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ABSTRACT: Formation of the semiconductor/dielectric
double-layered films via vertical phase separations from
polymer blends is an effective method to fabricate organic
thin-film transistors (OTFTs). Here, we introduce a simple
one-step processing method for the vertical phase separation
of poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(methyl
methacrylate) (PMMA) blends in OTFTs and their
applications for high-performance nitrogen dioxide (NO2)
sensors. Compared to the conventional two-step coated
OTFT sensors, one-step processed devices exhibit a great
enhancement of the responsivity from 116 to 1481% for 30
ppm NO2 concentration and a limit of detection of ∼0.7 ppb.
Studies of the microstructures of the blend films and the electrical properties of the sensors reveal that the devices formed by the
one-step vertical phase separation have better capability for the adsorption of NO2 molecules. Moreover, a careful adjustment of
the blend ratio between P3HT and PMMA can further improve the performance of the NO2 sensors, ranging from sensitivity to
selectivity and to the ability of recovery. This simple one-step processing method demonstrates a potential possibility for
developing high-performance, low-cost, and large-area OTFT gas sensors.
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L. INTRODUCTION

With the development of the modern society, a large amount
of harmful gases, such as nitrogen dioxide (NO2), hydrogen
sulfide (H2S), and carbon oxide (CO), have been emitted into
the environment as a result of the combustion of fuels.1 As one
of the major harmful gases, NO2 is hazardous to human health
since it can cause respiratory problems and increase the risk of
emphysema and bronchitis, even at a low concentration of
ppm levels. Exposure to high concentration of NO2 (>100
ppm) can led to nose irritation, throat inflammation, and even
death. In addition, NO2 is also a harmful gas for environment,
as it can not only accelerate the formation of microparticles in
the air but also act as the precursor of the acid rain.2 Therefore,
effectively monitoring/detecting NO2 by high-performance gas
sensors is extremely important. To date, various types of gas
sensors, including resistor type, capacitor type, and transistor
type, have been developed for monitoring NO2. Among all
these kinds of sensors, organic thin-film transistor (OTFT)
based gas sensors have drawn great attentions due to their
intrinsic advantages such as multiple choices of materials,
flexible, and low cost.3−5 Moreover, the sensing signal can be

amplified by the gate input of the OTFTs, thus improving the
signal-to-noise ratio easily by the modulation of gate voltages.6

In the past decade, many works have been performed for
achieving high-performance OTFT-based NO2 sensors. An
important strategy is developing functional organic semi-
conductors (OSCs) to improve the sensitivity, selectivity, and
stability of the OTFT-based gas sensors.7,8 Another effective
route is modifying the microstructures of the OSC films to
improve the capability of the gas adsorption. For instance,
introducing tunable nanopores OSC films in OTFT sensors
enables the detection of NH3 at ppb levels.9 Interface
engineering between OSCs and dielectrics has also been
proved to be a successful route for achieving high-performance
OTFT-based sensors.5 One good method is to introduce
crystalline para-sexiphenyl as an interfacial modifying layer for
improving the carrier mobility and concentration, thus
improving the gas response in OTFTs sensors.10 With the
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aim of improving the sensitivity, this laboratory developed
ultrahigh-sensitivity OTFT-based NO2 sensors by the UV−
ozone treatment of the polymer dielectrics, and the limit of
detection (LOD) of ∼400 ppb can be achieved.11 However,
these methods either require long duration of material
synthesis or rely on unique equipment, resulting in the device
fabrication to be complicated and time consuming. Note, one
of the potential advantages in OTFT sensors is low cost, thus
simple and effective processing routes are the key to the
success of OTFT sensors.
Owing to the layer-by-layer layout in the OTFTs, semi-

