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ABSTRACT: Recently, organic-transistor-based chemical gas sensors have attracted great interest; however, the properties of the
sensor devices, such as their responsivity, response/recovery rates, and linearity, have not yet been fully developed to enable their
practical and robust application. The poor device properties are, in principle, caused by the device configuration, which includes a
thick and continuous active layer. In this study, we investigated the material properties of a multiscale porous faujasite-type
framework, zeolite Y (FAU), which has been widely explored in industrial processes, and examined its potential as an analyte channel
material inserted at an organic transistor active layer. A series of FAU powders were prepared via surface modification with
organosilanes with different alkyl chain lengths, and the modified powders were subsequently compared. The microstructures,
morphologies, and optical/electrical characteristics of polythiophene/surface-modified FAU hybrid films were systematically
investigated. Organic-transistor-type nitrogen dioxide sensors based on the polythiophene/FAU hybrid films showed substantially
improved sensing properties, including enhancements of their responsivity, response rate, and recovery rate. Moreover, the surface
modification of the zeolite improved the sensor performance, possibly because of the optimized structural and surface characteristics
of zeolitic cavity structures. These results provide invaluable information and keen insights into the design of transistor-type reactive
gas sensors based on organic semiconductor/zeolite hybrid thin films.
KEYWORDS: NO2 gas sensors, inorganic−organic hybrid, P3HT, faujasite, zeolite Y

1. INTRODUCTION
Air pollution has become an important social and environmental
problem, and reactive gas sensors based on organic thin-film
transistors (OTFTs), which can be used to detect nitrogen
oxides and sulfur oxides, have consequently attracted special
attention from researchers.1−5 In particular, OTFTs are
expected to offer excellent opportunities for fast and distributed
measurements of outdoor air pollution because of not only the
OTFTs’ functions with signal transducers and amplifiers but also
their intrinsic advantages, which include multiparameter
accessibility, low cost, low volumetric mass density, high

flexibility, and ease of large-scale processing.6−10 However, the

sensitivity and sensing and recovery speeds, which are related to

the performance and reliability of sensors, of current OTFT-
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based sensors are still insufficient for them to be used in practical
applications. These shortcomings are closely associated with the
operating principle of OTFTs, especially for the conduction
channel formed at the interface between the organic semi-
conductor (OSC) and gate dielectric layers.11−15 In the case of a
bottom-gate OTFT configuration, an OSC film (usually tens of
nanometers thick) itself may become a thick diffusion barrier
that blocks the movement of gas analytes into the channel and
thus suppresses the change of the channel resistance. Scaling of
OSC films can solve this problem.7,11,16−20 Thinning and
patterning of OSC films modulate the conductive channel to be
more effectively exposed for analytes; however, the solution
deposition of ultrathin nanostructured OSC films is challenging.
Therefore, OSC films with both an appropriate thickness (from
tens of nanometers to 100 nm) and a continuous nanopore
structure open to the channel would be ideal for use in robust
and practical gas sensors.21

Zeolites are crystalline, porous aluminosilicate minerals with
intricate pores and channel structures in the molecular size range
from 0.3 to ∼1.5 nm.22,23 They have been widely used in various
industrial and scientific applications.24,25 Among the zeolites
used on an industrial scale, zeolite Y (FAU) is the most
common.26 FAU is a faujasite framework with a multiscale
porosity consisting of 0.74 nm diameter pores and a three-
dimensional micropore structure.22,27 It has been used in a wide
range of applications as an ion exchanger, sorption agent, and
catalyst because of its excellent structural stability, high chemical
resistance, large pore volume, and high regenerability.28−31 In
these respects, FAU has strong potential as an outstanding
analyte channel material in reactive gas sensor applications
based on OTFTs when it is blended with conjugated polymers
and used as an active material; however, this possibility has not
yet been explored, likely because of the intrinsic limitations of
FAU in this application (i.e., poor compatibility with organic-
solvent-based solution fabrication processes and low miscibility
with organic polymers).

