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ARTICLE INFO ABSTRACT

Organic field-effect transistors (OFETs) using polymer as the active layer are being intensively developed for
flexible electronics including gas sensor. The strategy of polymer blends comprising semiconducting polymer
mixed into an insulating polymer matrix has shown great potential in improving the electrical and sensing
performance of OFETs. Herein two semiconducting polymers of poly(3-hexylthiophene-2,5-diyl) (P3HT) and
poly(9-vinylcarbazole) (PVK) are used to construct a polymer bulk heterojunction, through exploring the at-
mosphere influence on device characteristics and NO, sensing performance of the transistors, an in-depth illu-
mination of the underlying sensing mechanism is carried out. Firstly, by using nitrogen (N,) and dry air as carrier
gases, the individual device characteristics and sensing performance under certain NO, concentrations are in-
vestigated. It can be observed that O, has a greater effect on the electrical performance than other atmospheric
components, which is different from the previous report of neat P3HT-based device. Specifically, at the high gate
voltage, the response of drain current under N, is more than 2 times higher than that under dry air, and the
mobility variation exhibits a 2-fold enhancement. In contrast, at a low gate voltage (0 V) under dry air, the
response is 2-fold greater than under N,. Then, the underlying sensing mechanism of these gas sensors consisting
of various P3HT fractions in different operating environment is discussed. Finally, the OFET gas sensor with a
high sensitivity to NO, under dry air is obtained, i.e., the highest current sensitivity is ~12381% for 15 ppm
with 50% P3HT, which is more than 30 times higher than that of pure one. This study on gas sensing mechanism
of OFET consisting of semiconducting polymer bulk heterojunction can offer novel inspiration to realize high
performance OFET and the corresponding gas sensor.
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1. Introduction

Nitrogen dioxide (NO,), one of the most common and detrimental
air pollutant oxidizing gases, is produced and released into the atmo-
sphere from vehicles and production processing [1]. It is linked with a
number of adverse effects on the respiratory system such as chronic
bronchitis, emphysema and respiratory irritation at low concentrations
[2,3]. Hence, the detection of this toxic gas is of great significance for
our daily life. Currently, there are many commercial schemes available
for NO, sensing, such as optical methods, which rely on the unique
optical fingerprints of NO, gas molecules, have the highest sensitivity if
ignoring their size and cost [4].

Meanwhile, OFET-based NO, sensors with different device
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architecture have achieved rapidly development [5-11]. For instance,
Wang et al. reported an ultrasensitive NO, sensor based on 6,13-bis
(triisopropylsilylethynyl) pentacene/para-sexiphenyl heterojunction,
sensitivity of over 1000%/ppm together with fast response/recovery
speed and a low limit of detection of 20 ppb was achieved [6]. Another
typical example was reported by Huang et al., through treating the
polymer-dielectric surface with UV-ozone, the sensitivity of copper
phthalocyanine-based NO, sensor increased 50 folds for 1 ppm NO, [7].
Moreover, the sensing performance of OFETs can be further optimized
by introducing heterojunction or hole-injection layer in organic active
layer [8-11]. However, the gas-sensing layers were mostly deposited
via vacuum thermal evaporation, which would limit further develop-
ment in the large area, low-cost and simple application.
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Solution processing of polymers has attracted more and more at-
tention in the field of organic electronics [12]. However, the polymer
tends to agglomerate instinctively. Hence, several approaches have
been implemented in improving the polymer-film quality including
choosing appropriate solvent, introducing dielectric treatment and op-
timizing deposition method [13]. Among them, the strategy of blending
a semicondcuting polymer with an insulating polymer has recently been
shown to exhibit reasonably high mobility, and often exceed the cor-
responding values measured in devices with pure semiconducting
polymer [14,15]. Moreover, when used to fabricate the OFET gas
sensor, the polymer blends can also create more interfaces to enhance
the adsorption of target gas [16]. In our previous study, after blending
with an insulating polymer of polystyrene (PS), the transistor with only
20% P3HT exhibited a comparable NH; sensing performance with that
of pure one [17].

