array modified with a
polymeric material used for a gas chromatography (GC)
stationary phase. The chemical responsiveness of the PGFET
sensor was tuned by selection of GC stationary phase materials.
This tunability enabled cross-reactive sensing of gas-phase
chemicals. We applied a machine-learning technique to classify
the differentiated signal patterns and identify a few aldehydes
with similar chemical structures, namely nonanal, hexanal, and
benzaldehyde.

The experimental procedure is briefly described below (for more
details, see ESI"). Fig. 1a shows a schematic illustration of the GC
stationary phase-modified PGFETs. The stationary phase layer was
formed on the surface of the top insulating layer as a gas molecule-
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Fig. 1. Stationary-phase material-modified PGFET sensor. (a) Schematic illustration of the PGFET gate structure. The PGFET is an n-channel depletion mode device. (b) SEM

observation of the porous Pt gate electrode. Scale bar is 200 nm (c) Cross-sectional TEM observation of the gate structure showing the stationary phase layer sandwiched

between the insulating layer and porous gate electrode. Scale bar is 10 nm.

interaction layer. As shown in Table 1, dimethyl poly siloxane
(silicone OV-1), PEG 4000, diethylene glycol succinate (DEGS) and
tetrakis hydroxyethyl ethylene diamine (THEED), which are
stationary phase materials typically used in GC columns,!! were
applied in this layer. Furthermore, a porous gate electrode consisting
of a network of Pt nanoparticles (NPs) to enable gas molecules to
access the stationary phase layer, was formed by a short-time radio-
frequency sputtering process. The PGFET gate structure was
observed by scanning electron microscope (SEM) and transmission
electron microscope (TEM) imaging. Aldehyde compounds, including
nonanal, hexanal, and benzaldehyde (Table 2) were used as model
gas-phase chemical analytes. Each vapor analyte was introduced
under a dry N; carrier gas flow into the gas flow cell that arrayed and
housed the stationary phase-modified PGFET sensors.

The real-time responses of the PGFET sensors to the different
aldehydes at room temperature were monitored from the
output voltage (Vout) of a dedicated electronic circuit.® In
processing signals from the cross-reactive PGFET array, we extracted
feature vectors through a discrete Fourier transform (DFT) process
for a supervised learning approach. The data set of feature vectors

Table 1. List of stationary phase materials applied for PGFET sensors. GC
general polarities Py, based on McReynolds constants from ref. 10.

Pgen
Sensor Stationary
Chemical structure in
No. phase
ref.10

Dimethyl poly CH,
siloxane I
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(silicone OV- I
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Polyethylene
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Diethylene e
R glycol "°\/‘\0/\/°Y\)‘\m
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s2 glycol 2353
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3300
succinate
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hydroxyethyl OH

s4 ethylene 3725
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diamine HO.

(THEED)
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were used for a machine-learning technique based on an algorithm
of random forests for classification of signal patterns to recognize
each aldehydic functionalized compound.

Fig. S1 and Fig. 1b show top view images of the FET sensor and
porous gate structure of s1 (See Table 1), respectively. We confirmed
the porous morphology of the Pt gate electrode, as shown in Fig. 1b.
Cross-sectional TEM images of the gate structure at scales of 10 and
200 nm are shown in Fig. 1c and Fig. S2, respectively. Furthermore,
we confirmed the formation of the as-designed gate structure with
the stationary phase layer sandwiched between the insulating layer
and porous gate electrode. Representative real-time responsive
measurements of the PGFET sensors to nonanal, hexanal, and
benzaldehyde are shown in Fig. 2. The regions highlighted in red are
the intervals during which the VOC analyte flowed. Exposure to each
analyte provoked a chemical gating effect in the PGFET sensors and
increased Vout in the circuit.® The response peaks of the PGFET
sensors were reversible and repeatable for exposure to the
aldehydes. Notably, each PGFET generated different peak patterns
including fingerprint information such as peak height, width,
kurtosis, response and recovery speed. Thus, the responsive
properties of the PGFET-based sensor could be tuned by selection of
the GC stationary phase material. The different peak heights
generated from each stationary phase-modified PGFET device at
room temperature are shown in Fig. S4.

The peak height from the silicone OV-1 modified PGFET (s1) at
room temperature was higher than those of the other three PGFETs.
We presume that this different response is caused by different
interactions between the VOCs and stationary phases owing to

Table 2. Aldehydes as VOC analytes and their concentrations.

vocC Gas-phase concentrations
Chemical structure
analyte (ppm)
[+]
Nonanal '\/\/\/\)J\,, 04,0.8,2
o
Hexanal /\/\)L‘ 4,7,13
H
o
Benzaldehyde @)\H 0.7,1,6
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Fig. 2. Representative real-time responsive measurements of the PGFET sensors
of s1-s4 to nonanal (0.8 ppm), hexanal (4 ppm), and benzaldehyde (1ppm).

polarity differences. The GC polarity based on McReynolds constants,
which is a polarity scale for classifying GC stationary phases,° could
be helpful for discussion of the responsive properties of stationary
phase-modified PGFET. The reported values!? of general polarities
Pgen calculated from McReynolds constants of the GC stationary
phases are summarized, as shown in Table 1. The Pg value of
silicone OV-1is much smaller than those of the other three stationary
phases. Therefore, at room temperature, hydrophobic interactions
of alkyl or phenyl groups in the three aldehydic compounds might
control their interactions with the PGFET modified with silicone OV-

This journal is © The Royal Society of Chemistry 20xx
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1, which has a relatively low GC polarity. To assist recognition of each
aldehyde by machine learning, feature vectors extracted in signal
processing were used to classify the peak patterns. For recognition
of nonanal, hexanal, and benzaldehyde the F-measure, which relates
to classification precision in the machine learning based on a random
forest algorithm, was 62.8%. If classification of peak patterns from
three aldehydes was conducted randomly, the classification
precision was 33.3%. More precise classification precision was
achieved in the stationary phase-modified PGFET sensing system.
Notably, this machine learning-assisted recognition was conducted
in three aldehydes that have similar chemical structures (Table 1).
Although the precision based on the array consisting of four
stationary phase-modified PGFETs in the preliminary work was low,
we expect that increasing the number of PGFET sensors and their
modification with various stationary phase materials might improve
recognition precision of gas-phase chemicals based on an intelligent
sensing system.

Conclusions

We report an intelligent sensing system consisting of cross-
reactive chemical sensor array based on a GC stationary phase
material-modified PGFETs. Each PGFET was modified with
silicone OV-1, PEG 4000, DEGS, or THEED. The devices
generated different response profiles owing to differences in
the interaction of the stationary phase materials and the
gaseous molecules. The sensing results indicate that the
response of the chemical-sensitive PGFET can be tuned by
selection of stationary phase materials. The data sets of feature
vectors, extracted through DFT calculations, from individual
PGFET sensor signals were applied in a supervised machine-
learning approach to classify signal patterns for recognition of
each aldehydic functionalized compound, namely nonanal,
hexanal, and benzaldehyde. Notably, all three aldehydes had
similar chemical structures. The classification precision for
recognizing each aldehyde might be improved by increasing the
number of PGFET sensors and data points. Long-term stabilities
of PGFET sensors and quantifications of gas-phase chemicals
should be tested for usability evaluations in future researches.
Because FET-based sensors can be fabricated by semiconductor
processes for miniaturization and large-scale integration on one
chip, the intelligent sensing system shows attractive potential
for compact electronic devices including mobile e-noses for
environmental monitoring toward /oT.
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