In this study, we fabricated organic−inorganic hybrid porous
films based on a conjugated polymer, poly(3-hexylthiophene)
(P3HT), and FAU particles and examined their potential as an
OTFT-based nitrogen dioxide (NO2) gas sensor. To overcome
the poor processability and miscibility issues, the surface
characteristics of the FAU were modulated by reacting its
surface hydroxyl groups with functional organosilane molecules.
We grafted a series of trichloroalkylsilanes with different alkyl
chain lengths onto the FAU and compared the changes in their
physicochemical properties (e.g., dispersibility, crystallinity,
porosity, and specific surface area). In addition, the micro-
structures, morphologies, and optical/electrical characteristics
of the P3HT/FAU hybrid functional films were thoroughly
investigated. In turn, the NO2 sensing properties of the OTFT-
based sensors prepared from P3HT/FAU blends were system-
atically measured and compared to elucidate the effects of the
FAU surface modifications on the sensors’ gas sensing
performance.

2. EXPERIMENTAL SECTION
2.1. Surface Modification of Zeolite Y. The FAU (CBV760, Si/

Al = 30) was purchased from Zeolyst Co. and was used as received
without further purification. FAU was kept under a high vacuum
overnight before use. For the preparation of an FAU suspension, 10 g of
FAU was dispersed in 200 mL of toluene, and the resultant mixture was
dispersed by sonication and stirring. The suspension was then mixed
with several different alkylsilane solutions (5 mL, 10 mM) with various

alkyl chain lengths (C2, C8, and C18). The mixed solutions were sealed
and held for 2 h at 5−10 °C under an air atmosphere. Upon completion
of the specified reaction time, the FAU powders were rinsed repeatedly
with toluene. After washing, the surface-modified FAU powders were
heated at 130 °C for 1 h in air and stored under a vacuum.
2.2. P3HT/FAU Blend Film and Device Fabrication. A heavily

doped n-type Si wafer was used as a gate electrode and substrate. The
surface of the Si wafer was a thermally grown 300 nm thick SiO2 layer
used as a gate dielectric (capacitance = 10.8 nF cm−2). Hexamethyldi-
silazane (HMDS, Sigma-Aldrich) was spin-coated onto the SiO2 surface
and used as an organic interlayer at the semiconductor−dielectric
interface. The HMDS-treated substrate was stored under vacuum.
P3HT (Mw = 37 kDa, Rieke Metals) and FAU were dissolved separately
in 1-chlorobenzene and then blended to prepare solutions with various
concentrations of FAU (final concentrations: 10 mg mL−1 for P3HT
and 1−4 mg mL−1 for FAU). P3HT was used as received, without
further purification. To make the mixture more homogeneous, the
P3HT solution was stirred for 1 h at 50 °C, and FAU solutions were
sonicated at 50 °C for 1 h before the mixing process. The mixed
solutions were sonicated at 50 °C for 1 h and stirred overnight at 40 °C.
The P3HT/FAU mixed solutions were spin-coated onto the HMDS-
treated Si substrates at 1100 rpm for 15 s. Identical P3HT/FAU blend
films were fabricated on transparent glass substrates for use in UV−vis
absorption measurements. Source and drain electrodes were deposited
onto the P3HT/FAU blend film by evaporating Au through a shadow
mask (channel length = 100 μm and channel width = 2000 μm).
2.3. Characterization. After each sample was activated at 120 °C

