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asthma attacks.[2] As per Occupational
Herein, the gas sensing characteristics of PDVT-10 organic ﬁeld-effect transistor
Safety and Health Administration (OSHA)
standards, 1 ppm is considered as the stan(OFET) devices are explored and integrated to build a compact analog-to-digital
dard exposure limit for NO2 (8 h). Despite
converter (ADC) gas detection system. The electrical characteristics of the
the fact that there exist ways to speciﬁcally
4
pristine PDVT-10 OFET exhibit Ion/Ioff ratio and threshold voltage as 10 and
identify the NO2 gas through different
12 V, respectively. Through the coating of a metal-organic framework (MOF) on
techniques, such as microelectromechanithe surface of PDVT-10, the Ion/Ioff improves by one order of magnitude
cal systems,[3,4] electrochemical,[5] optical
accompanied by signiﬁcant positive threshold shift measured around 4 V. MOF is
waveguides,[6]
solid-state
devices,[7,8]
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spectroscopic,
and
quartz
crystal
added as a pre-concentrating material, and the device exhibits excellent selectivity
[10]
microbalance,
there
is
still
a
dearth
in
and good sensitivity toward the target NO2 gas. Most of the reports available in
identifying the gas with utmost sensitivity
the literature generally focus on the gas sensing performance of individual
and selectivity. Recently, ﬁeld-effect transissensors, which does not have the potential to solve real-time sensing problems.
tors (FETs) are being tweaked into sensor
Hence, for the ﬁrst time, a fully integrated ADC system is designed with just two
conﬁguration due to many advantages,
OFETs. The integrated ADC system not only detects the NO2 gas with high
such as multiparametric analysis,[11–13]
complementary metal–oxide–semiconductor
sensitivity and selectivity but also generates a 5 bit digital output corresponding
integration
possibility,[14] and low-power
to different NO2 gas concentrations from 25 ppb to 1 ppm.
[15]
operability. The short channel lengths of
these devices allow them to be the most
suitable candidates for such detection, and
the sensitivity can be tuned up multifolds utilizing channel length
Oxidizing gas, such as nitrogen dioxide (NO2), is one of
reduction.[16] However, for some applications, where the process of
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Figure 1. a) 2D schematic illustration of the 3D-MOF/PDVT-10 OFET device with inset showing the SEM image of source and drain interdigitated
electrodes on Si/SiO2 substrate. b) SEM image of the 3D-MOF. c) Low-magniﬁcation and d) high-magniﬁcation ﬁeld emission scanning electron microscopy images of PDVT-10 thin ﬁlm on SiO2/Si substrate.

printed circuit board substrate to get a DUT. These DUTs were
plugged on homemade circuit board to quantify the different
gas concentrations with their equivalent digital bits.
By means of a scanning electron microscopy (SEM) image,
as shown in Figure 1b, the coating of the porous 3D-MOF crystallites was observed. The MOF layer on top of PDVT-10
will help in augmenting the surface area of the device.[17–20]

Moreover, the cross-sectional images, as shown in Figure 1c,
d, indicate the formation of a smooth and uniformly distributed
PDVT-10 layer of thickness around 23 nm on the surface of SiO2
(150 nm)/Si substrate. From Figure 2a,b, using the Tauc plot on
the UV–Vis spectrum, the corresponding bandgap energy of
PDVT-10 and 3D-MOF is measured around 1.415 and 1.2 eV,
respectively. Then, with the help of photoelectron spectroscopy

