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ABSTRACT: Over the past decades, organic field-effect
transistor (OFET) gas sensors have maintained a rapid
development. However, the majority of OFET gas sensors
show insufficient detection capability towards oxidizing gases
such as nitrogen oxide, compared with the inorganic
counterpart. In this paper, a new strategy of OFET nitrogen
dioxide (NO2) gas sensor, consisting of poly(3-hexylthio-
phene-2,5-diyl) (P3HT) and poly(9-vinylcarbazole) (PVK)
blend, is reported. Depending on the gate voltage, this sensor
can operate in two modes at room temperature. Of the two
modes exposed to NO2 for 5 min, when the gate voltage is 0 V,
the highest NO2 responsivity of this OFET is >20 000% for 30
ppm (≈700% for 600 ppb) with the 1:1 P3HT/PVK blend, it
is ≈40 times greater than that with the pure P3HT. The limit
of detection of ≈300 ppb is achieved, and there is still room for improvement. While in the condition of −40 V, the response
increases by 15 times than that with the pure P3HT. This is the first attempt to improve the OFET sensing performance using
PVK, which usually functions as a hole-transport layer in the light- emitting device. The enhancement of sensing performance is
attributed to the aggregation-controlling and hole-transporting/electron-blocking effect of PVK. This work demonstrates that
the hole-transport material can be applied to improve the NO2 sensor with simple solution process, which expands the material
choice of OFET gas sensors.

KEYWORDS: NO2 gas sensor, polymer blend, organic field-effect transistor (OFET), room temperature,
poly(3-hexylthiophene) (P3HT), poly(9-vinylcarbazole) (PVK), gate control

1. INTRODUCTION

Nitrogen dioxide (NO2), as one of the main substances of acid
rain and photochemical smog, has drawn great attention
considering its hazardous effects on humans. However, with
the development of modern society, a large amount of NO2
has been emitted into the environment from vehicles and
production processing.1 Furthermore, NO2 may cause a serious
damage to the human respiration system, even under a low
concentration of exposure.2 Thus, it is urgent to develop a kind
of gas sensing device, which can function at room temperature
and detect NO2 at low concentration with high response and
excellent performance. Among all kinds of gas sensors, because
of their advantages in terms of variety of materials, simple
fabrication, low cost, and room- temperature operation,
organic semiconductor gas sensors have attracted considerable
attention and developed many kinds of gas sensors with
different device structures.3,4 As one kind of them, research on
organic field-effect transistor (OFET) gas sensors has been

expanding by leaps and bounds over the past decades, because
it combines both the signal amplification of a transistor and all
the advantages of the organic semiconductor.5,6 By reasonable
optimization, they can detect various kinds of analytes,
including gases (such as NH3 and NO2), chemicals (such as
ethyl acetate, ethylene, and acetone), and bio-molecules.7−12

Nearly a dozen years, many works have been done to explore
the NO2 detection application of OFET,7,8,13,14 but few papers
pronounced commensurate response compared to sensors
based on metal oxide, carbon nanotubes, and 2D materi-
als.15−19 By optimization of a pentacene submonolayer, Mirza
et al. realized an excellent OFET NO2 sensor, including high
sensitivity, good selectivity, and excellent reproducibility.20

Another much handy method was developed by Huang et al.7
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With a simple, low-cost UV−ozone treatment of the gate
dielectric surface, the OFET exhibited ultra-high sensitivities
and good selectivity. These works represented two main
strategies for improving the performance of the OFET gas
sensor: Tailoring the organic semiconductor film structure and
modulating the semiconductor/dielectric interface.21,22

Through these strategies, we can optimize the gas
adsorption/desorption/diffusion and some other interactions
between NO2 and the semiconductor. As a result, the channel
current as one kind of gas response output will be changed
significantly.23

