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Abstract

A sub-ppm-sensitive nitrogen dioxide (NO;) sensing circuit with improved humid air
stability was realized incorporating UV-ozone treatment on a poly(bisdodecylquaterthiophene)
(PQT-12)/polystyrene (PS) blend film. The circuit consisted of a pair of organic field-effect
transistors (OFETs) in series, one OFET with and one without this treatment.  In contrast to
most previous OFET sensors, the readout was obtained from the voltage V.. at a point between
the OFETs. The circuit showed a low detection limit (200 ppb) towards NO,, and greatly
reduced voltage drift in the humid environment compared to the current drift of the circuit or
the individual OFETs because of the balance of conductance drifts on either side of the readout
point, which differs from the existing OFET based sensors. By using Vou as the detection
parameter, the sensitivity of the circuit approaches 25% and 400% for NO, concentration of
200 ppb and 20 ppm, respectively. Moreover, the Vo is substantial enough to be easily
measured by a voltmeter, which could remove the need for complex equipment (semiconductor
analyzer system) for the sensing test. We thus demonstrate a simplified approach to stabilized

OFET circuits that could be used in printable, flexible or wearable sensors.
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For the past few decades, organic field-effect transistors (OFETs) have attracted tremendous

attention as they hold advantageous properties for a variety of applications ranging from



flexible electronic papers, flat panel displays, and various physical and chemical sensors.!”’
Thanks to their biocompatibility, inherent amplification, low power requirement, and low-
temperature processing and operating conditions, OFETs have showed qualitative advantages
over the inorganic counterparts.® During the past few years, there has been a notable
acceleration in the development of organic logic circuits, such as inverters,’ shift registers,'°
comparators,!! amplifiers and so on.'?!'* Their applications in organic electronics have been
recognized as a key enabler for the internet of things (IOTs) as part of the ‘Fourth Industrial
Revolution’.!> Moreover, due to their materials characteristics and device structure, OFET-
based organic integrated circuits can offer powerful and unique functionalities in chemical-,
physical-, and bio-sensors, which provide the foundation of widespread application in both
health and environmental monitoring.'®!”

Great efforts have been made to enhance the performance of OFET based sensors, either
based on single OFET devices or logic circuits, especially via material synthesis, device designs,
physical measurements and theoretical understanding.'®?* Li et al. introduced sulfurs into the
side chains of poly(bisdodecylquaterthiophene) (PQTS-12), resulting in the increase of traps in
the organic film and decrease of the domain size, both of which could contribute to the higher
sensitivity to NO,."® Huang et al. used p-type and n-type materials to construct OFET sensor
arrays. Owning to the exhibited opposing responses towards a variety of gaseous analytes, the
sensor arrays showed different magnitudes and response directions upon exposure to analytes
of different basicity, acidity and polarity.>* Bao et al. designed a microstructured PDMS
dielectric in field effect transistors, resulting in highly flexible monolithic transistor devices
with excellent pressure sensitivity.?> Seo et al. systematically investigated the effects of grain
boundary density on the gas sensing properties; the increased grain boundary density of organic

semiconductor is beneficial for enhancing responses of OFET gas sensor.?

With recent widespread increases in economic activity have come corresponding increases
in the combustion of fossil fuels that release toxic gases to the atmosphere.?’ Nitrogen dioxide,
known as one of the dangerous fossil fuel emissions during combustion, has been shown to

have negative effects on health, including edema, nose and throat irritation. Furthermore, NO,



is an important factor in the formation of acid rain and photochemical smog.?®

However, despite their advantages in the sensing area, the stability of the OFET based gas
sensors still needs further improvement, especially under a humid environment. It was found
that water molecules in humid environments can diffuse into the semiconductor layer and/or
the interface between the semiconductor and gate dielectric, where they create both donor- and
acceptor-like traps, leading to significant degradation of device performance, manifest as
decrease of on-current and mobility.?’ For a p-type NO» sensor, the presence of NO, will lead
to the higher on-current and mobility, which conflicts with the humidity influence, leading to
unreliable sensing results. Moreover, laboratory demonstrations of OFET-based gas sensors
usually need very complex high-tech equipment, disfavoring their widespread application in
practical daily application.