under vacuum for 12 h, N2 sorption measurements were performed by
adsorbing N2 onto the samples at pressures ranging from vacuum to
ambient (0 ≤ P/P0 ≤ 1.0) at 77 K by using a Micromeritics Tristar II to
calculate the BET specific surface area of each sample. The crystalline
structures of the FAU and the P3HT/FAU blend films were
investigated by X-ray diffraction (XRD) analysis using a Rigaku
SmartLab equipped with a Cu Kα radiation source. The surface of the
FAU powder and P3HT/FAU blend films were confirmed by scanning
electron microscopy (SEM, JEOL JSM-7800F) and optical microscopy
(OM, Olympus BX51). Video microscopy (Sony, A-5100) was used to
obtain the dispersion stability of the FAUs in the solution. UV−vis
absorption spectra were acquired by using a PerkinElmer LAMBDA365
spectrophotometer. Fourier transform infrared (FTIR) spectroscopy
(PerkinElmer, Spectrum Two) was used to study the alkylsilanes used
to modify the surface of the FAU. The electrical properties of the blend-
film-based transistors were measured by using a semiconductor
analyzer (Keithley 4200-SCS) under vacuum at room temperature.
The gas sensing properties were measured by using a gas chamber
(Gasentest II, Precision sensor system) and a Keithley 2636B at room
temperature. Gas mixtures of NO2 and a carrier gas were introduced by
using an embedded mass flow controller. The sensors were placed into a
chamber that provided a low-moisture ambient gas environment
(relative humidity RH = 19.5%). Air was used as a carrier gas to which
0−50 ppm of NO2 was added while a constant total flow rate of 500
sccm was maintained. All of the gas sensor experiments were conducted
at a fixed drain bias of −20 V and a fixed gate bias of −20 V.

3. RESULTS AND DISCUSSION
Commercially available FAU powder was used for the
preparation of P3HT/FAU hybrid films (Si/Al atomic ratio of
30 and unit cell size of 24.24 Å). To modify the surface
properties of the FAU, we mixed a suspension of pristine FAU in
anhydrous toluene with a small amount of trichloroalkylsilanes
with different alkyl chain lengths (C2, C8, and C18; Figure 1a),
stirred the resultant mixture for 2 h at room temperature, and
rinsed the product repeatedly with toluene. In the presence of a
small amount of water in the atmosphere, three chlorine groups
were substituted by hydroxyl groups, which enabled the
polycondensation reaction.25,32 After unreacted organosilane
was removed by washing with toluene, the FAU powders were
kept at an elevated temperature of 130 °C for 1 h and stored
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under vacuum to facilitate the condensation reaction between
the surface hydroxyl groups of the FAU powders and the
organosilanes. This process gave three surface-modified FAU
powders that did not exhibit a visible change in appearance: C2-
FAU, C8-FAU, and C18-FAU.

SEM images of the pristine and modified FAU powders
showed hexagonal-shaped platelet crystals hundreds of nano-
meters in size; however, the surface of all the particles appeared
rougher after the surface modification. Some nanosized bumps
were observed on the surface of the modified FAU particles
(Figure 1b). The roughened surface was more prominent when
the alkyl chains of grafted organosilane molecules were shorter,
which we attributed to the disordered and rapid aggregation
behavior of short-chain organosilanes.33,34 The porous
structures of the surface-modified and neat FAU powders
were investigated by using N2 adsorption−desorption isotherms
(Figure 1c). The surface area measured from the N2
adsorption−desorption isotherms decreased after the surface
modification (inset of Figure 1c). The estimated Brunauer−
Emmett−Teller (BET) specific surface areas were 569 m2 g−1

(for FAU), 333 m2 g−1 (for C2-FAU), 300 m2 g−1 (for C8-FAU),
and 285 m2 g−1 (for C18-FAU). These results indicate that the
surface-grafted organosilane molecules may make the pore
structure of FAU narrow and/or blocked some portion of the
nanopores.25