Figure 2. UV–visible–near-infrared characterization of a) PDVT-10 and b) 3D-MOF. PESA characterization of c) PDVT-10 and d) 3D-MOF materials.
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in air (PESA) measurement, as shown in Figure 2c,d, the valence
or highest occupied molecular orbital (HOMO) levels of PDVT10 and MOF are estimated to be around 5.07 and 5.42 eV, respectively. Due to low bandgap and high HOMO level of the materials, they tend to exhibit good semiconducting behavior and
ambient stability. To perform the electrical measurement studies, each DUT was connected to a holder in the chamber.[21]
As shown in Figure 3a, at VD ¼ 40 V, the transfer behavior
of the 3D-MOF-modiﬁed device was showing a signiﬁcant positive shift in threshold voltage and a 0.5 times increase in drain
current when compared with its pristine counterpart. It is important to note that the lifetime of the underlying PDVT-10 is good
and considered to be one of the stable organic semiconductor
materials.[22,23] Upon the addition of MOF, p–n heterojunction
is formed at the PDVT-10/MOF interface. Due to the high electron afﬁnity of MOF when compared with PDVT-10, conﬁrmed
with the help of ionization potential and energy bandgap results,
more electrons are attracted toward MOF leaving behind excess
holes in PDVT-10, thus essentially doping the PDVT-10 beneath
indirectly. The gas sensing behavior of the 3D-MOF-modiﬁed
OFET device was explored. As shown in Figure 3b, a signiﬁcant
shift in both threshold voltage and drain current toward different
NO2 gas concentrations was observed. The changes in both
subthreshold swing and current ratio with respect to different
gas concentrations are presented in Figure 3c. It was noted that
the DUT was showing linearity for the NO2 gas concentration
range of 25 ppb–60 ppm, where 25 ppb is the experimental limit
of detection of the device at room temperature.[24] When
compared with other reported state-of-the-art FET-based NO2
sensors, our device has exhibited excellent sensitivity, good
sensing reproducibility accompanied with good stability against
humidity, and ambient conditions.[23] The good sensing response

is attributed to the highly porous nature of MOF and the dominant
interaction between the target NO2 molecules and the amine
groups in the PDVT-10 channel region. To use these sensing
OFETs as circuit elements, they need to be encapsulated to avoid
any interaction with analytes or humidity. Thus, the pristine
PDVT-10 OFET was coated with a parylene-C of 1.5 μm thickness
through the room-temperature chemical vapor deposition process to obtain Device-3. As shown in Figure 3d, about 0.5 mA
drain current reduced with the introduction of parylene-C on
top of PDVT-10. In addition to this, the encapsulated device
exhibited a negligible response toward NO2 gas. It is important
to note that, achieving a good sensing performance of a single
sensor alone is not sufﬁcient, but we need to deploy it into a
smart integrated readout circuit system to use it for real-time
applications. By considering this, in the past decade, many
researchers have proposed different readout circuit conﬁgurations to convert the analog gas response to digital information.
For instance, Imblum et al.[25] designed the differential circuit
conﬁguration with the help of detector and compensator sensing
circuit elements, and these elements were controlled by programmed current controllers. The output of the sensing elements was connected to ﬁlters and comparators to display the
digital gas concentration information. Using a similar conﬁguration, Hagleitner et al.[26] improved the accuracy of the detection
system by integrating gas sensors working in three different
transducer techniques, such as mass sensitive, calorimetric
mode, and capacitive mode. The major problems with the
above-proposed solutions are poor sensor performance, high
power consumption, and usage of additional compensator sensing elements. Some of those problems were solved by proposing
a single sensing element approach driven by voltage divider conﬁguration and a microprocessing unit.[27] Furthermore, Gilda

Figure 3. a) Transfer behavior of pristine and 3D-MOF-modiﬁed OFET device. b) Transfer behavior and c) transistor parameters toward different gas
concentrations. d) Transfer behavior of pristine and parylene-C encapsulated OFET device.
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et al.[28] proposed an e-nose explosive detector system by a
smart combination of the sensor in a wheatstone bridge conﬁguration with a lock-in ampliﬁer, analog-to-digital converter,
and digital display module. The major challenge is the integration of the developed readout circuit in the form of a system
on-chip. Furthermore, in recent years, few research groups
have reported the OFET-based sensing circuits for sensing
various toxic analytes, such as NO2, amine, and xylene.
However, there still exists a dearth in these systems in terms
of low-power consumption, reduced chip area, and direct concentration-to-digital conversion. The reported circuit addresses
the need for an additional analog-to-digital conversion block
that quantiﬁes the gas concentrations into digital bits and is
power-efﬁcient.[29]
Hence, for the ﬁrst time, a novel two OFETs-based analogto-digital converter (ADC) system is proposed for quantifying
the different concentrations of target gas into digital bits.
The schematic of the proposed ADC circuit is presented in
Figure 4a. The proposed circuit includes two blocks. The ﬁrst
block is the cascode connection of the parylene-C encapsulated
transistor (Device-3) at the bottom and the 3D-MOF-modiﬁed
transistor (Device-2) at the top acting as a current controller
and gas sensor, respectively. As shown in Figure 4a, gate and
drain electrodes of Device-2 are biased at 20 V to operate in
saturation mode under diode conﬁguration condition. Followed
by this, the gate voltage of Device-3 was tuned over a wide range