Herein, we describe an OFET-based humidity-stabilized logic circuit, a simple strategy to
achieve improved NO> sensing performance. Besides the normal electrical parameters (source-
drain current, mobility, threshold voltage), we also employ Vo in a drift-compensated unipolar
series circuit to determine the gas sensitivity. By using Vo as the detection parameter, the
sensitivity of the circuit approaches 25% and 400% for NO, concentration of 200 ppb and 20
ppm, respectively. (The United States government exposure limits are approximately 200 ppb
and 1 ppm for long and short term exposure, respectively.) As an operational simplification
over our recent publication on stabilized sensing circuits,*® the configuration reported here does
not require illumination to achieve stabilization or improved signal-to-drift ratios. We thus
demonstrate a more straightforward approach to stabilized OFET circuits that could be further

developed for printable, flexible or wearable sensors.

Results and Discussion

Figure 1(a) shows the schematic structure and the diagram of the OFET-based circuit. OFETs
consisting of 10 s UV-ozone treated PQT-12/PS blend film are defined as device A, while the
untreated OFETs are defined as device B. According to our previous research, UV-ozone treatment
is expected to induce functional groups on the surface of polystyrene (PS) film, and the generated
functional groups hold the ability to absorb NO; analyte, which is essential for achieving

ultrasensitive sensors.*!*> Meanwhile, our experiments also showed that PQT-12 based OFET



devices were not affected by the UV-ozone treatment; both the device performance and the
sensing performance remained unchanged. Thus, a PQT-12/PS blend system was chosen to
make devices, and the blend film was exposed to the UV-ozone treatment prior to the electrode
fabrication.

As shown in Figure 1(a), devices A and B are connected as a logic series circuit and share the
same gate electrode. The typical transfer characteristics of the OFET devices and circuits are tested
at a driving voltage (Vpp) of -40 V and the gate voltage (Vg) of 20 to -40 V. The output

characteristics are tested under a Vpp of -40 V and a Vg of 0 to -40 V at a step of -10 V.
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Figure 1. (a) Schematic structure and diagram of the OFET based circuit. (b) The chemical structure of
PQT-12 and PS

The effect of UV-o0zone on the electrical performance of the individual OFETs is illustrated
by the typical output curves shown in Figure S1 in the Supporting Information. The OFETs
show expected p-channel linear and saturation regime characteristics. Moreover, the decreased
on-current, mobility and the shift of threshold voltage also indicate that the I-V transfer
characteristics are strongly affected by the UV-ozone treatment. Compared to device B, the on-
current of device A decreased from 2.1x10% A to 5.9x10® A, the threshold voltage shifted from

-4V to -10 V, and the mobility decreased from 9.5x10 cm?/Vs to 7.0x10* cm?/Vs.
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Figure 2. Sensing response of the devices (a)with 10s UV-ozone treatment and (b) without UV-
ozone treatment towards different NO; concentrations.

These types of individual OFETs were exposed to NO- in the test chamber at various
concentrations ranging from 200 ppb to 20 ppm. Figures 2(a) and 2(b) show the sensitivity (S)
of device A and device B as a function of NO, concentration at room temperature; the exposure
time of each concentration was 3 min. The sensitivity is calculated by the formula S = (Ino»-
Tair)/Iair x 100%, where Ino» is the drain current after exposure to NO», and Iai is the drain
current before exposure to NO;. At the concentration of 200 ppb NO, the sensitivity of a UV-
ozone treated device is 93%, which is nearly 15 times higher than the device without UV-o0zone
treatment. The mobility increases to 8.3x10 cm?/Vs, an increase of 20%. In contrast, without
UV-ozone treatment, the sensitivity at 200 ppb is only 6.4%, and the mobility only shows a 2 %
increase. At a higher concentration of 20 ppm NO, the sensitivity of the UV-ozone treated
device is about 1280 %, while the device without UV-0zone treatment is only 118 %, and their
mobilities have increases of 360 % and 43 %, respectively. As reported in the literature, after
UV-ozone treatment, large densities of oxygen-containing species were introduced onto the
surface of the organic semiconducting film, which induced some newly generated functional
groups, such as C — O, C=0, and O — C=0.73! These functional groups can efficiently adsorb NO»
via hydrogen bonding or van der Waals interactions; thus, more charge carries are induced in the
channel between source and drain electrode, leading to the drastic increase of the on-current and