The mechanism responsible for the channel current change
can be attributed to the interaction between the organic
semiconductor and NO2. In terms of p-type OFET, when
exposed to NO2, the hole traps in the channel can be mediated,
and additional holes will be released to the channel, thereby
the current increases.24 We can transform the key point of the
high response to how to extract the change of holes efficiently.
This demands the NO2 sensitive active layer can have the
capacity to accumulate and transport all the indicated holes to
the conducting channel. To obtain a high relative response,
restraining the effect of electrons should also be considered to
improve the signal to noise ratio. However, the electron-
blocking/hole-transporting structures have been widely used in
the organic photodetectors, organic light-emitting diodes
(OLEDs), and organic solar cells (OSCs), it was rarely
applied to OFET sensors.25−27

In this work, the device structure is essentially the same as
that of polymer blend active layer OFET. Poly(3-hexylth-
iophene-2,5-diyl) (P3HT) and poly(9-vinylcarbazole) (PVK)
mixed with different ratios were used to detect NO2. PVK has a
wonderful hole-transporting/electron-blocking capability, as a
nonconjugated polymer, it is the first time to be applied to the
OFET semiconductor layer to improve the sensing property.28

The OFETs can operate in two modes depending on the gate
voltage (VG). Their responsivity properties on NO2 and
selectivity to other gases were analyzed. Further, a careful study
on the sensing mechanism of the two modes was made
considering many factors comprehensively.

2. EXPERIMENTAL DETAILS
2.1. Materials and Polymer Blend Preparation. P3HT (Mw >

45 000, RR = 93%) was purchased from Lumtec Corp., PVK (Mw = 1
100 000) and 1,2-dichlorobenzene (DCB) were both purchased from
Sigma-Aldrich. All the above materials were used as received without
further purification. P3HT and PVK were dissolved in DCB at the
same concentration of 10 mg/mL and vigorously stirred on a
magnetic stirring plate overnight. Finally, the two solutions were
mixed according to a series of ratios and consecutively stirred for 20
min to ensure sufficient mixing.
2.2. Device Fabrication. As depicted in Figure 1a, the schematic

architecture of the gas sensing device is based on a common bottom-
gate, top-contact structured OFET with polymer blend as the organic
active layer. The OFET was fabricated according to the following
process. First, indium tin oxide (ITO) coated glass was used as both
substrate and bottom gate electrode. Prior to the deposition of the
dielectric layer, the ITO glass substrates were successively cleaned in
an ultrasonicated bath with detergent, acetone, deionized water, and
isopropanol for 15 min each. These cleaned substrates were dried in
an oven at 80 °C for more than 40 min followed by a 10 min
ultraviolet−ozone exposure. Second, approximately a 430 nm-thick
poly(methyl methacrylate) dielectric layer with a unit capacitance of
5.9 nF/cm2 was deposited via a two-step spin-coating process which is
500 rpm for 10 s and 1500 rpm for 50 s. Then the dielectric was
baked at 90 °C for 2 h to remove the residual solvent. Thirdly, the

well-mixed polymer blend solution was spin-coated utilizing an on-
the-fly-dispensing spin-coating approach,29 wherein the solution was
dispensed when the spin-coater motor was already rotating at a fixed
rotating speed (here is 2000 rpm). The as-prepared film was
immediately annealed on a hot plate at 100 °C for 5 min. Finally, the
OFET was completed by depositing the top source and drain
electrodes of 40 nm gold via thermal evaporation using a shadow
mask at an evaporation rate of 0.5−1 Å/s under 3 × 10−3 Pa. The
length and width of the active channel were 100 μm and 10 mm,
respectively.

2.3. Electrical Measurement and Sensor Evaluation. To
evaluate the gas sensing performance, the device was placed into an
airtight sensor testing chamber (approximately 2.4 mL). Dry air
(background vapor) and certain gas analyte (e.g., 60 ppm standard
NO2) were first mixed at various concentration ratios. Then they were
introduced into the test chamber through a mass flow controller. The
flow rate was fixed at 100 sccm (standard cm3 min−1). Along with the
ongoing gas flow, transfer and output characteristic curves of the
corresponding device at each gas concentration were recorded at
intervals of 5 min.