FTIR spectroscopy measurements confirmed that the
organosilanes were successfully coupled to the surface of the
FAU (Figure 1d). The broad absorption band near 3300 cm−1

confirmed the presence of surface hydroxyl groups on the
pristine FAU.35 After the surface modification, the peaks
assigned to C−H scissoring modes were observed from 1410
to 1470 cm−1, along with two CH2 vibration peaks near 2950
cm−1.33 Interestingly, the positions of the peaks corresponding
to the symmetric and asymmetric CH2 vibrations shifted to
lower wavenumbers: from 2886 to 2858 cm−1 and from 2967 to
2928 cm−1 (Figure 1e). These shifts indicate that the phase state
of the alkyl chains in the organosilanes changed from disordered
(C2) to ordered (C8 and C18).33 Trans conformations of alkyl
chains are favored by van der Waals forces between longer alkyl
chains.36 The increased prevalence of trans alkyl chain
conformations can, in turn, increase the packing density of
organosilanes, which would explain the decrease of the BET
specific surface areas with increasing alkyl chain length (inset of
Figure 1c). Moreover, the peak intensities and positions in the
powder X-ray diffraction (XRD) patterns of the pristine and
modified FAU powders were similar irrespective of the surface
modification, confirming that the grafting with organosilanes did
not reduce the crystallinity or change the unit-cell structure of
the FAU (Figure 1f). Overall, we concluded that the surface of
the FAU powders was successfully grafted with organosilanes
and that the surface characteristics were modified without
collapse of the zeolitic cavities.

The stability of dispersions of FAU particles in an organic
solvent was tested. Figure 2a shows a series of photographs of

the pristine and surface-modified FAU particles dispersed in 1-
chlorobenzene (10 mg mL−1). Before the dispersion time was
measured, each dispersion was stirred vigorously. In the case of
pristine FAU, the particles began to sink immediately after
stirring; after ∼10 s, all the particles had aggregated at the
bottom of the suspension. After the surface modification, the
dispersibility was substantially improved. A suspension of C2-
FAU in 1-chlorobenzene was stable for 1 h, and suspensions of

Figure 1. (a) Schematic of the crystalline structure of FAU and the
surface modification process using a series of trichloroalkylsilanes;
octyltrichlorosilane is shown as a representative trichloroalkylsilane in
this subfigure. (b) SEM images of pristine and surface-modified FAUs.
(c) Adsorption−desorption isotherms of neat FAU and surface-
modified FAUs. (c, inset) The corresponding BET specific surface
areas. FTIR spectra of pristine and surface-modified FAUs in (d) a wide
range and (e) a magnified region. (f) Powder XRD diffractograms of
pristine and surface-modified FAUs.

Figure 2. (a) A series of photographs for testing the dispersion stability
of pristine and surface-modified FAUs in 1-chlorobenzene (10 mg
mL−1). (b) Quantitative dispersion stability test results using solution
UV−vis spectra. (c) A series of photographs for testing the dispersion
stability of the pristine FAU/P3HT composite or surface-modified
FAU/P3HT composites in 1-chlorobenzene (30 wt %). (d) Optical
microscopic images (left) and SEM images (right) of FAU/P3HT.
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C8-FAU and C18-FAU exhibited better stability (longer than a
few hours). We quantitatively characterized the dispersion
stability using solution-phase UV−vis spectroscopy (Figure 2b).
Similar to the behavior observed in the sequential photographs
(Figure 2a), the intensity of the FAU characteristic peak at a
wavelength of 287 nm in the UV−vis spectra decreased
abruptly,27 reaching an absorbance value of <0.2 after 1 h
(Figure S1 in the Supporting Information). However, the
absorbance of the surface-modified FAUs was well maintained
during the measurement time of 3 h. C8-FAU and C18-FAU
showed better dispersion stability than C2-FAU in this
quantitative test, especially after the dispersion time of 1 h,
which we attributed to enhanced solvent−solute interactions as
a result of the grafted long alkyl chains.