conducting and dielectric layers typically need a two-step
deposition. However, the previous mentioned interface
engineering methods mostly focus on the interface between
the semiconducting layers and dielectrics. Recently, the reports
of OTFTs with semiconducting−insulating polymer blends
have shown advantages of great electrical performance, good
environmental stability, and remarkable mechanical proper-
ties.12−17 In addition, the OSC−polymer blend films as
semiconducting layers with great NH3 responsivity of 5 ppm
have also shown the potential application in high-performance
gas sensors.18 Furthermore, vertical phase separation between
insulating polymers and OSCs can be obtained via carefully
controlling the blend ratio and the solution preparation
process. Therein, the one-step formation of both OSC and
dielectrics from the polymer/OSC blend solution can be
achieved. The resulting films from the vertical phase separation
processes also exhibit layer-by-layer structures where the OSCs
aggregate either at the top or bottom of the dielectric polymer
layer.19−21 Beyond simplifying the fabrication process, OTFT
devices processed by vertical phase separation also exhibit
good electrical performance and enhanced long-term stability
in some cases owing to the unique interfacial properties
between OSCs and dielectrics.22−24 Since the interfacial
properties play important roles in OTFT gas sensors, the
question arises as to whether it is possible to use a simple
vertical phase separation process to develop high-performance
OTFT-based NO2 sensors.
In this work, we introduce a simple one-step spin-coating

method for the fabrication of OTFT-based NO2 sensors. Here,
we choose two widely used materials poly(3-hexylthiophene-
2,5-diyl) and poly(methyl methacrylate) (P3HT/PMMA) as
OSC and dielectric, study the devices with different blend
ratios on the NO2 sensitivity. During the vertical phase
separation, substrates with high surface energy typically lead to
the formation of PMMA at bottom.25,26 Thus, a top-contact
OTFT structure is adopted and used as the architecture of the
gas sensors. Systematic study of the transistor performance and
sensing capabilities of the OTFTs with different P3HT/
PMMA blend ratios as well as various PMMA molecular
weights (MW) is performed. The optimized devices exhibit
superior NO2 sensitivity, with responsivity of 1481% at 30 ppm
and a LOD of ∼0.7 ppb. To the best of our knowledge, the
LOD of 0.7 ppb is the record high sensitivity of OTFT-based
NO2 sensors; these devices are even comparable with
commercial metal-oxide sensors.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. P3HT (MW > 45 000, RR = 93%) was

purchased from Lumtec Corp., PMMA with different MW (MW = 15k,
46k, 120k, and 350k) was purchased from Sigma-Aldrich and solvents
(chlorobenzene and anisole) were purchased from Tokyo Chemical
Industry Company. All the chemicals and solvent were used as

received. PMMA with MW = 120k was dissolved in anisole to form a
concentration of 10 wt % for a two-step spin-coating. For the blend
films, P3HT and PMMA (MW = 120k) were mixed and dissolved in
chlorobenzene accordingly to form a series of weight ratios ranging
from 1:40 to 1:80, with the total concentration from 4.1 to 8.1 wt %.
Here, the concentration of the P3HT in the mixed solution is fixed at
1 mg/mL. Finally, the solution was stirred on a magnetic stirring plate
overnight to ensure sufficient dissolution and mixing.

2.2. Device Fabrication. Figure 1a,b shows the schematic
illustrations of the fabrication process and the device layout, and a