All the electrical characteristics of the OFETs were measured with a
Keithley-4200 semiconductor parameter analyzer under ambient
conditions. The surface morphology of the active layer was imaged
by atomic force microscopy (AFM) (Agilent, AFM 5500) in tapping
mode. The inner molecular packing structure was further analyzed by
UV−vis spectrophotometer (SHIMADZU UV-1700) measurements.

3. RESULTS AND DISCUSSION
P3HT, a typical conjugated semiconducting polymer, has led
to a comprehensive and systematic research on solution-
processed OFET. Figure 1b and S1 depict the transfer
characteristics of OFETs with different blend ratios of P3HT
and PVK. The pure PVK shows no field-effect behavior. The
performances of OFETs with other PVK ratios exhibit obvious
variation, especially the on/off ratio and IDS. In line with
previous reports about the semiconductor/insulator blend
system, all the devices with the blend film show a remarkable
decrease in off-state current (Ioff) and subthreshold swing (SS),
also increase in field-effect mobility (μ) which is calculated in
the saturation regime according to the eq 1

μ= −i
k
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y
{
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V V
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i
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2

(1)

where IDS is the drain−source current, L and W are channel
length and width, respectively. Ci is the capacitance per unit
area of the dielectric layer, VG is the gate voltage, Vth is the
threshold gate voltage. The saturated current (IDS, drain
current measured at VDS = VG = −40 V) of the device with

Figure 1. Schematic and electrical characterization of OFET. (a)
Chemical structures of P3HT and PVK, a schematic illustration of
OFET gas sensor architecture. (b) Transfer curves of OFET with
different mix ratios of P3HT and PVK (VDS = −40 V).
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pure P3HT (2.1 μA) first decreases to ≈1.3 μA for P3HT/
PVK = 1:1, next increases to ≈3.2 and ≈3.7 μA as the ratio of
PVK is increased from 1:4 to 1:9, respectively. However, due
to the decrease of the Ioff, the on/off ratio increases with the
increased ratio of PVK, and then the μ rises from ≈3.61 × 10−3

to ≈9.69 × 10−3 cm2 V−1 s−1 (P3HT/PVK = 1:9).
To evaluate the gas sensing performance of these OFETs

with different blend ratios, they were exposed to NO2 for 5
min in a series of concentrations ranging from 0.6 to 30 ppm
with dry air as the background atmosphere to simulate the real
sensing scenario. Representative transfer curves recorded at
each exposed concentration were measured at VDS of −40 V.
As shown in Figure 2, it is obvious that after being blended
with PVK, the NO2 gas sensing ability is not disrupted. On the
contrary, all the devices with the blending film show different
degrees of enhancement in response to various NO2
concentrations, the maximum growth comes up in the device
with 1:1 blend.
Figure 3 depicts the quantitative changes of key parameters

including IDS and μ, when the OFETs interact with various
NO2 concentrations, respectively. The Y-axis represents a
percentage change defined as (YNO2

− YAIR)/YAIR × 100%.
Overall, it can be observed that at all testing concentrations,
polymer blend films indeed improve the NO2 sensing ability of
OFETs. For instance, upon exposure to 30 ppm NO2, the
control device with pure P3HT changes its parameters in 111%
of IDS and 10% of μ, whereas for the device with 1:1 blend
significantly changes in 667% of IDS and 121% of μ. The gas
response enhances by a factor of 6 for IDS and 12 for μ. For low
concentration, upon exposure to 0.6 ppm NO2, the change of
IDS even further enhances, it increases by 15 times than that of
the control device. With a further dilution of P3HT, the
responses show an obvious decrease but still compare favorably
with those of control device.
Moreover, next to the great benefit to NO2 sensing

improvement, another exceptional advantage of blending
PVK with P3HT is a remarkable reduction of the material

cost. The price of commercial high-performance P3HT is >US
$ 400 g−1, whereas the cost of PVK is only US$ 10 g−1. When
the P3HT is diluted to 10% (1:9), the responses are still more
than 3 folds higher than those of the control device, but the
price spent per gram of the active material is 8× reduced.
Taking the room- temperature detection and solution
processing into account, by blending with PVK, indeed we
get high performance and low-cost OFET NO2 sensors.
To reveal the origin of the sensing performance enhance-

ment, the surface topography of the pure P3HT film and the
other three blend films were probed by AFM, respectively. As
shown in Figure 4, the surface roughness of the blend films is
much larger than the pure one. Meanwhile, the mesoscopic
phase separation distinctly occurs in the blend films and
manifests itself in the protruded structure coexisting with
another surrounding matrix. It is a direct consequence of the
interplay between liquid−liquid mix and stratification during
the spin-coating process.30,31 In particular, the 1:1 blend film
composes of domains (0.5−1 μm in diameter) randomly
interspersed in the matrix. On the basis of the developed