mobility.*



OFETs based on pure PQT-12 films were also fabricated to investigate the influence of UV-
ozone treatment on PQT-12. According to the results shown in Figure S2a, the electrical
performance of the pure PQT-12 devices shows almost no change with or without 10 s UV-ozone
treatment. To further illustrate the influence of UV-ozone treatment, each of two devices were
exposed to certain concentrations of NO; for 3 min. As shown in Figure S2b, the two devices show
almost the same response to NO,, which means that 10 s UV-ozone treatment barely affected the
PQT-12 materials. Moreover, to illustrate the instinct reason of the different sensing response,
the morphology of the PQT-12/PS blend film (with or without 10 s UV-Ozone treatment) was
characterized with atomic force microscopy (AFM) (Bruker, Dimension 3100) in tapping mode.
As shown in Figure S3, PQT-12/PS blend film without 10 s UV-Ozone treatment exhibits a
smooth surface with a root mean square (RMS) of 0.593 nm, and the RMS of the film with 10s
UV-Ozone treatment is 0.632 nm. There is almost no change of the surface roughness since we
only carry out 10 s UV-Ozone treatment. Thus, we can assume that the excellent sensing
performance of device A was attributed to the newly generated functional groups in PS.

Since the PS-blended devices with and without UV-ozone treatment showed very different
sensitivities towards NO,, their connection in a logic series circuit leads to the reassignment of
the voltage drops across them on exposure to NO,, shifting Vou. Furthermore, for the UV-ozone
treated device, the conductance increase resulting from exposure to NO; is much larger than the
conductance decrease (drift) induced by humidity, even at a lower NO» concentration of 200ppb,
which can be seen from Figures 2 and S4. The downward drift from humidity is about 35%
(RH~75 %), but the upward conductance response in 200 ppb NO is over 80 %. For the untreated
device, the downward drift is around 20% in humid environment (RH~75 %), and the conductance
increase from 200 ppb NO- is a negligible 6.4 %. Thus, the Vo response from NO: is relatively
stabilized even in a humid atmosphere. This is in contrast to a current response to NO», which would
be diminished by the current degradation caused by humidity. A possible further degradation in

response could be caused by the chemical reactivity of the combined adsorbed NO, and water.
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Figure 3. (a)lps and (b) Vo of the logic series circuit when exposed to different NO, concentrations;
(c)Percent change of Vo, and Ips when exposed to different NO> concentrations.

Table 1. Percent Vo, and Ips change of the logic series circuit when exposed to NO,

0.2 ppm 0.5 ppm 1 ppm 2 ppm S ppm 10 ppm 20 ppm
Vou  23.1+3.4 65.3+6.7 128+15 183+19 252+13 328+13 392417
Ips 34.1+6.9 99.5+9.1 198+13 292+11 380.+11 475429 579+24

As shown in Figure 1, the two kinds OFET devices were connected in series circuits. The
circuits were tested for 20 cycles to verify the stability of both the on-current and the V. under
ambient air, as shown in Figure S5, Then the response towards NO, at concentrations ranging
from 200 ppb to 20 ppm were systematically investigated (3 min for each concentration), as
shown in Figure 3 and Table 1. The Ips showed a response of 35% under 200 ppb exposure,
and 580% under 20 ppm exposure. At 200 ppb, Vou increased from 2.09 V to 2.61 V, which is

about a 24% increase. With the increase of NO, concentration, we see the continuous response



of Vou, and at 20 ppm, Vou finally reached 10.40 V, that is nearly 400% change. Even though
the percent change of V. is not that large, it is still comparable to the change of Ips, with the
added advantage that series circuit effectively decreased the influence of background drift,
which usually results from the instability of the OFET devices. Finally, by utilizing this kind of
logic series circuit, we were easily able to use a common voltmeter to directly read the Vo, and
detect 200 ppb NO,. Additionally, the hysteresis of the transfer characteristics also shows
obvious change during the exposure to NO», and it becomes larger along with the increase of
NO; concentration. One possible mechanism is that the observed hysteresis may due to the
desorption of NO> molecules during the reverse sweep. Another is that charges induced

by NO; may also equilibrate to bias voltages and cause bias stress.
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Figure 4. (a)lps and (b) Vo of the logic series circuit when exposed to humid environment for 10 min.

(c) Percent change of Ips and Vo, under humid environment.