The dispersion stability of FAU particles in the presence of a
conjugated polymer, P3HT, was also investigated (Figure 2c).
To this end, P3HT and FAU particles were dissolved in 1-
chlorobenzene (10 mg mL−1 for P3HT and 3 mg mL−1 for FAU
particles) and were blended in a solution phase. The mixed
solutions were stirred gently, resulting in the formation of light-
orange suspensions. Similar to the dispersion test results for
FAU alone, the P3HT/FAU blend suspension quickly darkened
(∼10 min). The time required for the suspensions to turn
graded dark-orange became much longer (approximately a few
hours) after the surface modification. The change of the
suspension color indicated the aggregation of FAU and P3HT.37

The aggregation of P3HT chains in a solvent often gives rise to a
dark-orange color. Therefore, the test results indicate that the
dispersion stability of FAU in P3HT solution was dramatically
improved by the surface modification of FAU. Notably, the
dispersion stability of FAU without the modification was also
somewhat improved when P3HT was present, indicating that
P3HT can act as a surfactant for a few minutes. The P3HT
chains are speculated to have aggregated on the surface of the
modified FAU particles, whose surface energy is higher than that
of the unmodified FAU particles.38

To test the miscibility of the FAU powders in the P3HT solid
medium, we spin-cast the blend suspensions of P3HT and FAU
onto Si wafer or glass substrates, which resulted in 50 nm thick
P3HT thin films with embedded FAU particles (Figure 2d). The
surface-modified FAU crystals appeared to be well distributed
through the whole film irrespective of the length of the attached
alkyl chains. In the case of pristine FAU, by contrast, aggregated
crystals were frequently observed both by OM and SEM, likely
as a result of preaggregation in the chlorobenzene suspension.

To elucidate the molecular states and crystalline structure of
the P3HT polymer chains in the FAU/P3HT blend films, we
characterized the films using UV−vis spectroscopy and XRD
analysis. Figure 3a shows the UV−vis absorbance spectra of the
FAU/P3HT hybrid thin films. When FAU crystals were present,
the spectra showed shifts of the absorption maxima toward
longer wavelengths and stronger 0−0 shoulders (middle and
right sides of Figure 3a), indicating that the crystallinity of the
P3HT medium was improved by the presence of the FAU
crystals.37,39 The absorption spectra of P3HT aggregates can be
interpreted in terms of an H-aggregate chromophore with weak
interactions of interchain coupling.40 In this case, the intensity of
the first transition 0−0 (λ = 603 nm) is reduced by enhancing
the excitonic coupling. The interchain coupling energyW can be
evaluated from the intensity ratio of the first and second vibronic
peaks by using the following equation41

+
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(1)

where n0−1 is the refractive index at the (0−1) peak and Ep is the
vibration energy coupled to the electronic transition (0.18 eV for
P3HT).41 The refractive index ratio n0−1/n0−0 is almost equal to
1 (0.97 for P3HT films).42 The calculated interchain coupling
energy W slightly decreased from 0.064 to 0.052 eV after
blending with the surface-treated FAUs. A lower interchain
coupling energy comes from longer conjugation lengths arisen
from high crystalline order in the thin films.42 The XRD analysis
corresponding to the out-of-plane direction also supported the
improved crystallinity of P3HT portions (Figure 3b). In
particular, the (010) reflection peaks, which correspond to the
π−π stacking of conjugated units of P3HT,43,44 became intense,
and their spacing was slightly reduced from 3.8 to 3.7 Å upon the
insertion of FAU crystals. The correlation length estimated from
the full widths at half-maxima (FWHMs) of the (010) peaks was
also substantially increased from ∼5 nm (P3HT film without
FAU) to ∼12.5 nm (C18-FAU/P3HT hybrid film; see right side
of Figure 3b).45 All these results indicate that the insertion of
FAU crystals enhanced the crystallinity of P3HT along the π−π
stacking direction, likely because of the activated heterogeneous
nucleation and slow solvent evaporation resulting from the
presence of porous FAU particles.46

The charge transport properties of the P3HT thin films
hybridized with different FAU powders were measured on the
basis of the transfer characteristics of bottom-gate top-contact
OTFTs fabricated on HMDS-modified SiO2/Si substrates. As
the portion of pristine FAU crystals was increased from 0 to 40
wt %, the drain-current levels in the transfer curves gradually
decreased (Figure 4a); correspondingly, the hole mobility values
were slightly reduced from 2.6 × 10−3 to 8.1 × 10−4 cm2 V−1 s−1