It should be noted that previous studies on high performance NO,
gas sensors containing polymers were always electric-resistance type
and realized by mixing polymer with metal-oxide nanostructure, the
gas sensing performance was greatly improved due to the enhanced
surface to volume ratio, where polymer only functioned as a conducting
element [18,19]. Due to the depletion layer existing on the surface of
metal oxides, these sensors prefer being operated at oxygen-sufficient
atmosphere, and dry air was always introduced as the carrier gas to
dilute NO, [20-22]. In contrast, compared to H,O, when the polymer
functions as the active layer of OFET, it was reported that the atmo-
spheric O, had little effect on the electrical characteristics [23]. Zhou
et al. recently have investigated the effect of H,O on the recovery
characteristics and the corresponding ammonia detecting mechanism of
organic transistor [24]. However, until now the influence of atmo-
sphere on NO, sensing performance for OFET gas sensors based on
polymer bulk heterojunction consisting of two semiconducting poly-
mers is rarely studied.

PVK can increase the interaction interface and also adsorb oxygen
on the film surface like metal oxides [25]. Hence, in this work, PVK
mixed with a conjugated semicoducting polymer-P3HT to construct an
architecuture of bulk heterojunction is used as the active layer to fab-
ricate OFETs by solution process. To realize high-sensitivity NO, de-
tection, the OFET characteristics and sensing performance under dif-
ferent carrier gas atmosphere are studied by modulating the P3HT
weight fractions in polymer bulk heterojunction. Then, sensing me-
chanism underlying the influence of operating enviroment is discussed.
Finally, a highly-sensitive NO, gas sensor operated at the low gate
voltage under dry air is obtained.

2. Experimental
2.1. Materials

P3HT (Mw > 45,000, RR = 93%) was purchased from Lumtec
Corp., PVK (Mw = 1,100,000) and 1,2-dichlorobenzene were both
purchased from Sigma-Aldrich. All the above materials were used as
received without further purification. P3HT and PVK were dissolved in
1,2-dichlorobenzene at the same concentration of 10 mgmL~' and
vigorously stirred on a magnetic stirring plate overnight. Then these
two solutions were mixed according to a series of preset blending ratios
and consecutively stirred for 20 min to ensure sufficient mix.

2.2. Device preparation

Figure S1 depicts the schematic structure of the OFET gas sensor,
which is based on a common configuration of bottom-gate, top-contact
transistor. The device was processed according to the following pro-
cedure. Indium tin oxide (ITO) coated glass was used as both substrate
and gate electrode. Prior to the deposition of the dielectric layers, the
substrates were ultrasonically cleaned in acetone, deionized water and
isopropyl alcohol in sequence. PMMA, functioned as the gate dielectric,
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was spin-coated on the ITO substrate at room temperature (25 °C) and
baked in an oven at 90 °C for 2 h.

Subsequently, P3BHT/PVK blending solutions were spin-cast onto the
dielectric layer using an on-the-fly-dispensing spin-coating approach
(2000 rpm) [26], in which the solution was dispensed when the spin-
coater motor was already operating at a fixed rotation speed. The re-
sidual solvent was removed by drying the samples on a hot plate at
100 °C for 5min to construct the polymer bulk heterojunction active
layer. Finally, the source and drain electrodes of 50 nm gold (Au) pat-
terned with a shadow mask were thermally evaporated on the active
layer. The length and width of the conducting channel were 100 um and
10 mm, respectively.

2.3. Film characterization and sensor test

The morphologies of films were characterized by atomic force mi-
croscopy (AFM) (Agilent, AFM 5500) in tapping mode. The inner mo-
lecular packing structure was further analysed by UV-Vis spectro-
photometer (SHIMAZU UV-1700) measurements. The organic transistor
sensor was stored in an airtight test chamber (approximately 2.4 mL).
Dry air/N, and 60 ppm standard NO, (anhydrous) mixed at the preset
concentrations was introduced into the test chamber through a mass
flow controller. The electrical characteristics of all the devices were
measured with a Keithley 4200-SCS Source Measure Unit under am-
bient conditions.