photograph of the devices is shown in Figure S1. The bilayer
structures were formed by vertical phase separation in one-step spin-
coating. OTFT gas sensors based on bottom-gate, top-contact
architectures use the self-stratified P3HT and PMMA as the OSC
layer and the dielectric layer, respectively. Figure S2 shows the
measured water contact angles of the pure P3HT and PMMA as 97
and 69°, respectively. However, the contact angles of the 1:40, 1:60,
and 1:80 P3HT/PMMA blend films were 96, 96, and 95° respectively
(Figure S2), indicating that the formation of the layer-by-layer
structure with hydrophobic P3HT on top.27 The fabrication of these
OTFT sensors began on indium tin oxide (ITO) coated glass
substrates. First, the substrates were cleaned in acetone, deionized
water, and isopropyl alcohol sequentially (15 min each in an
ultrasonic bath). Ten minutes of ultraviolet−ozone exposure was
performed on these substrates after drying in an oven at 80 °C for 1 h.
The two-step spin-coated OTFTs are referred as the blend ratio
P3HT/PMMA = 1:0, where 400 nm thick PMMA was first spun-
coated (1500 rpm for 1 min and baked at 90 °C for 2 h), and P3HT
was spun-coated on top of the PMMA at 1500 rpm for 30 s and then
annealed at 100 °C for 30 min. Here, all the coating processes were
conducted in a glovebox. To study if any damage of PMMA may have
happened during the P3HT spin-coating process, atomic force
microscopy (AFM) measurement were conducted for the PMMA
films before and after the in situ spin-coating of organic solvents (on
the fly dispensing). Figure S3 shows the AFM images of the PMMA
films after spin-coating chlorobenzene, whose surface is still very
smooth with RMS of 0.313−0.440 nm. These results indicate the in
situ spin-coating process of P3HT does not cause any serious damage
and obvious dissolution of the beneath PMMA films.28 For those one-
step spin-coated OTFTs, solutions with various blend ratios (P3HT/
PMMA = 1:40, 1:60, 1:80), were spun-coated at 1500 rpm for 30 s in
a nitrogen gas atmosphere. Then, the as-prepared films were annealed
at 60 °C for 1 h to remove residual solvents, and the thickness of the

Figure 1. (a) Schematic illustrations of the fabrication process for the
OTFT-based NO2 sensors, showing layer-by-layer structures formed
by vertical phase separation. (b) Schematic illustration of the working
process of the OTFT gas sensors. (c) Transfer curves (VDS = −40 V)
of the OTFTs with different blend ratios between P3HT and PMMA.
IDS is the drain−source current, IGS is the gate leakage current, and
VGS is the gate−source voltage.
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blend films with ratios of 1:40, 1:60, and 1:80 are 180, 300, and 440
nm, respectively (Figure S4). Finally, source and drain electrodes of
40 nm gold were deposited on top of the blend film via thermal
evaporation at an evaporation rate of 0.3 Å/s under 3 × 10−3 Pa,
where the patterns (channel length = 100 μm, channel width = 10
mm) were formed by using a shadow mask.
2.3. Measurement and Characterization. An airtight chamber

(∼0.02 L) acting as the testing environment was used for the sensor
performance evaluation, where the OTFT sensors were putted inside
the chamber. Dry air and NO2 were first mixed together in
appropriate concentrations. Then, the gas was introduced into the
testing chamber by a mass flow controller at a fixed flow rate of 100
standard cm3/min. The electrical properties of the OTFT sensors
were characterized by a semiconductor analyzer (Keithley 4200). The
mobility μ of the OTFTs was calculated in the saturation region by eq
1
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where IDS is the drain−source current and L and W are the channel
length and width, respectively. VG is the gate voltage and Vth is the
threshold gate voltage. Ci is the capacitance per unit area of the
dielectric layer, which can be calculated by eq 2

C k
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0

i
ε=

(2)

where ε0 is the vacuum permittivity, k is the dielectric constant of the
dielectric, and d is the thickness of the gate dielectric.
The surface morphologies and the thickness of the bilayer films

were characterized by an atomic force microscope (MFP-3D-BIO,
Asylum Research) in a tapping mode and a scanning electronic
microscope (FEI Inspect F50). The phase separation of blend films
was evaluated by transmission electron microscopy (TEM, FEI/
Philips Tecnai 12 BioTWIN) at an accelerating voltage of 200 kV.
The inner molecular packing structures of the blend films were
characterized by an UV−vis spectrophotometer (SHIMAZU UV-
1700) and a Fourier-transform infrared (FT-IR) spectrometer
(Thermo Scientific, Nicole-10, Waltham, MA).