Figure 3. (a) UV−vis spectra (left) of spin-cast thin films prepared
from homo-P3HT, a pristine FAU/P3HT composite, and the surface-
modified FAU/P3HT composites (P3HT: homo-P3HT; FAU: the
pristine FAU/P3HT composite; C2: C2-FAU/P3HT composite; C8:
C8-FAU/P3HT composite; and C18: C18-FAU/P3HT composite).
Middle spectra are normalized spectra of the left figure at the visible
ranges of interest. Right plot shows the A0−0/A0−1 intensity ratio and
film thickness information. (b) Thin-film XRD profiles in linear scale
(left) and log scale (middle) of spin-cast thin films prepared from
homo-P3HT, the pristine FAU/P3HT composite, and the surface-
modified FAU/P3HT composites. Calculated (010) d-spacing and
corresponding correlation length of homo-P3HT and blend-P3HT thin
films with pristine and surface-modified FAU particles (right).
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(Figure 4b and Table S1). When the surface-modified FAU
crystals (30 wt %) were blended with P3HT, the electrical
characteristics of the hybrid films were identical irrespective of
the alkyl chain length. The hole mobilities of the devices
remained similar (9.0 × 10−4 cm2 V−1 s−1; Figure 4c,d and Table
S1). FAU crystals are an electrically insulating substance; they
can therefore interrupt the charge transport when present in the
charge transport pathway in a P3HT film.12 Even though the
insulator FAU occupies a large portion of the whole films, the
hole mobility decreased only 35%, and the OTFTs operated

with reasonable on−off ratios greater than 103. The persistent
hole mobility and semiconducting character of the FAU/P3HT
hybrid films are attributed to the presence of uniformly well-
connected P3HT nanocrystals whose properties are improved
by the insertion of FAU particles.37,47,48

Finally, we measured the NO2 gas sensing properties of the
OTFT devices based on P3HT films blended with and without
FAU powders. The FAU/P3HT blend films were repeatedly
exposed to NO2 (10 ppm) for 1 min and purged with air for 9
min. When all the fabricated OTFTs were exposed to NO2 gas,
the drain currents increased because of p-doping of the P3HT
from NO2. The NO2 adsorbed by the FAU can exert a p-type
doping effect as an electron acceptor, thereby increasing the
drain current in the OTFTs. Compared with the small current
change of P3HT OTFTs without FAU, the other OTFTs based
on FAU/P3HT hybrid films showed substantially enhanced
drain-current variation under exposure to 10 ppm of NO2
(Figure 5a,b). Because the thickness dimension of the P3HT
films (∼50 nm) was smaller than the crystal size of the
embedded FAU, the gas analytes that passed through the
nanopores of the FAU could efficiently reach the buried P3HT/
HMDS-modified SiO2 interface; thus, the FAU crystals provided
a conducting channel. The results thus demonstrate that the
embedded FAU crystals functioned as gas analyte channels, as
anticipated. Not only the responsivity (defined as ΔID(t)/ID(0))
but also the response/recovery rates (defined as ΔID/Δt) of the
devices were dramatically improved by the insertion of FAU
crystals (Figure 5c).6 These improvements are attributed to the
improved access and escape of NO2 molecules at the conductive
channel through the cavity of the zeolites.49 Moreover, the
surface modification of the FAU enhanced the sensing
properties, possibly because of the dispersion stability of FAU.
The measured change in responsivity as a function of NO2
content showed a linear relationship in the investigated range
from 10 to 50 ppm (Figure 5d). We characterized the sensitivity
for NO2 molecules by calculating the slope of the plot of the
responsivity as a function of the NO2 concentration (Figure

Figure 4. (a) Transfer characteristics (drain current (ID) vs gate voltage
(VG)) and (b) calculated hole mobilities of P3HT OFETs (VD = −60
V) fabricated with different amounts of pristine FAUs. (c) Transfer
characteristics (ID−VG curves) and (d) calculated hole mobilities of
P3HT OFETs (VD = −60 V) fabricated with and without surface-
modified FAUs (30 wt %). P3HT: homo-P3HT; FAU: the pristine
FAU/P3HT composite; C2: C2-FAU/P3HT composite; C8: C8-
FAU/P3HT composite; and C18: C18-FAU/P3HT composite.