Moreover, compared to a single OFET-based gas sensor, our logic circuit showed markedly

improved stability while working in a humid environment because of the decreased influence



of the background drift. To demonstrate this, a very wet tissue was put into the test chamber to
create a highly humid environment. The single OFET devices were put inside to test their
humidity-induced drift by testing their transfer characteristics every 120 s. After 10 min, the
relative humidity finally reached 75%. As shown in Figure S4, both devices showed decrease
of on-current and mobility and shift of the threshold voltage. Water molecules can diffuse into
the semiconductor layer and/or the interface between the semiconductor and gate dielectric,
where they create both donor- and acceptor-like traps, leading to significant degradation of
device performance, manifest as decrease of on-current and mobility.** Such devices would not
be practical for use as gas sensors to test unknown quantities of analytes in high humidity
because of the unreliability of measured parameters, However, after connecting these two
devices in a logic series circuit, because the two devices showed similar decreases in electrical
conductance, there is no obvious the reassignment of the voltage drop, leading to a stable Vo
under humid environment. As shown in Figure 4, after being tested in the humid environment
for 20 cycles (tested every 30 s, RH increased from 15% to 75%), the Ips has a decrease of 21%.
In contrast, there is almost no change for the Vo, which means that this logic series circuit can

suppress the interference of water molecules during the test.
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Figure 5. After being exposed to humid environment, (a)lps and (b) Vo of the logic series circuit when

exposed to different NO, concentrations; percentage change of (c) Vo and Ips when exposed to different

NO; concentrations.
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Table 2. After being tested in the humid environment, percent Vo, and Ips change of the logic series

circuit when exposed to NO,

0.2 ppm
Vou  20.1£3.4
Ips 18.0+3.1

0.5 ppm 1 ppm
59.3+9.1 103+9
59.9+8.7 110+10

2 ppm 5 ppm
14045 174+11
176+20 231+17

10 ppm
203+8

300+13

20 ppm
235+12

356+11

Furthermore, after being stored in the humid environment for 10 min, the sensitivity of the

above circuit towards NO, was tested. As mentioned above, the circuit was exposed to various

concentrations of NO, ranging from 200 ppb to 20 ppm, and the result is shown in Figure 5

and Table 2. We still get the obvious response of Ips and Vo, at 200 ppb; the Ins showed a

response of 20% under 200 ppb exposure, and 360% under 20 ppm exposure. At 200 ppb, Vou

increased from 2.5 V to 3.1 V, which is about a 24% increase. With the increase of NO»

concentration, we see the continuous response of Vou, and at 20 ppm, Vo finally reached 8.6

10



V, that is nearly 250%. The percentage change of Vou is still comparable to the change of Ips.
Moreover, the Ips of the devices showed decrease under humid environment and then increase
upon NO» exposure, which may lead to the misunderstanding of the gas detection, while for the
logic series circuit, the Vo, remains stable under humid environment and then showed the
increase upon NO, exposure. The results above demonstrate that by utilizing two devices as a
logic series circuit, we can obtain a much more reliable detection result than the common OFET
drain current-based sensor.
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Fig. 6. Real-time Ips and V. responding to different NO» concentrations.

Figure 6 shows five cycles of the real-time Ips and Vo responding to the dynamic switches
of 5 ppm NO:. The experiments were programmed as follows: 180 s of exposure and subsequent
420 s of dry air purge. Both the Vg and Vpp were — 40 V. As shown in Figure 6, both the Ips
and V.u show obvious responses to NO, gas exposure; both parameters increase dramatically
for every single cycle. For example, during the first cycle, the Ips and Vo increase 69% and
54 %, and for the second cycle, Ips and Vi showed increase of 61% and 46%, and there is
almost no obvious decay for the same concentration exposure, indicating that the circuit shows
very good absorption and desorption of NO,. Although the recovery of the circuit was not
complete on the measurement time scale, it could be made so with mild heating or active
treatment with a more inert vapor. Meanwhile, the circuit still shows very fast response and

holds the ability to detect a low concentration NO,.
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In addition to the response of fresh devices, the environmental stability under ambient
atmosphere is another key parameter to the practical application of the sensor devices. As
shown in Figure S6, after being stored in air for 2 weeks, there is a slower drift of the logic
series circuits. The Ips of the air stored devices showed a response of 41% under 200 ppb
exposure, and 361% under 20 ppm exposure. At 200 ppb, Vou increased from 2.57 V to 3.29 V,
which is about a 28% increase. With the increase of NO, concentration, we see the continuous
response of Vou, and at 20 ppm, Vou finally reached 8.34 'V, that is nearly 225% change. The
result showed that our device can still work after being stored in ambient atmosphere for 2
weeks.