Figure 2. Transfer curves for the indicated P3HT/PVK ratios and different NO2 concentrations at room temperature (VDS = −40 V). (a) Square
root drain−source current vs gate voltage plots. (b) Log plots of drain−source current vs gate voltage.

Figure 3. Variation of OFET parameters of indicated P3HT/PVK
ratios at different NO2 concentrations (0.6−30 ppm). (a) Drain−
source current. (b) Field-effect mobility (VG = VDS = −40 V).
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dynamic analyzation of the phase separation process,32−34 it
can be deduced that the raised phase possesses P3HT as the
majority component, whereas the surrounding matrix almost
entirely consists of PVK.
To acquire a further understanding of the inner thin film

structure, UV−vis absorption spectra were measured and
demonstrated in Figure 5. Qualitatively, the absorbance peaks

of P3HT and PVK can be easily identified and the peak height
variations reflect the changes of the blend ratio. Further,
according to the model of weakly interacting H-aggregate
proposed by Spano and Silva,35 the spectral properties depend
on the intermolecular electronic coupling. From the spectra,
the free exciton bandwidth (W) of aggregates that is closely
related to intrachain order can be extracted using eq 2

≈
−
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−
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where EP is the main intramolecular vibration energy (0.18
eV), I0−0 and I0−1 represents the intensity of the (0−0) and
(0−1) transition, respectively. Accordingly, for an individual
polymer chain, a reduction of W discloses the increase of
intramolecular ordering and conjugation in the aggregates. The
average value ofW for the pure P3HT films appears at 73 meV,
whereas in blend films, W has an approximately decreasing
trend from 1:1 to 1:4 blends, then slightly increasing for 1:9
blend (52 meV for 1:9 sample) (inset of Figure 5). It indicates

that the P3HT becomes planar in the blend film, and the
effective conjugation length for charge conducting increases.36

As a result, the devices with 1:4 and 1:9 blend film show
remarkable improvements in the OFET device performance,
such as μ and IDS. In addition, the UV−vis absorption results
are similar to that got from polystyrene diluted P3HT,37 but a
distinguishable phenomenon in NO2 sensing. After being
blended with PVK, the response is significantly improved, but
not increased along with the PVK percentage in the blend film.
Hence, we can assume that PVK in the blend film not only
functions as an insulating polymer to open the P3HT
aggregates but also yields a special contribution to the NO2
detection.
NO2 is a strong oxidizing gas which can donate holes to

deep trap states or passivate the charge traps of the organic
semiconductor, eventually leads to the increase of charge
carrier density, which exhibits as the increase in IDS and μ. So
how to extract the additional charges and output them as IDS is
a key point to the enhancement of response. For the blend
with an equal ratio of P3HT/PVK, the effective conjugation
length is much disordered than those of 1:4 and 1:9 blend film.
The P3HT still partly aggregates in the PVK complex, which
results in large energetic disorder and limits the charge
conducting.32 Thus, it shows the lowest saturated IDS. Because
PVK always used to improve the hole injection and transport
in OLEDs and OSCs, when exposed to NO2, the additional
charges in every individual P3HT chains are extracted by PVK
and transport to another P3HT chain. Because of the relatively
poor hole mobility of PVK, it can only promote the charge
transport of adjacent P3HT chains and cannot function as a
conducting material. Therefore, a higher ratio of P3HT is
critical to confirm a sufficient distribution in the blend film. For
the 1:9 blend, only 10% P3HT remain, but the conjugation
length for charge conducting increases, along with an improved
mobility. This phenomenon means that P3HT amassed along
the conducting channel does not spread randomly in this film,
there is less interface to absorb NO2. However, due to high
mobility, the device can still get a good response.
On the basis of the above discussion, the P3HT chains

distribute in the blend film and PVK fills the gap between
them. It seems that more P3HT and PVK participate in the
sensing process, the higher response we can obtain. However,
under a bias of gate voltage, the charge transport is limited near
to the dielectric/semiconductor interface. Moreover, according
to multiple trap and release model,38 the relationship between
effective mobility, free charge density, and trap density can be
described as eq 3