3. Results and discussion

Fig. 1 and S2 depict the transfer characteristics of OFETs with
various P3HT mass fractions under different carrier gases. The electrical
performance of OFETs consisting of polymer bulk heterojunction ex-
hibits distinct variations compared with the pure one, especially the on/
off ratio and drain current (Ip). In line with previous reports on semi-
conductor/insulator blending system, all the OFETs with bulk hetero-
junction show a remarkable decrease in off-state current (I,g) and
subthreshold swing (SS), also an increase in field-effect mobility (1)
calculated in the saturation regime according to Eq. (1):

_ (WG TRy
Ips —( 2L )/«l(VG Vin) M

where Ips is the drain-source current, L and W are channel length and
width, respectively. C; is the capacitance per unit area of the dielectric
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Fig. 1. Square root of drain-source current versus gate voltage plots for the
indicated P3HT mass fractions at the given NO, concentrations with different
carrier gases. (a) Ny. (b) Dry air.

(room temperature, Vpg = —40V).
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Fig. 2. Variations of I, and u of the indicated P3HT mass fractions at the given NO, concentrations with different carrier gases (Vg = Vps = —40V). (a) Ny, Ip. (b)
Dry air, Ip. (¢) Ny, p. (d) Dry air, p.
layer, Vg is the gate voltage, Vy, is the threshold gate voltage. Oz(gas) = Oz(ads) 2
To evaluate the NO, sensing performance of these OFETs under B
different carrier gases, they were exposed to NO, for 5 min in a series of Oz(ads) + €~ = Oaaay) 3

concentrations ranging from 0.5 to 10 ppm with N, and dry air as the
background atmosphere. As shown in Fig. 1 and S2, it is obvious that
NO, sensing ability is not disrupted. Instead, all the devices with bulk
heterojunction show different degrees of enhancement in response to
the indicated NO, concentrations. Meanwhile, it should be noted that I,
shows an opposite shift when initially exposed to N, and dry air in the
case of 50% P3HT weight fraction, and the detailed variations of
electrical parameters are listed in Table S1.

Further, when the OFETs interact with various NO, concentrations
diluted by different carrier gases, the relative changes of I, and u were
calculated as shown in Fig. 2. The Y-axis represents the corresponding
percentage change. Overall, it can be clearly observed that the max-
imum response comes up in the device with 50% P3HT under any
carrier gas. All the devices with bulk heterojunction show much better
sensing performance when using N as carrier gas, which is diame-
trically opposed to the metal-oxide gas sensor. Upon exposure to
10 ppm NO,, the device with 50% P3HT changes its parameters in
302% of I and 99% of y under dry air atmosphere, while for the one
under N,, more significant changes in 726% of I, and 194% of u are
observed. The NO, response is enhanced by a factor of ~2.4 in I and
~2in p. For the low concentration, i.e., upon exposure to 0.5 ppm NO,,
both I and p increase by 2 folds than that under dry air. With a further
dilution of P3HT, when the P3HT weight is 10%, the I, change is 375%
under N, which is almost 4 times higher than the result obtains under
dry air, and p is also enhanced by 6.5-fold.

When the device is exposed to air, oxygen molecules will be ad-
sorbed on the surface of polymer bulk heterojunction and extract inner
electrons to generate chemisorbed oxygen species such as O, , as de-
picted in Egs. (2) and (3). In this study, all the fresh devices were in-
itially tested under ambient atmosphere, so oxygen would be adsorbed
on the surface.

