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ABSTRACT: Detecting and discriminating chemical vapors are essential for environmental
monitoring and medical diagnostics. In this study, highly sensitive chemical vapor sensors
fabricated from fluorinated thiophene−isoindigo donor−acceptor conjugated polymers are
realized through understanding the interaction of the fluorine functional group and different
chemical vapors. The polymers possess the merits of facile synthesis for high quality
materials, good field-effect transistor performance, and stability in air and humid
environments. The transistor exhibits extremely high detecting capability for minute
chemical vapor down to the ppb range. The detecting sensitivity of the transistor depends
on the chemical structure of the polymer and the nature of analytes. Polar molecules such as
amines with potential hydrogen bond donor can adsorb in close vicinity to conducting
channels due to the formation of a hydrogen bond with fluorine atoms, enhancing the
sensitivity significantly. Chemical vapors such as acetone and xylene interacting with the
polymers via dipolar and van der Waals forces, respectively, have to accumulate sufficient
amounts in the polymer films or at the dielectric interface. Through understanding functional group−analyte interactions,
polymers can be designed for multiparameter sensing, paving ways toward ultrasensitive sensors and accurate discrimination of
different kinds of chemical vapors.
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■ INTRODUCTION

Chemical vapor sensing plays an essential part in the present
and ongoing development of diagnostic technologies for
noninvasive medical evaluation and alarms for the possible
presence of hazardous chemicals.1−3 Health-related chemical
vapors widely investigated in sensor development include
alcohols, amines, ketones, nitrogen oxides, phosphonates, and
other volatile organic compounds. Electrical transduced
chemical vapor sensors have been developed from active
materials like metal oxides, organic small molecules, carbon
nanotubes, graphene, and polymers. Recent progress in
polymer field-effect transistors (FETs), including the improve-
ment of device performance and storage/operating stability,
promotes the studies in the aspect of chemical vapor sensing.
The semiconducting polymers are considered outperforming
metal oxides and organic small molecules due to their
advantages of low operation temperature, tunable chemical
structures, and excellent film integrity by the solution process.
Promoting the interaction between analytes and charge

transport channels is widely explored to improve sensitivity
and selectivity of chemical vapors sensing by polymer FETs.4

Katz et al.5 introduced an ammonia receptor molecule,
tris(pentafluorophenyl)borane, which interacts with ammonia
via strong B−N Lewis adduct formation. Zhang et al.6

incorporated a carboxyl group at polymer side chains to
chemically react with ammonia. Although the approach of
sensing by chemical reaction greatly improves the sensitivity of
the sensor, the sensor suffers from poor recovery due to the
strong analyte−polymer interaction. The recovery from either
hydrogen bond formation or dipolar interaction with analytes
is more efficient and is beneficial for chemical vapor detection.
Noh and co-workers7 reported improved sensitivity to
ammonia by utilizing hydrogen bonding between ammonia
and fluorine atoms incorporated in both conjugated polymer
and dielectrics. The hydrogen bonding between ammonia and
fluorine atoms has been confirmed by cyclic voltammetry
(CV) and NMR. Few polymer FET sensors have been
reported for analytes like acetone and xylene because they have
a rather weak interaction with the conducting channels of the
FET sensor. In addition to understanding the interaction
between the sensing functional group of the polymer and
analytes, it is also important to investigate other influences of
the functional group, such as the alignment of the sensing
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polymer in FET sensor, which has a profound influence on
FET, both transistor and sensing performances.
Donor (D)−acceptor (A) π-conjugated polymers have

hitherto been the most promising polymers for building
high-sensitivity chemical vapor sensors because of the versatile
chemical structures, good electrical stability in air, and
outstanding FET performance. With regard to the functional
group, fluorination has been employed to improve charge
transport properties and device stability for various D−A
copolymers.8−11 Therefore, incorporating fluorine atoms in
D−A π-conjugated polymers can lead to potential sensing
materials for ammonia and acetone. Besides functionality,
various factors in a polymer FET device can influence the
chemical vapors sensing, including polymer packing order,12