3. RESULTS AND DISCUSSION
Figures 1c and S5 show the representative transfer and output
plots of the OTFTs with different P3HT/PMMA blend ratios,
where the MW for PMMA is 120k. The electrical properties of
the OTFTs with different PMMA ratios exhibit obvious
variation, especially the on-current (Ion, where VDS = VGS =
−40 V). The Ion is ∼4.65 μA for the reference device (two-step
spin-coated, 1:0), ∼6.49 μA for P3HT/PMMA = 1:40, ∼2.21
μA for P3HT/PMMA = 1:60, and ∼1.07 μA for P3HT/
PMMA = 1:80. When VDS = VGS = −40 V, the leakage current
for all devices are at the level of 10−6 A, which is 1 order of
magnitude smaller than their IDS. Other parameters, including
the threshold voltage (Vth), subthreshold slope (SS), and
current-on/off ratio, of these devices are summarized in Table
S1.
To evaluate the performance of these sensor devices, OTFTs

were exposed and measured under various concentrations of
NO2, ranging from 0 to 30 ppm. Every cycle of the
measurement was performed after introducing NO2 into the
testing chamber for 2 min, then dry air purging was conducted
before the next cycle test, as this step allowed the complete
recovery of the electrical performance for the sensors.
Representative transfer curves (VDS = − 40 V) recorded at
different concentrations are shown in Figure 2a,b. Compared
to the 1:0 devices, the 1:40, 1:60, and 1:80 devices exhibit
significant improvements in sensitivity; devices with P3HT/
PMMA of 1:60 show the best sensor performance.

The sensor performance is typically referred to as
responsivity associated with the changes of the key parameters
including Ion, mobility (μ), and Vth, which are summarized in
Figures 2c−e and S6. The responsivity of those parameters is
defined as R = |(YNO2 − Y0)/Y0| × 100%, where YNO2 and Y0
are the on current of those parameters in a certain
concentration of NO2 and dry air, respectively. From the
data, we can observe that the responsivity of all the devices
increases with the increase of NO2 concentration. Interestingly,
the one-step-processed self-stratified devices exhibit improved
NO2 sensing performance than those pure 1:0 OTFTs. For
instance, the responsivity of the 1:0 device is 116% for Ion and
35% for μ at 30 ppm NO2, whereas the 1:40, 1:60, and 1:80
devices exhibit a significant change of 253, 1481, and 1022%
for IDS and 117, 418, and 294% for μ. The NO2 responsivity of
the best sensors (1:60) is enhanced 12× for Ion and 11× for μ
compared with that of the referenced 1:0 device. Owing to the
ultrasensitive properties, the best sensors (1:60) can effectively
detect low concentration of NO2, with a responsivity of 487%
at 0.5 ppm NO2, while the responsivity of referenced 1:0
devices is only 22% at the same NO2 concentration. These
results indicate the potential of these sensors for ultralow NO2
concentration detection. Vth in OTFT sensors is an important
parameter, which is typically used to evaluate the density of
charge carriers trapped at the interface between the organic
semiconductors and the dielectrics.29 The trap density
decreases when NO2 diffuses into the P3HT film, thus causing
a decrease of the gate turn-on voltage and a positive shift of the
Vth.

30 The Vth of OTFTs fabricated by the one-step spin-
coating increase 298% (1:40), 486% (1:60), and 364% (1:80)
after exposure to 30 ppm NO2. However, the referenced 1:0