The sensing selectivity of the logic series circuits towards 5 ppm sulfur dioxide (SO>),
ammonia (NH3) and hydrogen sulfide (H»S) were also investigated. As shown in Figure S7,
the response towards SO, is much lower than that of the NO,, which can be attributed to the
lower electron affinity of SO,. When the logic series circuits were exposed to NH3 and H,S,
there is a substantial drift toward lower Ips and Vo for both two gases. The sensing response
towards NO, the percent change of V. is not that large, but it is still comparable to the change
of Ips when exposed to different gases. Moreover, the logic series circuit effectively decreased

the influence of background drift, which usually results from the instability of the OFET devices.

Conclusion

In summary, by combine two different OFETs together, we have successfully fabricated
an OFET-based circuit that showed very high sensitivity and very low detection limit (200 ppb)
towards NO». By utilizing this logic series circuit, we have introduced Vou to be considered as
another important electrical parameter to determine the gas sensitivity. Moreover, by measuring
the Vou of the logic series circuit, the gas sensors can be operated with a common voltmeter
instead of complex semiconducting equipment. Furthermore, this circuit showed unusual
stability towards humid environment (RH~ 75%), and could suppress the interference of water
molecules while working as a gas sensor. T represents a significant step toward OFET-based
gas sensors precisely detecting NO, under such a high humidity. By using Vo as the detection

parameter, the sensitivity of the circuit approaches 25% and 396% for NO; concentration of
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200 ppb and 20 ppm, respectively. Thus, we believe that this present strategy can be utilized
for the application of low-cost, simple structure, easy operate OFET-based gas sensors with

high performance and excellent stability.

Experimental Section

Device Fabrication:

Firstly, heavily doped silicon substrates were kept in piranha solution (a 1:3 mixture
of 30 % hydrogen peroxide and sulfuric acid) overnight, followed by ultrasonicating in
DI water and isopropanol for 15 min each. After that, the substrates were treated with
HMDS. Finally, hexane and isopropanol (ultrasonicating for 15 min each) were used to
clean the HMDS-treated substrates. PS (Mw ~ 192,000) was purchased from Sigma-
Aldrich and PQT-12 was synthesized by Hui Li. Both the two materials were dissolved
in chlorobenzene with a concentration of 8 mg/mL. Before spin-coating the organic
semiconductor films, PS and PQT-12 solutions were filtered through PTFE syringe
filters (pore size 0.45 um), then the two solution were mixed together (1:1) and stirred
overnight. The mixed solution was spin-coated onto the substrates at a speed of 2000
rpm, after that, the devices were further thermally treated on a hot plate in the glove
box at 120 °C for 20 min to remove solvent residue. Prior to the deposition of electrode,
some of the blend semiconductor film were exposed to UV light of 185 and 254 nm
(Jelight UVO-Cleaner, model 18) for 10 s. Then 50 nm gold (Au) was thermally
deposited as source and drain electrodes on the semiconducting film using shadow
masks under 3x10° Torr at a rate of 0.4 A/s. Finally, the circuits were completed by
connecting the two kind of transistors via Gallium—Indium eutectic (Sigma-Aldrich).
Device Characterization and Sensor Evaluation:

The electrical characteristics of OFET devices with different dielectrics were
measured on a custom vacuum probe station using Keithley 4200 source meter
(Tektronix) at room temperature (20 °C). The hole mobility was calculated in the

saturation region according to the equation below:

w
IDSZZCUM(VGS_VFH)Z (1)
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where W (1.1 cm) and L (200 um) are the channel width and length, and /ps is the drain-
source current, respectively. C; is the capacitance per unit of the dielectric, and Vs is
the gate voltage. For the sensing test, the OFET based device was stored in the chamber
of the vacuum probe station. Various concentrations of NO; were prepared by mixing
dry air and 50 ppm standard NO>, controlled by a mass flow controller. As for the
humidity test, a wet tissue was stored in the test chamber to increase the humidity, and

the relative humidity was measured by a hygrometer.

Supporting information. The following file is available free of charge. Supporting
Information for Fan: Output curves of the PQT-12/PS based OFET devices; output
curves of the pure PQT-12 based OFET devices; nitrogen oxide sensing response of the
pure PQT-12 based OFET devices; AFM images of the blend film; humidity sensing
response of the pure PQT-12 based OFET devices; stability test of the logic circuit under

20 cycles test; stability of the logic circuits in air; selectively of the logic circuits.
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