thin film morphologies of polymers,13,14 polymer film thick-
ness,15 and dielectric materials16 in the device. Isoindigo is an
ideal electron accepting unit to synthesize D−A π-conjugated
polymers as active sensing materials for three reasons. (1)
Isoindigo is a sustainable chemical which is extractable from
plants.17 (2) The chemical structure of isoindigo enables
functionalization which is not available for other widely
explored acceptor moieties such as pyrrolo[3,4-c]pyrrole-1,4-
dione (DPP) or thieno[3,4-c]pyrrole-4,6-dione (TPD). (3)
The two lactam rings in isoindigo leads to planar polymer
backbone and long conjugation length,18 which are both
beneficial for charge transport in FET. Thus, isoindigo-based
copolymers possess versatile functionality in both donor and
acceptor segments and have eco-friendly sources for future
production.
In this study, we have synthesized a series of carefully

designed D−A copolymers with different contents of fluorine
atoms to investigate the influence of fluorine atoms in chemical
vapor sensing. Three polymers, namely P2TIF, P4TIF, and
P6TIF, consist of an isoindigo (I) electron accepting unit and
two fluorine atoms in the electron donating segments of
bithiophene (2T), quaterthiophene (4T), and sexithiophene
(6T) in one repeating unit of the copolymers. An even number

of thiophene segments results in more edge-on polymer
packing and high crystallinity.12,19 The relationships among the
chemical structure, transistor performance, and vapor sensing
capability are systematically studied. We have demonstrated
that the hole mobility of transistors, the device stability, and
the sensitivity of sensors can be greatly enhanced by
incorporating fluorine atoms on the thiophene unit of the
polymer main chain. The P4TIF FET exhibits high hole
mobility up to 0.49 cm2 V−1 s−1, over an order improvement
than its unfluorinated counterpart. With regard to detection of
chemical vapor, the hydrogen bond formed by the ammonia
molecule and fluorine atoms enhances the detection sensitivity
considerably while the acetone molecules are attached to the
polymer without specific interaction with fluorine atoms. Our
polymer FET sensors can differentiate various chemical vapors
with low concentrations, such as 100 ppb for ammonia and 50
ppm for acetone gas, within 2 min in air.

■ RESULTS AND DISCUSSION
Synthesis and Electrical Properties of PnTIF. PnTIF

polymers with different fluorine contents were used in this
study to investigate the impact of fluorination, and their
chemical structures are shown in Figure 1a−c. To achieve high
purity, high degree of polymerization, and low molecular
weight distributions (PDI), PnTIF polymers were polymerized
by Stille coupling from trimethyltin-functionalized fluorinated
bithiophene and the corresponding electron acceptor moiety.
The isoindigo with null, two, and four flanked alkylated
thiophenes were used as an electron acceptor moiety for
P2TIF, P4TIF, and P6TIF, respectively. The atomic ratio of
fluorine atoms in P2TIF, P4TIF, and P6TIF is 1.91:1.31:1.00.
The detailed synthesis route and general method are included
in the Supporting Information. The polymers with optimal
FET performance have number-average molecular weights
(Mn) of 109.6−156.1 kDa, and PDI are in the range of 1.35−
1.60. Charge transport properties of PnTIF polymers were
characterized by bottom-gate top-contact geometry FET

Figure 1. Chemical structures of (a) P2TIF, (b) P4TIF, and (c) P6TIF. Representative (d) transfer characteristics and (e) output curves of a
P4TIF FET.
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devices. All PnTIF polymers exhibit p-type transfer character-
istics with negligible hysteresis and contact resistance. Figure
1d shows the representative ID−VG curve of a P4TIF FET
measured in an ambient environment. The clear field effect can
be observed from the output characteristics of a P4TIF FET in
Figure 1e. The averaged mobilities of PnTIF FETs calculated
from the ID−VG curves are 0.12, 0.41, and 0.065 cm2 V−1 s−1,
respectively, with the highest value reaching up to 0.49 cm2