Figure 2. Representative transfer plots of the OTFTs with indicated
P3HT/PMMA (PMMA MW = 120k) ratios under different NO2
concentrations. (a) Log plots of the drain−source current versus the
gate voltage. (b) Plots of the square root of the drain−source current
versus the gate voltage. Variation of Ion (c), μ (d), and Vth (e) of the
OTFT sensors with different P3HT/PMMA blend ratios at different
NO2 concentrations.
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device only shows an increase of 235% at the same NO2
concentration.
To understand the reason of the sensing performance

improvement in those one-step-processed sensors. Film
microstructures of the blend films were next studied by the
UV−vis absorbance spectra (Figure 3a), all absorption spectra
of the films with different blend ratios show a peak centered at
555 nm, which originated from the broad π−π* electronic
transition band. Meanwhile, two additional shoulder peaks at
525 and 605 nm can be also observed, which are associated
with the coupling of the CC double bonds caused
symmetrical stretching and the π−π* electronic transition.24

Furthermore, the intensity of the peak gradually increases as
the proportion of PMMA increases. According to the H-
aggregation model,31 the ratio of the absorbance peaks
between 0-0 and 0-1 (I0‑0/I0‑1) was related to the intra-
molecular ordering and conjugation length of P3HT. As shown
in Table S2, the increase of the I0‑0/I0‑1 ratio indicates the
improvement of crystallinity, conjugation length, and chain
ordering in the PMMA-blended P3HT films. More concen-
trated solution typically has a higher viscosity and thus could
form a thicker and wetter film by spin-coating, in which
abundant solvent prolongs the solidification time.25,32,33 Films
formed from solution with a higher blend ratio provide a
longer time for chain self-organization in P3HT, which
facilitates the crystalline structure formation. FT-IR spectra
in Figure 3b show that there is no change in the functional
groups in both blend films and the pure P3HT film. Therefore,
the enhancement of the sensing performance is not due to the
chemistry-induced microstructural changes. In addition, the
thickness of OSC is a critical reason that affects the sensing
performance of devices. Here, selective etching technique
associated with transferring P3HT thin film from the blend
film was conducted to characterize the thickness of P3HT in
blend films25,26 (Figure S7). From the AFM cross-sectional
views, we can observe that P3HT in all blend films is

continuous with thickness of 12.4 nm for the 1:40 film, 9.2 nm
for the 1:60 film, and 5.8 nm for the 1:80 film. The decrease of
the film thickness was due to the reduction of the P3HT
content in the films with the increase of the total
concentration.25,34

We next investigate the morphologies of the pure P3HT film
and the self-stratified P3HT films with different PMMA blend
ratios. Figures 3c and S8 show the AFM and scanning electron
microscopy (SEM) images of these P3HT films, respectively; it
can be observed that the pure P3HT film reveals a continuous
film feature with RMS of 0.588 nm, while the P3HT films in
those self-stratified ones show rugged island-like features and
an increase of the roughness with 0.502 nm for the 1:40 film,
0.591 nm for the 1:60 film, and 0.675 nm for the 1:80 film.
The islandlike morphology in those self-stratified films
associated with the kinetic interactions between the solution
mix and the stratification during the solution coating process.
The glass transition temperature (Tg) of the blends increases as
the solvent evaporates until room temperature. Then, the
motions of polymer chain stop and the final polymer structure
is formed. Therefore, the motions of the polymer chain in the
PMMA-rich phase also stop and thus form a capping layer.
Due to the triple-phase boundaries among P3HT, PMMA, and
air, an islandlike surface morphology was formed in the final
film structure.35−37 Interestingly, the feature sizes and island
densities are quite different for those films with different blend
ratios, where the 1:60 blend film exhibits the maximum density
and minimum feature size (domain diameter of 0.25−0.50
μm). These results well-explain the best sensing performance
for those OTFTs with the 1:60 blend ratio, since a higher
domain density and a smaller feature size of P3HT could result
in more interfacial “gaps”. It is well-known that the physical
adsorption of the gas molecules in OSCs films highly depends
on the micro/nano-gaps, such as grain boundaries.38 So, we
can summarize the NO2-sensing mechanism of those one-step-
processed P3HT/PMMA blend OTFT sensors in the