of voltage from 7 to 25 V values in ﬁve-step intervals to
control the drain current ﬂow in the cascode branch after
the target gas exposure. The change in current ﬂow in the
branch will, in turn, induce the change in output voltage. This
output voltage was fed to the second block of the proposed
ADC system. In the second block, the inverting operation
ampliﬁer was used to function as an inverter to convert the
output voltage from the ﬁrst block into digital bits. Before testing
the integrated ADC circuit, we have explored the selectivity
nature of the 3D-MOF-modiﬁed OFET sensor. As shown in
Figure 4b, the OFET Device-2 was exhibiting good selectivity
toward NO2 gas among other oxidizing gases and humidity
(65% relative humidity). Hence, we have tested the ADC performance of the PDVT-10-based OFET devices toward the target
NO2 gas.
Figure 4c shows the graphical representation of output
digital bits with respect to the change in gas concentration.
The transient analysis was performed by exposing the ADC
system toward a wide range of NO2 gas concentrations from
25 ppb to 1 ppm, as shown in Figure 4d. The gate voltage range
of Device-3 was optimized to generate the digital bits for the
concentrations from 25 ppb to 1 ppm in a short period. Under
the inert N2 atmosphere, the base output voltage of the ﬁrst block
was observed around 4.95 V, and the same was applied as the
reference voltage to the operational ampliﬁer. With the gas
exposure, due to the change in threshold voltage and drain

Figure 4. a) Schematic illustration of the PDVT-10 OFET-based ADC circuit system. b) Selectivity study of the 3D-MOF/PDVT-10 OFET device.
c) Relation between the ADC generated digital bits and the corresponding gas concentrations. d) Transient analysis of the integrated ADC system toward
different gas concentration levels.
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current of Device-2, the output voltage of the ﬁrst block increased
with the gas concentrations. When this output voltage surpassed
the reference voltage level of an op-amp, then the ADC system
will generate a “1” bit. For instance, when the ADC system was
exposed to 25 ppb NO2 gas for 3 min, the output voltage slowly
increased and crossed the 4.95 V benchmark. This action led
to the generation of bit “1” in the output. Subsequently, the
gate voltage of Device-2 was increased, and we can observe
that the output voltage was going below the base value and,
hence, resulted in a “0” bit. Therefore, the digital 5 bit
equivalent for the 25 ppb gas is “10 000,” as shown in Figure 4d.
Subsequently, the ADC system was exposed to different gas
concentrations, and the corresponding digital bits were extracted
and plotted in Figure 4c. The resolution (number of bits) of the
ADC can be easily conﬁgured by changing the number of input
gate voltage steps. From the result, it is clear that our novel
organic transistor-based ADC system is ﬁrst of its kind to successfully generate thermometer code digital bits for the NO2
gas concentrations down to 25 ppb.
In summary, the used PDVT-10 and 3D-MOF materials
have shown good ambient stability. With the coating of
3D-MOF on the surface of the PDVT-10 OFET platform, a signiﬁcant increase in drain current accompanied with positive shift
in threshold voltage is observed. Upon gas exposure from 0 to
50 ppm, around six orders of magnitude decline in current
ratio and 250% improvement in subthreshold swing are
observed. For the ﬁrst time, we have successfully demonstrated
that our detection system can generate 5 bit digital information
for the wide range of NO2 gas concentrations from 25 ppb
to 1 ppm.
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