Figure 5. (a) Responsivity plots of P3HT NO2 sensors fabricated with different FAU powders, where the resistivity was measured at 10 ppm of NO2
and air (P3HT: homo-P3HT; FAU: the pristine FAU/P3HT composite; C2: C2-FAU/P3HT composite; C8: C8-FAU/P3HT composite; and C18:
C18-FAU/P3HT composite). (b) Magnified responsivity plots of (a), showing the variation of the response rates. (c) Performance summary for the
NO2 sensors based on P3HT/surface-modified FAU hybrid thin films. (d) Changes in the drain current of the sensor fabricated from a P3HT/FAU
hybrid thin film when the sensor was exposed to different NO2 levels. (e) Linear fit showing the relative responsivity of the blend sensor devices as a
function of the NO2 concentration. (f) Sensitivity of the blend sensor devices, as determined from the slope of the fitted graphs. (g) Schematic showing
the diffusion of NO2 molecules through gas analyte channel materials inserted in a conjugated polymer active layer of an organic-transistor-based
sensor, where the surface of the zeolite Y (abbreviated as FAU) was (right) and was not (left) modified.
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5e).50 The evaluated sensitivity of the P3HT films blended with
surface-modified FAUs exhibited more than twice as large as
those of pristine P3HT films and P3HT films with neat FAUs
(Figure 5f).

We demonstrated that the surface modification of FAU
strongly affected all the gas sensing parameters. The best NO2
sensing abilities were achieved when the P3HT films were
fabricated with C8-FAU, which we attributed to the optimized
surface characteristics of the FAU crystals treated with
octyltrichlorosilane (i.e., C8). The fact that the sensing
performance was improved even though the surface area of
FAU was reduced by one-half after the surface modification
indicates strong interaction of the analyte molecules as a result of
the dispersion stability of FAU (Figure 5g); thus, the diffusion of
the analyte molecules into the conducting channel is important
in the optimization of reactive gas sensors. The results also
suggest that controlling the surface chemistry of FAU crystals
can lead to further enhancements of the sensing performance of
the proposed NO2 sensor.

4. CONCLUSIONS
We examined the potential of FAU derivatives as analyte
channel materials inserted at an OTFT’s active layer. FAU
crystals were modified by using three different alkyl side chains,
which dramatically improved the dispersion stability of
suspensions of the FAU powders in organic solvents and, in
turn, enabled solution processability without collapse of the
FAU zeolitic nanoporous structure or loss of its crystallinity. The
blending of the pristine and surface-modified FAUs with P3HT
enabled the easy formation of conjugated polymer/zeolite
hybrid thin films with a thickness of ∼50 nm. Pristine and
modified FAU crystals embedded in P3HT films were
demonstrated not to disturb the operation of OTFTs when
they were blended into the films at concentrations as high as 40
wt %. This result is attributed to the shortened π-stacking and
improved crystalline coherence of P3HT upon the insertion of
the surface-modified FAUs. Compared with an OTFT-type NO2
sensor fabricated without FAUs, the OTFT-type NO2 sensors
based on FAU/P3HT hybrid films showed substantially
improved sensing properties, including enhanced responsivity,
response rate, and recovery rate. Moreover, the surface
modification of the zeolite enhanced the sensor performance,
possibly because of the optimized structural and surface
characteristics of the zeolitic cavity structures. Our study
demonstrated the usefulness of the zeolites as a gas analyte
channel in OTFT-type reactive gas sensor applications. We
believe that the proposed method represents a new route for
fabricating OSC/metal−organic framework-composite-based,
high-performance OTFT sensors with high responsivity and
operational reliability.
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