μ μ≈
+

N
N Neff 0

free

free trap (3)

where μeff is the effective mobility in the channel, μ0 is the
intrinsic mobility of the channel material, Nfree is the free
charge density in the channel and Ntrap is the trap density. The
Nfree will enlarge exponentially with the gate voltage increase.
Meanwhile, the effect of Ntrap change, related to the NO2
adsorption, is limited. On the other hand, with the gate voltage
decrease, Nfree will reduce to the same magnitude order of
Ntrap. It seems that a higher response can be obtained under
lower gate voltage.
As shown in Figure 2b, OFET with the 1:1 blend film

presents an outstanding response at a low gate voltage. Hence,
we compared the output curves of control devices to those

Figure 4. AFM height images (20 μm × 20 μm) of the blend films
with different P3HT/PVK ratios. (a) 1:0. (b) 1:1. (c) 1:4. (d) 1:9.

Figure 5. Normalized UV−vis absorption and the free exciton
bandwidth of the films with different P3HT/PVK blend ratios.
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with the 1:1 blend under different NO2 concentrations at VG =
−40 and 0 V (Figure 6 and Table S1). All the two devices
exhibit extraordinary enhancement of detection when the VG =
0 V, the responsivity at 30 ppm increases from 600% (pure
P3HT) to ≈22 000% (1:1), whereas that at 600 ppb increases
from 16% to ≈700%. For the individual device under −40 and
0 V gate voltage, the device with 1:1 blend film achieves a five-
time enhancement, only two folds got by that with pure P3HT.
Moreover, because P3HT can function as an ambipolar active
material,39,40 when VG = 0 V, with VDS changes from 0 to −40
V, the presence of electron transport should not be ignored in
the film because the bias condition favors the accumulation of
electrons.41 PVK, a wide-bandgap polymer, is usually used as a
hole-transport material. On the other hand, the PVK restrains
the electron transport at 0 V gate voltage. That is why the
original current of the device with the 1:1 blend film is much
lower than that of pure P3HT. Like the modulation of dark
current in the photodetector,42,43 a lower original current of
sensor always denotes a higher response to the same
concentration of gases. This result matches the above
hypothesis and expands a new kind of operating mode,

especially for the subppm NO2 detection. In addition, the
percentage drain current changes of devices with different
P3HT/PVK ratios to various NO2 concentrations are shown in
Figure S4.
To further analyze the responsivity of OFET sensors to

NO2, the percentage changes of drain current under different
concentrations were monitored at different operation mode. As
shown in Figure 7a, the left Y-axis is equal to (INO2

− IAIR)/IAIR
× 100%. At VG = −40 V, each NO2 pulse keeps 20 min, it can
be seen that when the last 30 ppm NO2 pulse comes, the IDS of
the device with 1:1 blend yields an increase of 832% whereas
that of device A is 231%, with nearly four times larger response
presents. As can be seen in Figure 7b, we reduce the lowest
detectable NO2 concentration down to 300 ppb, and much
higher response can be realized to 15 ppm even within the half
expose time. In addition, the reproducibility of this OFET
sensor with three-cycle test to 5 ppm NO2 were also measured
and shown in Figure S5. It can be clearly observed that the
reproducibility under high gate voltage is much better than
that under 0 V gate voltage. Note that when applied to long

Figure 6. Output curves for the indicated P3HT/PVK ratios under different gate voltages and NO2 concentrations at room temperature. (a) VG =
−40 V, (b) VG = 0 V.