116

The electron affinity of NO, is 2.30 eV, which is much higher than
that of O, (0.44 eV). Thus, once the device is exposed to NO,, the NO,
molecule could also intensively attract electrons due to its higher
electrophilic property, forming adsorbed NOyq4s), and it can also react
with the adsorbed oxygen. The reactions as Egs. (4) and (5) do exist in
both N, and dry air atmosphere. However, for the dry air atmosphere,
the high O, concentration will inhibit these chemical reactions (Eq.
(5)). As a result, the p-type doping effect of NO, is weakened. Hence,
the device using N, as carrier gas can obtain higher response than dry
air.

NOZ(gaS) +e - NO;(ads) (4)

NO:gas) + O3ads) = NO3(uas) + Oz(ads) 5)

It is worth noting that this phenomenon is different from the be-
havior of metal oxides-based NO, sensor. When operated at the high
gate voltage, it is possible that there may be no depletion layer induced
on the surface of bulk heterojunction. Moreover, as shown in Fig. S2,
the saturated drain current of device with 50% P3HT in N, is lower than
that in dry air, which is another crucial factor for the above phenom-
enon since the lower intrinsic current means higher percentage change
after exposing to NO,.

Meanwhile, it can be clearly observed that I« of the device with
50% P3HT measured under dry air is much lower than that under N,
(Fig. S2). It seems to imply that when the gate voltage is low, the re-
sponse may be enhanced. As depicted in Fig. 3, the response of I, shows
an obvious dependence on gate voltage. At 10 ppm NO,, when the
Vs = 0V, the response under dry air is more than 10000%, which is
nearly 2-fold higher than that under N5 (~5500%). Furthermore, as
shown in Fig. 3a, when increasing gate voltage from 0V to 20V, the
response under N, plummeted to ~100%, which is much lower than
that under dry air.
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to —40V). (a) Ny. (b) Dry air.

800

To explore the origin of the improving sensing performance at low
gate voltage, the film morphologies were studied by AFM. Fig. 4 depicts
AFM height images of the surface morphology of pure P3HT film and
bulk-heterojunction films, respectively. The larger area images of
20 um X 20 um were summarized in Fig. S3. As revealed by these AFM
height images, the surface roughness of the bulk-heterojunction films is
larger than that of the pure P3HT one. Meanwhile, obvious phase se-
paration can be observed (Fig. S3). It may be a direct consequence of
the interplay between liquid-liquid demixing and stratification during
the high-speed spin-coating process [27]. In particular, the morphology
of the film with 50% P3HT composes of protruding globular domains
(0.5-1 pm in diameter) randomly interspersed in the matrix. Based on
the reported phase diagram calculation and dynamic analyzation of
phase separation process, it can be primarily deduced that the bulk-
heterojunction films consist of PVK rich domains in which P3HT is
highly diluted and the other domains in which the semiconductor is the
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dominant species [28,29].

To acquire a further understanding of the inner thin film structure,
UV-Vis absorption spectra were measured and demonstrated in Fig. 5.
The aggregation of P3HT film can be well-characterized with its UV-Vis
absorbance peaks. When the absorbance is normalized, a stronger 0-0
vibronic transition peak (at ca. 610 nm) indicates a higher conjugation
length and increased planarization of the P3HT backbone [30]. As
shown in Fig. 5, the 0-0 vibronic transition peak becomes stronger with
the increasing weight fraction of PVK, which means that the conjuga-
tion length is gradually increasing.