Figure 3. (a) Normalized UV−vis absorption spectra, (b) FT-IR spectroscopy plots, and (c) AFM images of the films with different P3HT/PMMA
(PMMA MW = 120k) blend ratios. (d) Schematic illustration of the interaction of NO2 with sensors from different processes.
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following two parts: (1) NO2 diffuses into the active layer and
couples with P3HT, thus forming linkage-type structures; as a
result, hole charge carries are induced in the OSC film and
cause Ion to increase;39 (2) NO2 is physically absorbed at the
micro/nano-gaps (interfaces between P3HT clusters and
PMMA), thus donating hole charge carriers and resulting in
the increase of Ion and μ.40 As illustrated in Figure 3d, in
reference devices prepared by two-step spin-coating, part (1)
plays the main role of the sensing mechanism, while part (2)
contributes very little in this system because the P3HT films
continues to exhibit feature with few micro/nano-gaps. In
contrast, those vertical phase separation induced one-step-
processed self-stratified P3HT/PMMA films exhibit a large
amount of micro/nano-gaps between P3HT and PMMA,
which provides a lot of spaces for NO2 adsorption. As a result,
both parts (1) and (2) play significant roles in the sensing
mechanism in those one-step-processed OTFT sensors.
Optimized self-stratified films with proper blend ratios can
leverage the sensitivity of the OTFT and result in a 12×
increase in responsivity compared to that of the conventional
devices.
To characterize the repeatability of multiple-cycle measure-

ment, the devices were placed in an airtight dry-air-filled
testing chamber and gate and source/drain bias was applied
(VDS = VGS = −40 V) until the output current became stable.
Then, various concentrations of NO2, ranging from 0.5 to 30
ppm, were introduced into the testing chamber for measuring
the real-time response. The best one-step-processed sensors
with a 1:60 blend ratio and reference devices (1:0) were
studied and compared. As shown in Figure 4a, the sensing

performance of the 1:60 device is greater than that of the
reference device. The responsivity of the 1:60 device at 30 ppm
NO2 is 1358%, 12× that of the 1:0 device (102%). Here, the
increase of Ion with increasing time of NO2 exposure is due to
the continuous adsorption of NO2 in OSC before saturation.41

Since NO2 is a typical oxidizing gas, some effective charge
carriers are produced in p-type OSCs during NO2 adsorption.
Therefore, the carrier concentration increases and causes an
enlargement in Ion and μ.30 Note, the responsivity of the 1:60
device at low concentration of 0.5 ppm NO2 is still as high as
446%, while the responsivity of the 1:0 device is only 28%. To

estimate the LOD of the best one-step-processed sensors via
the linear fitting method, we further measured the 1:60 device
at lower NO2 concentrations (ranging from 10 to 50 ppb,
exposure 5 min for each cycle and 15 min purge for recovery).
As shown in Figure 4b, the responsivity to 10, 20, 30, 40, and
50 ppb are 96, 210, 297, 360, and 419%, respectively. The real-
time responsivities of the sensors were also tested and are
shown in Figure 4c. Based on the responsivities at these low
concentrations in Figure 4b, the estimated LOD for these
sensors can be estimated by eq 3,11,42

Y

a b a b b b a a
b b

( )( )

LOD

2 2 2 2 2 2 2 2

2 2 2

η η
η

=

− × + × − − × Δ − × Δ
− × Δ

(3)

where a, b, Δa, and Δb are the parameters extracted from the
linear fit of the plot in Figure 4d, and η = 1.96 corresponds to a
95% confidence level. The estimated LOD of ∼0.7 ppb for the
1:60 device (Figure S9), to the best of our knowledge, is the
highest sensitivity of OTFT-based NO2 sensors in literatures.