Figure 7. Percentage change of drain current to dynamic NO2 concentrations at room temperature. (a) VG = VDS = −40 V. (b) VG = 0 V, VDS =
−40 V.

Figure 8. Selectivity test of sensors with pure P3HT and P3HT/PVK = 1:1 for 10 ppm NO2 and SO2, and 100 ppm NH3 and H2S at room
temperature. (a) VG = VDS = −40 V. (b) VG = 0 V, VDS = −40 V.
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enough recovery time, the drain current can be closed to the
original current. Moreover, for the further practical application,
this device operating under the condition with lower VDS can
also be probed. As shown in Figure S6, the device with P3HT/
PVK = 1:1 can achieve a 2000% drain current change to 15
ppm NO2, and 200% to 0.3 ppm, respectively (VDS = −5 V, VG
= 0 V). However, the drain current is still too small. When we
change the gate voltage to −5 V, the drain current can be
improved slightly, but the drain current change exhibits an
obvious decrease.
Because of the limitation of the mass flow controller and gas

sources, 0.3 ppm is the lowest concentration of NO2 that can
be reliably utilized in this work. However, the estimated limit
of detection (LOD) can be calculated using linear fitting
methods.44,45 Response of ID versus NO2 concentration
extracted from Figure 7b (P3HT/PVK = 1:1) and the linear
fit results are summarized in Figure S7. It has a LOD of 139.3
ppb and a sensitivity of 3448.1% for the low NO2
concentration detection.
For practical applications, selectivity is another critical

parameter, so we investigate the gas selectivity (NO2 (10
ppm), SO2 (10 ppm), NH3 (100 ppm), and H2S (100 ppm))
at two different modes, and the results are shown in Figure 8. It
is obvious that for the OFET with the 1:1 blend film, all of the
other gases are at least 9× less than the NO2 (Figure 8a). For
VG = 0 V, the responsivity of the OFET with the 1:1 film is so
large that the response of other gases cannot be displayed
(Figure 8b). For clarity, a separate plot with much smaller Y-
axis is illuminated (inset of Figure 8b). It can be seen that this
platform can clearly distinguish NO2 from SO2, which is
another major poisonous gas in air. The lone electron in NO2
also means that this compound is a free radical, which renders
NO2 highly chemically reactive compared with SO2. As the p-
doping of conducting polymer can be accomplished by
electrochemically or chemically oxidation, the p-doping effect
of NO2 is much more efficient than that of SO2. When the gate
bias reduced to 0 V, the holes in the conducting channel
accumulated by the negative gate bias dropped dramatically,
the drain current is dependent on the intrinsic conductivity of
P3HT accordingly. As a result, the doping effect is the main
sensing mechanism, that’s why the selectivity at lower VG is
further improved. And the reducing gases, which has opposite
change compared with the oxidizing gas of NO2, cause little
impact to NO2 detection.
Combining with the above results obtained from the output

curves under various NO2 concentrations, we can see that the
obtained gas sensors can work with two different modes. When
the sensor works at VG = −40 V, with a high signal−noise ratio,
it can be used for long-term real-time and quantitative gas
detection. If we just need a qualitative monitoring of NO2 in a
certain area, the mode working at 0 V could be a better choice
for low- power and fast detection.

4. CONCLUSIONS
In this work, a novel strategy of ultrahigh responsivity and
sensitivity, good selectivity, and low-cost OFET-based NO2
sensors has been realized with P3HT/PVK blend active layer.
PVK can not only increase the adsorption interface of P3HT
but also extract the additional hole released by traps. The
highest NO2 responsivity of these OFETs is >20 000% for 30
ppm (≈700% for 600 ppb) with the 1:1 P3HT/PVK blend,
which ≈40 times higher than that with the pure P3HT. The
LOD of ≈300 ppb is achieved, and by using the linear fitting

calculation it can yield a LOD of 139.3 ppb. In the case of
practical application area, two operating modes are available.
Thus, we believe that this strategy, together with the
advantages of low material cost, simple OFET fabrication,
and multiple operating modes, opens up an effective method to
achieve the high performance gas sensors.
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