V−1 s−1 from P4TIF FET. Table S1 summarizes the FET
characteristics of PnTIF thin films.
Stable device performance in air and humid environments is

a vital criterion for a high-sensitivity chemical vapor sensor.
PnTIF FETs exhibit excellent stability not merely under
ambient conditions but in high-humidity environments as well.
All devices retain their transistor characteristics with at least
90% of their mobilities after storing in the environment of
40%, 85%, and 97.5% humidity for 120 days without
encapsulation; details are included in Figure S4. The stable
hole transport of PnTIF polymers might be accounted by their
deep highest occupied molecular orbital (HOMO) energy
levels, i.e., lower than −5.2 eV. The cyclic voltammetry-
measured HOMO energy levels of P2TIF, P4TIF, and P6TIF
are −5.69, −5.41, and −5.26 eV, respectively (Figure S5). The
difluoro-substituted bithiophene segment in PnTIF polymers
leads to their low-lying HOMO values. This phenomenon is
also observed in the literature.20−23 In the following
investigation of chemical vapor sensing, dry air is used as
carrier gas to avoid the slight but potential variation caused by
moisture.
Morphologies of PnTIF Thin Films. In general, the

sensitivity of a sensor is related to the incorporated functional
groups, polymer crystallites, and surface morphology of active
materials. To rationalize the effect of the fluorine content on
the sensing ability, PnTIF should have similar surface
morphology and polymer packing orientation. The morphol-
ogies of PnTIF thin films were examined by grazing incidence
wide-angle X-ray scattering (GIWAXS) and atomic force
microscope (AFM). As shown in Figure 2a−c, PnTIF thin

films exhibit well-defined high order reflections along the Qz
direction, corresponding to edge-on packing lamella structure
of polymers. Polymers with their alkyl side chains perpendic-
ular to the silicon substrate are called “edge-on”, which is
beneficial for the charge transport in a FET device. The clear
(400) reflections with small azimuthal angles indicate that the
lamella structures in PnTIF thin films are of high crystallinity
and well-ordered packing. The 1D GIWAXS patterns in Figure
2d were obtained through integrating the line cuts along the
Qz-axis. The crystallographic parameters for P2TIF, P4TIF,
and P6TIF are summarized in Table S4. The second-order
reflection peaks in the obtained 1D GIWAXS patterns are used
to calculate the lamella spacing (d100) of each polymer. P2TIF
has smaller lamellae spacing (23.3 Å) comparing to P4TIF
(26.4 Å) and P6TIF (26.5 Å). This result can be explained by
the chemical structure of PnTIF. There are two alkyl side
chains in a repeat unit of P2TIF while there are four and six
alkyl side chains in a repeat unit of P4TIF and P6TIF,
respectively. As polymer side chains take up considerable
spacing between polymer main chains, P2TIF can pack closer
than the other two polymers. The coherence lengths (LC) can
serve as a measure of the crystalline domain size in polymer
thin films due to their polycrystalline nature. Calculated by
Scherrer’s equation, the coherence lengths of P2TIF, P4TIF,
and P6TIF are 133, 175, and 173 Å, respectively. The LC

values of P4TIF and P6TIF indicate that their polymeric
crystallites are of similar domain size. The surface morphol-
ogies of PnTIF thin films were examined by tapping mode
AFM. The height and phase images are included in Figure S7.
The P2TIF thin film consists of numerous bundles of fibers in
the size ranging from 20 to 100 nm at the upmost layer. In
contrast, P4TIF and P6TIF have the surface consisting of
connected polymeric crystals without particular long-ranged
structures. Therefore, the sensing results of P4TIF and P6TIF
can be highly related to the only difference in fluorine content
because they possess similar surface morphologies, crystalline
sizes, and polymer packing.

Figure 2. 2D grazing incidence wide-angle X-ray scattering (GIWAXS) images of (a) P2TIF, (b) P4TIF, and (c) P6TIF thin films. (d) 1D
GIWAXS profiles of P2TIF, P4TIF, and P6TIF integrated along the out-of-plane direction. The inset shows the enlarged profiles to reveal (300)
and (400) diffraction peaks. All films were annealed at respectively optimal temperatures in vacuum for an hour.
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Detection of Chemical Vapors. To investigate the effect
of fluorine functional group on chemical vapors sensing, PnTIF
FETs were exposed to various chemical vapors. Three kinds of
chemical vapors were studied: high polar molecules with
potential hydrogen bond formation, such as diethylamine
(DEA) and ammonia; high polar molecules without potential
hydrogen source for hydrogen bond formation, including
acetonitrile (ACN) and acetylacetone (AA); and hydrophobic
aromatic compounds like xylene. To reveal the effect of
chemical vapors on charge transport characteristics, the drain
currents of PnTIF films were recorded after exposure to
chemical vapors of 5000 ppm for 20 min. We herein define an
equilibrium response Req in the following equation:

R
I I

I
(air) (analyte)

(air)eq
D D

D
=

−
(1)

where ID(air) and ID(analyte) are the drain current after
exposing to air and analyte environment, respectively.
Chemical structures of the investigated analytes and their
sensing results are visualized in Figure 3a, and the calculated

values are summarized in Figure S9. In the presence of ACN,
P2TIF exhibits the largest Req of 0.63, followed by P4TIF
(0.25) and P6TIF (0.09). The response magnitude of PnTIF
to ACN is correlated to the fluorine content of the polymer,
which can be accounted by the dipole−dipole interaction
between ACN and fluorine atom. ACN molecules are attracted
by the cyano−fluorine interaction to the polymer film, leading
to the decrease in conductance. The other polar chemical

vapor acetylacetone, however, induces different responses from
PnTIF polymers. Without definite attractive force, AA can
merely change the charge carrier transport characteristics by
accumulating at the polymer/dielectric interface, which is more
pronounced in polymers with lower mobility. Thus, the Req of
P2TIF and P6TIF are larger than the Req of P4TIF, which
possess the highest hole mobility among the three investigated
polymers. Regardless of their polarity, chemical vapors
influencing the semiconducting polymer by this method result
in similar sensing responses. Xylene, an aromatic compound
with low polarity, changes the electric field by physically
adsorbing in the polymer film and at the polymer/dielectric
interface. The equilibrium response of xylene is in similar trend
of AA. By comparison, exposing to vapor of DEA or ammonia
leads to tremendous changes in FET characteristics. All PnTIF
FETs lose their semiconducting characteristics, and the drain
currents are reduced to about 10−9 A after exposure to 0.5%
DEA or ammonia in 20 min. Such enormous changes in the I−
V response of a FET device suggest that PnTIF polymers have
higher selectivity to DEA and ammonia than ACN, AA, and
xylene. Also, the detection of DEA and ammonia in ppb level
can be realized by using PnTIF FETs.
To further investigate the influence of fluorine, PnTIF FETs

were exposed to 50 ppm ammonia for a low-level doping
without severe trapping of the conducting channels. Figure 3b
shows the sensing response of PnTIF FETs to 50 ppm
ammonia and 500 ppm acetone for comparison. The role of
fluorine in sensing chemical vapors can be revealed by
discerning the correlation between equilibrium response and
fluorine content of the polymer. First-order correlation is
assumed in the adsorption of the analytes and the resulting
current change. The plot of equilibrium response and fluorine
content of the polymer is included in Figure S9. Interestingly,
the averaged ratio of equilibrium response to ammonia for
P2TIF, P4TIF, and P6TIF is 1.94:1.32:1.00. The sensing
response shows a linear correlation to fluorine content only
when exposing to ammonia. This indicates that the sensitivity
to ammonia can be enhanced by a potential hydrogen bond
between fluorine atoms and ammonia. On the other hand,
equilibrium responses to 500 ppm acetone increase with
fluorine content, but no distinct correlation is observed. Also,
the response to acetone decreases significantly with decreasing
acetone concentration since acetone does not introduce vast
amounts of traps in conducting channels. Choosing ammonia
and acetone as representative chemical vapors has their

Figure 3. Sensing responses of PnTIF FETs to (a) 0.5% of
acetonitrile (ACN), acetylacetone (AA), xylene, ammonia, and
diethylamine (DEA) vapors in air for 20 min; (b) 500 ppm acetone
and 50 ppm ammonia in air for 20 min.

Figure 4. Optimized geometric structures of (a) 4TIF−ammonia complexes and (b) 4TIF−acetone complexes.

ACS Applied Electronic Materials Article

DOI: 10.1021/acsaelm.9b00396
ACS Appl. Electron. Mater. 2019, 1, 1873−1880

1876

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00396/suppl_file/el9b00396_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00396/suppl_file/el9b00396_si_001.pdf
http://dx.doi.org/10.1021/acsaelm.9b00396


biological significance in potential applications in biosensing
and health care products. Ammonia, the simplest molecule of
amines, is extensively studied because ammonia is a
pathogenetic factor for Alzheimer’s disease24 and a potential
biomarker for liver,25 renal diseases,3,26,27 asthma, and
Helicobacter pylori infection.28,29 On the other hand, acetone
has been reported to possess potential association with
diabetes mellitus,30−34 a chronic disease increasing globally.
Therefore, we further investigate the interaction of F−
ammonia and F−acetone to uncover the role of fluorine in
the detection of two highly interested chemical vapors.
Fluorine−Analyte Interactions. To correlate the poly-