43

To further understand this one-step processing route, we
studied the sensing properties of the champion device with a
1:60 ratio using PMMAs with different MW of 15k, 46k, 120k,
and 350k. Figures 5a and S10 show the responsivity of the one-

step-processed devices using PMMA with various MW for 30
ppm NO2, where we can find that the responsivity increases
with the increase of the PMMA MW in the range of 15k to
120k, and the resulting responsivity is 254% for 15k, 733% for
46k, and 1481% for 120k. While further increase in MW causes
a decrease of the responsivity, particularly 340% for 350k. The
quantity and density of the micro/nano-gaps increase in these
blend films with increasing MW of PMMA and reach the
maximum at MW of 120k; however, further increase of MW to
350k decreases the quantity and density of the gaps (Figure
S11). These results further prove the conclusion that the
adsorption of NO2 by micro/nano-gaps improves the sensing
properties. TEM was conducted for the 1:60 blend films with
PMMAs of different MW to evaluate the phase separation
(Figure S12). The dark areas with crystalline features

Figure 4. (a) Percentage change of Ion to multiple cycles of NO2
introduction at different concentrations. (b) Typical transfer curves of
the 1:60 devices with different concentrations of NO2 ranging from 10
to 50 ppb. (c) Real-time sensitivities of the 1:60 devices in different
low concentrations of NO2. (d) Calculation of limit of detection.

Figure 5. (a) Effect of MW of PMMA on the percentage of the output
current changes upon exposure to 30 ppm NO2. (b) Percentage of the
output current changes of the 1:60 device with various gases. (c)
Transfer curves of the 1:60 device (PMMA of MW = 120k) when
tested under different environments.
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correspond to the P3HT-rich domains since the density of
P3HT is higher than that of PMMA, whereas the light areas are
associated with amorphous PMMA domains.25,44 It can be
seen that the blend films with PMMA with MW = 120k exhibit
most homogeneous features and afford most micro/nano-gaps.
Either the too low or too high MW of PMMA could cause
discontinuity of P3HT, which could either lower the carrier
mobility and eventually lead to the attenuation of the sensing
performance. The tomography shown here is highly relevant
with the sensing properties and the OTFT electrical perform-
ance.
Selectivity is another important parameter for practical

sensing applications. To probe the selectivity of these one-step-
processed sensors, the responses of the devices with P3HT/
PMMA = 1:60 to various common harmful gases were
investigated, including an oxidizing gas of SO2 and reducing
gases of NH3, H2S, and CO (all gases were mixed with dry air
at 30 ppm). As shown in Figures 5b and S13, the response of
the sensors to NO2 is much greater than that to other four
gases, with a superior 1481% responsivity of NO2 but much
weaker responsivities of 112% for SO2, 25% for NH3, 53% for
H2S, and 13% for CO.
Finally, we evaluated the possibility of using these one-step-

processed sensors multiple times, since reuse is a critical issue
and relevant to the life time. As shown in Figure 5c, when the
1:60 device is exposed to 30 ppm NO2 for 10 min, Ion increases
8× compared to that of the device before NO2 exposure. The
I−V characteristics of the devices could gradually recover to
their original status after exposure to NO2 was stopped and
stored in air for 3 days. Then, the devices further tested in ∼3
× 10−3 Pa vacuum still show the same value of the drain
current to the devices stored in air for 3 days. Such results
suggest that the NO2 sensing mechanism is more related to the
physical adsorption process but not to a chemical reaction.11

The characteristics of the sensors can recover to their initial
state naturally or by a vacuum method to accelerate this
process. So, these NO2 sensors could be reused.

4. CONCLUSIONS

In summary, we developed a simple and effective one-step
spin-coating route for realizing high-performance gas sensors.
The one-step-processed sensors using P3HT/PMMA mixed
solution formed a blend film with optimized ratios exhibit
good sensitivity to NO2 with a LOD of 0.7 ppb. Maximization
of the micro/nano-gaps between P3HT and PMMA by vertical
phase separation process leverages the sensitivity of NO2. This
one-step route provides a fundamental understanding of the
sensing mechanism and the advantages of high-throughput
methods. Therefore, we believe this one-step coating route will
bring possibilities of rapid fabricatication of high-performance
and low-cost gas sensors.
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