Based on the above analysis of AFM and UV-Vis absorption spec-
troscopy, it can be observed that in the bulk heterojunction with 50%
P3HT, PVK is randomly distributed among the P3HT aggregates or
chains, in both horizontal and vertical directions. Since P3HT can
function as an ambipolar active material [31,32], when Vg = 0V, with
Vps changes from OV to —40V, the presence of electron transport
should not be ignored because the bias condition favours the accumu-
lation of electrons. When exposed to dry air, PVK adsorbs oxygen mo-
lecules, according to the reaction of Egs. (2) and (3), the oxygen will
interact with the electrons. As a result, the electron resistance of bulk
heterojunction increases, thus I« decreases (Fig. 6a). Since the oxygen
can form a charge-transfer complex with PVK [25], it can be postulated
that the adsorbed oxygen form a weak depletion layer at the low gate
voltage. As depicted in Fig. 6a, all the devices show similar sensing
properties, the output current exhibits a gradual growth with increasing
NO, concentrations. Although the output current of the device with
50% P3HT rises to the same level with that of 10% P3HT, it still has
much higher response due to the low intrinsic current. However, with
the dilution of P3HT, the conjugation length increases, in fact the
sensing performance depends on the p-type doping effect on P3HT,
hence even under the low gate voltage, higher response of the devices
with 10% and 20% P3HT bulk heterojunction occur under N, atmo-
sphere.

As the sensitivity is dependent on the gate voltage and fixed gate
voltage would benefit to focusing on the conducting channel, we study
the relative variation of I, along with Vpg (Vg = 0V). As shown in
Fig. 6b, the response increases with Vpg and then becomes saturated
and stable. The device with 50% P3HT needs higher Vps for conducting

42.7 nm

Fig. 4. AFM height images (5 um x 5um) of the films with different P3HT weight fractions.

(a) 100%. (b) 50%. (c) 20%. (d) 10%.
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when Vg = 0V. This can also prove that P3HT is not continuous along
the horizontal direction, the charge carrier needs higher voltage to
overcome the junction barrier. At Vps = —40V, the sensitivity of
blends with 50% P3HT achieves a ~12381% increase for 15 ppm at
Vg = 0V, it is more than 30 times greater than that of 100% P3HT. For
the low concentration detection, the device with 50% P3HT has a
~700% current gain when exposed to 0.6 ppm NO,, while the device
with 100% P3HT only displays a 16% enhancement. With a further
dilution of P3HT, the responses decrease to a certain degree but still
compare favourably with that of pure one. In addition, it can also be
found that the sensitivity of the device with 50% P3HT reaches its
detecting saturation at Vps = —10V, thus we suppose that this sensor
may also work well with the same response at Vps = —10V and
Vs = 0V, which can greatly reduce the power consumption.

To further demonstrate the sensitivity to NO, with 50% P3HT using
dry air as carrier gas, the real-time current response under different
NO, concentrations was monitored as shown in Fig. 7. The device had
been operated under dry air for 40 min before exposing to NO, to make
sure I reached a stable status, and each NO, pulse kept 10 min. This
dynamic test reveals that the device consisting of polymer bulk het-
erojunction can function regularly and can clearly distinguish NO, as
low as 0.3 ppm.

4. Conclusion

In this work, we exploited two different carrier gases of N, and dry
air to investigate the influence of the atmosphere on NO, sensing per-
formance of OFETs consisting of polymer bulk heterojunction. For the
high gate voltage, the adsorbed oxygen can weaken the response, and
the drain current variation under N, is more than 2 times higher than
that under dry air, and the mobility variation also possesses a 2-fold
enhancement than the result under dry air. On the other hand, for the
low gate voltage, when the P3HT weight fraction is 50%, a weak de-
pletion layer might be induced, leading to a low intrinsic current and a
2-fold greater response. Based on the mechanism discussion, high sen-
sitivity to NO, is ultimately realized, i.e., the highest current sensitivity
reaches ~12381% for 15 ppm (~700% for 600 ppb) with 50% P3HT,
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which is more than 30 times greater than that of pure one. Even more, it
can clearly distinguish NO, as low as 300 ppb. This study of mechanism
underlying the relationship between NO, sensing property and oper-
ating environment will provide a valuable reference to the performance
optimization of the OFET gas sensor. Additionally, the strategy of bulk
heterojunction based on two semiconducting polymers, together with
the advantage of simple wet-fabrication process, can offer novel in-
spiration to realize high performance OFET and the corresponding gas
Sensor.
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