mer−analyte interactions and their sensing responses, density
functional theory (DFT) was used to simulate the PnTIF−
ammonia and PnTIF−acetone interactions. The geometry and
electronic properties were estimated by the B3LYP functional
using the 6-31** basis. 4TIF serves as the model monomer in
the DFT calculation to simplify the computation complexity.
Several 4TIF−ammonia complexes were investigated. There
are three adsorption sites for ammonia molecules as depicted
in Figure 4a. The interactions of C−FH−N−H2, C−OH−N−
H2, and C−HNH3 between 4TIF and ammonia decide the
specific spatial arrangement of the ammonia molecule. A
hydrogen bond formed between fluorine and ammonia has the
strongest impact. When a NH3 molecule is in close proximity
to fluorine atoms, the NH3 molecule moves to the position
with one of its H atom aligning with fluorine. In addition, the
thermodynamically favored distance between F and H is
between 2.37 and 2.51 Å. Thus, the hydrogen bond formation
between fluorine and ammonia can specifically attract
ammonia to PnTIF polymers. In p-type FETs, the hole-
injection barrier results from the energy difference between the
work function of the metal electrode and HOMO energy level
of the polymer. A higher negative gate voltage is required to
open the hole channel when the hole-injection barrier
increases. DFT-calculated energy levels of 4TIF, 4TIF−
ammonia, and 4TIF−acetone complexes are summarized in
Table 1. The HOMO energy levels of 4TIF increase after the
adsorption of ammonia in all cases, leading to the increased
hole-injection barrier. Thus, the threshold voltage shifts
negatively after the intake of ammonia, as noted in the
following experiments. The shifts in HOMO/LUMO energy
levels are also observed in the literature due to the absorption
of ammonia7 and other chemical vapors.35 In contrast, the
4TIF−acetone interaction differs from the hydrogen bond
formation of 4TIF−ammonia. Acetone molecule does not
locate at a fixed spatial position near 4TIF, and only a weak
dipole−induced dipole interaction is found between the two
molecules. Figure 4b depicts the two representative cases for
the interaction of 4TIF−acetone without particular adsorption
sites. Also, only complex(II) shows a lowered HOMO energy
level while the HOMO energy level of complex(I) is similar to
4TIF. Thus, acetone molecules affect charge transport in
P4TIF not by imposing effective traps but by perturbing the
electric field near the conducting channels.

Real-Time Sensing of Minute Chemical Vapors.
Encouraged by the positive correlation of fluorine content
and ammonia sensing response, real-time sensing of ammonia
was carried out. PnTIF FETs were exposed to minute
concentration of ammonia ranging from 100 ppb to 3 ppm
in air to test their lower detection range. We hereby define the
sensing response by the measured drain currents changes as

R
I I t

I
(0) ( )

(0)
D D

D
=

−
(2)

where ID(t) and ID(0) are the drain current at time t and the
beginning of the measurement, respectively. The sensing
responses of PnTIF are shown in Figure 5a. The response

magnitude of PnTIF to ammonia is in the same order as the
fluorine contents of the conjugated polymer, which is in the
order of P2TIF, P4TIF, and P6TIF. The responses of P2TIF
and P4TIF are easily 3 times larger than that of P6TIF; the
high fluorine contents of P2TIF and P4TIF account for such a
large difference in response magnitude. With the highest
fluorine content among the investigated polymers, P2TIF
responds drastically when exposed to ammonia. However, the
sensing performance of P2TIF is impaired by baseline drift
upon the intake of ammonia. Ammonia molecules are
adsorbed specifically on difluoro-substituted bithiophenes via
a hydrogen bond. The observed baseline drift and the resulting
slow recovery are accounted by the chemical structure of
P2TIF, i.e., high fluorine content and no additional thiophene
spacer. Thermal properties of PnTIF polymers were analyzed
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analysis, and their results are included in
Figure S10. P2TIF has no melting point observed up to 350
°C, which confirms that the chemical structure of P2TIF leads
to a rigid polymer main chain. Thus, thermal annealing is less
effective on P2TIF polymer films, and there are more defects
in the polymer film, causing the observed baseline drift.
Despite suffering from the low detrapping rate, P2TIF can
detect 200 ppb ammonia in air within 2 min. On the other
hand, P4TIF and P6TIF FETs can recover from the trapping
by ammonia effectively. Also, thermal treatment can greatly
improve the packing order of P4TIF and P6TIF because of

Table 1. DFT-Calculated HOMO/LUMO Energies of the 4TIF, 4TIF−Ammonia Complexes, and 4TIF−Acetone Complexes

4TIF−ammonia 4TIF−acetone

energy level 4TIF case 1 case 2 case 3 case 1 case 2

LUMO [eV] −2.777 −2.723 −2.762 −2.758 −2.730 −2.819
HOMO [eV] −4.934 −4.881 −4.859 −4.878 −4.923 −4.872

Figure 5. (a) Real-time sensing response of PnTIF FETs to various
concentrations of ammonia ranging from 100 ppb to 3 ppm. (b)
Sensing response of PnTIF FETs to various concentrations of acetone
ranging from 50 to 500 ppm.
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their softer polymer main chains than P2TIF. P4TIF and
P6TIF have melting point of 297.2 and 252.2 °C, respectively.
Drift currents in P4TIF and P6TIF FETs are negligible. P4TIF
can detect 100 ppb ammonia in 1 min while P6TIF can
respond to 200 ppb ammonia in 2 min. Note that the sensing
materials are plain PnTIF polymer films without special film
structures and additional receptor molecules in the films.
Successful detection of 100 ppb ammonia is among the best in
polymer FET-based ammonia sensors. Figure 5b shows the in-
situ response of PnTIF FET to acetone vapor ranged from 50
to 500 ppm in air. P4TIF FET show a large response to 50
ppm acetone in 2 min while both P2TIF and P6TIF are
eligible to detect 100 and 200 ppm acetone, respectively. To
the best of our knowledge, this is among the best sensitivity for
acetone achieved by polymer FET-based sensors.

■ CONCLUSIONS
In summary, we have explored the functionalized conjugated
polymers in detection of different chemical vapors ranging
from polar to nonpolar molecules. Polar chemical vapors are
more sensitive than the nonpolar vapors. We further studied
the role of fluorine atoms for sensing various chemical vapors
by studying the polymer−analytes interaction via the DFT
calculation. Polar molecules with potential sites for hydrogen
bond formation, such as ammonia, can enhance their
adsorption and thus in close vicinity to conducting channels
by forming hydrogen bonds with fluorine atoms. By exploring
the effect, 100 ppb ammonia vapor can be easily detected by
P4TIF FET without additional receptors or specific film
structures. For chemical vapors without specific binding with
fluorine, they are detected via changing electrical field near
charge carrier channels of conjugated polymers. Analyte
concentration in the ppm level is required for the accumulation
of analytes in the polymer film or polymer/dielectric interface
mostly by diffusion. PnTIF polymers can detect 50 ppm
acetone without additional receptors or nanostructures.
Through understanding the interaction between analytes and
functional groups in polymers, materials with careful design
can realize ultrasensitive sensors and accurate differentiation of
different kinds of chemical vapors.

■ EXPERIMENTAL METHODS
Materials. PnTIF polymers were synthesized via Stille coupling

from fluorinated bithiophene and the respective isoindigo moiety with
or without additional alkylated thiophenes. The synthesis route and
general method were included in the Supporting Information.
Detailed synthesis methods and characterization were discussed in
our parallel work36 using PnTIF polymers as active layers in polymer
photovoltaics. The PnTIF polymers used in this study have number-
average molecular weight (Mn) and molecular weight distribution
(PDI) in the ranges of 109.6−156.1 kDa and 1.35−1.60, respectively.
These values were determined by gel permeation chromatography
(GPC) at 50 °C by using chloroform as eluent, and monodisperse
polystyrene was used to calibrate the results. All chemical reagents
purchased from suppliers were used as received unless otherwise
mentioned.
Device Fabrication. Bottom-gate top-contact geometry was

adopted for the polymer field-effect transistors in this work. Highly
doped n-type silicon with 300 nm thermal oxide was modified with a
self-assembled monolayer (SAM). The procedure was as follows. The
silicon wafer was first cleaned by the oxygen plasma for 15 min, and a
solution of 3.0 mM trimethoxy(octadecyl)silane in anhydrous
trichloroethylene was spin-cast on the wafer. The OTS-covered
wafer was then treated with ammonia vapor for 12 h and cleaned with
toluene, ethanol, and acetone by an ultrasonicator. The PnTIF

polymers were spin-cast from chloroform solution (0.10 wt %) onto
the OTS-modified substrates at 800 rpm for 1 min in a nitrogen
environment. PnTIF thin films were then annealed in vacuum for an
hour, and the polymer films were slowly cooled to room temperature.
The optimal annealing temperatures for P2TIF, P4TIF, and P6TIF
were 240, 240, and 210 °C, respectively. The 100 nm Au was
thermally evaporated on polymer films through shadow masks as
source/drain electrodes, which featured the channel length (L) of 100
μm and the channel width (W) of 1 mm.

Measurement. A precision source/measurement unit (B2912A,
Keysight, US) was used to measure the electrical properties of the
PnTIF FETs in addition to a probe station or a temperature-
controlled stage (Linkam Scientific, UK). The mobility (μ) at
saturation region was calculated from the equation

( )
C

d I

dV

i
W
L

sat

2

1
2

SD

SGμ =
(3)

where ISD is the source-drain current, VSG is the source-gate voltage,
W and L are the channel width and length, and Ci is the dielectric
constant of SiO2 (10

−4 F m−2). The environmental stability of PnTIF
FETs was conducted by placing the devices in ambient environments
with different humidity of 40, 70, 85, and 97.5% RH. For 40% RH, the
devices were placed in the lab without sealing. The tests for other
humidity level followed the ASTM standard practice for maintain
constant relative humidity by means of aqueous solutions.37 The
samples were placed in a container of 866 cm3 with 40 mL of
saturated aqueous potassium iodide, potassium chloride, and
potassium sulfate solutions for 70, 85, and 97.5% RH, respectively.
The GIWAXS analysis was performed at the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan, using beamline 13A
and 17A. The PnTIF thin films for GIWAXS measurements were
prepared as described above without the top contact electrodes. The
thin films were carefully aligned and adjusted to afford X-ray incident
angle of 0.2° for each measurement. The tapping mode of atomic
force microscopy (OMV-NTSC, Bruker) was used to probe the
surface morphology of polymer thin films. The thicknesses of PnTIF
thin films were measured by AFM. Part of the polymer film was
scratched off the substrate before the measurement. The average film
thicknesses of P2TIF, P4TIF, and P6TIF from nine samples were
22.0, 20.1, and 14.9 nm, respectively. Cyclic voltammetry was
performed by an electrochemical analyzer (CH Instruments
CHI620A, US) to calculate energy levels of PnTIF. Polymer films
were formed directly on the glassy carbon standard working electrode
and then measured against the Ag/Ag+ reference electrode with the
internal standard of ferrocene/ferrocenium (Fc/Fc+) in 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6)−acetonitrile
solution. The scan rate of cyclic voltammetry is 100 mV s−1. For
ammonia and acetone sensors, the FETs were measured in an airtight
sealing temperature controlled stage. Mass flow controllers (Alicat,
US) were used to prepare various concentrations of ammonia
environments by diluting ammonia/air standard of 50 ppm with
carrier gas (dry air). The prepared gas was concurrently transported
into the temperature-controlled stage, where the sensor operated at
25 °C and 1 atm. The detection of acetone was conducted in a similar
procedure with the acetone environments diluting from acetone/air
standard of 500 ppm. For other chemical vapors, the chemicals were
evaporated in a custom-made chamber under reduced pressure and
then mixed with dry air to reach 1 atm. The chemical vapors were
circulated in a closed system for 30 min before they were transported
to the sensor chamber by micropumps at the flow rate of 10 cm3/s.
To date, chemical vapors that can be detected by polymer FETs at
few ppm level are limited to vapors such as NO2, H2S, NH3, and some
amines. To study the response of PnTIF FETs for different chemical
vapors, 0.5% (5000 ppm) TEA, ACN, AA, and xylene were used to
show the selectivity of PnTIF. PnTIF FETs were exposed to these
chemical vapors for 20 min before measurement to reach the
equilibrium of the adsorption and desorption in the thin films.
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