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Organic semiconductors (OSCs) are promising sensing materials for printed organic gas sensors. Although OSCs
show promise since they are mechanically flexible, cost-effective, and lightweight, they still face challenges
related to low sensitivity and poor stability under ambient conditions; their development therefore lags that of

P3HT . . . . . . . .

P3 kit inorganic-based gas sensors. Functional nanomaterials can be incorporated into organic semiconductors to
erovskite e o . . . . . . .
Nanocrystals complement the gas sensitivity and stability. Herein, we describe the fabrication of novel organic-inorganic

hybrid gas sensors via the blending of perovskite nanocrystals and conductive polymer. We introduced a
perovskite-structured material, CsPbBrs3, into a conductive polymer matrix, which substantially improved its gas-
sensing performance while maintaining its high responsivity and response rates. To further improve the
adsorption of target gas molecules, we modified the surface of the perovskite using a zwitterionic polymer
subjected to a hydration treatment. The results demonstrate that the amide group of the encapsulation polymer
exhibits high affinity toward NO3 gas molecules and that this affinity becomes more pronounced upon hydration
of the polymer. We also demonstrate the perovskite materials in the semiconducting polymer layer can protect
the polymer thin film against oxidation during prolonged storage under ambient conditions because of the
perovskite crystals’ ability to adsorb oxidizing molecules.

1. Introduction

Recently, with the rapid expansion of industrialization, the invention
of smart gas sensors for the early detection of air pollutants such as ni-
trogen compounds, carbides, sulfides, and volatile organic compounds
has attracted enormous research attention for ensuring human respira-
tory health[1,2]. Among hazardous gases, NO,, which is typically
released from the combustion of fossil fuels, can lead to serious respi-
ratory diseases in humans, including pulmonary edema, bronchitis, and
asthma. The Health and Safety Rule Alarm has mentioned that the
human body should not be exposed for longer than 8 h in an environ-
ment of 3 ppm NO2[3-5]. Therefore, NO5 should be monitored using
ultrasensitive, highly selective, and long-term-stable gas sensors, for
which different organic and inorganic materials have been utilized.

Gas-sensing devices include gas chromatography sensors, electro-
chemical sensors, optical sensors, and resistive and capacitive sensors.
Gas chromatography sensors exhibit high performance but a slow
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response and high-power consumption; in addition, gas chromatog-
raphy is time-consuming and requires expensive equipment[6]. Elec-
trochemical sensors require a solution-based device system that
dissolves the target gas, which adds complexity to the system|[7]. Optical
gas sensors are difficult to miniaturize and take time transducing
chemical to optical information[8]. Because of these drawbacks, re-
searchers have focused on semiconductor-based resistive and capacitive
sensor devices. Recently, conductive polymers have attracted a lot of
attention due to their wide variety of materials, good flexibility, good
compatibility with large area fabricating methods, and light weight
[9,10]. In addition, they can also be manufactured into portable gas
sensors by a simple solution process[11]. Especially, organic field effect
transistor (OFET)-based gas sensors are attracting attention because
they can be potentially applied to signal amplifiers.

The gas detection function of OFET devices is closely related to the
intermolecular interaction between gas analyte and the organic semi-
conductor, which operates via a charge transfer or electronic doping
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mechanism at the contact area of analytes on semiconductor layers[12].
In the thin-film geometry of an OFET, the charge carriers in the con-
duction channels are strongly modulated under an applied gate bias.
However, a charge conduction channel is formed within a thickness of a
few nanometers at the dielectric interface, which makes interaction of
the analyte molecules with the conductive layer difficult[13,14]. Re-
searchers have therefore attempted to improve the sensing performance
by enhancing gas penetration into the semiconductor layer, such as by
adjusting the film thickness to be ultrathin, modulating the nano-
structure of the organic semiconductors, and constructing nanoporous
structures with sacrificial components [15-17]. Several fabrication
methods have been developed to obtain nanoporous morphologies
exhibiting high gas-sensing properties. These include the shearing-
assisted phase separation method, which achieves a sensitivity of 7 %
ppm ™! to NHg; the vacuum free-drying method, with a sensitivity of 340
% ppm ™! to NHs; the P3HT:SEBS polymer blend method, achieving a
sensitivity of 467 % ppm ™' to NO; and the meniscus-guided printing
method, with a limit of detection around 1 ppb [18-21]. However,
solution-based processing often introduces complexity in film formation
and leads to unstable device operations [22].

The gas-adsorbing properties of materials are strongly influenced by
the materials’ relative surface area and ability to interact with gas
molecules. Nanostructured materials with functionally modified sur-
faces have been developed to achieve adequate gas-adsorption perfor-
mance. Various inorganic functional materials, including porous
inorganic materials, carbon allotropes, and metal oxides, have been
chosen to enhance the gas sensing sensitivity of OFET-based sensors
[23-25]. However, these materials are prepared via complex multistep
processes and their surface tunability is limited. Recently, metal halide
perovskite-type materials have attracted intensive attention due to their
wide chemical tunability, unique optoelectronic properties, and ease of
preparation as nanoparticles[26-28]. Not only have halide perovskites
demonstrated excellent photovoltaic performance, but perovskite ma-
terials, tailored into nanocrystals (NCs), have been found to exhibit
unique nanocrystalline properties, with a large surface-to-volume ratio
and various surface chemistries[29]. The surface chemical modification
of perovskites, which is possible through modification of the perovskite
composition and the use of surface-coordinating ligand molecules, offers
a rich opportunity for achieving strong interactions with gas molecules.
Surface-engineered perovskite NCs can thus be used in OTFT gas-sensing
devices because of their strong interaction with gases[30-32]. However,
literature on the hybridization of perovskite derivative nanomaterials
with organic semiconductor-based gas sensor devices remains scarce
despite the strong reactivity of such nanomaterials toward molecular
substances.

In the present study, we manufactured a greatly sensitive OFET-
based gas sensor by using perovskite NCs as the gas-sensitive element
and a conductive polymer, poly(3-hexylthiophene) (P3HT), as the
charge transport host in the semiconducting layer of an OFET. We
modified the surface chemical properties of the perovskite NCs via a
ligand-exchange treatment, resulting in encapsulation of the NCs by a
zwitterionic polymer that strongly interacts not only with the perovskite
NCs’ surface but also with target gas molecules. In addition, we used
hydrated perovskite NCs to maximize their NO, capturing ability via
water-NO; interactions. This hybridization of polymer-modified
perovskite NCs provides the semiconductor polymer matrix with opti-
mum structuring at various levels of structural organization, and this
structuring leads to the fabrication of a semiconducting polymer with
effective and ultrasensitive gas-sensing properties for selective detection
of target gas molecules. The developed OFET gas sensor was further
investigated in terms of device stability under ambient storage for 21
days.

2. Results and discussion

We prepared CsPbBr3 perovskite NCs using a modified hot-injection
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technique[33,34]. The size of the CsPbBr3 NCs ranged from 10 to 20 nm;
such NCs have a high surface-to-volume ratio of ~ 3 x 10® m™},
providing a high density of gas adsorption sites. In the present study, to
improve the gas-adsorbing ability of the CsPbBrs perovskite NCs, we
modified their surface with a zwitterionic polymer containing both
amino and carboxylate functional groups. These groups strongly interact
with components of the perovskite NCs’ surface, leading to robust
attachment, and strongly adsorb oxidizing gases via hydrogen-bonding
forces. The zwitterionic polymer used for ligand exchange in a solu-
tion state was poly(carboxybetaine acrylamide) (PCA). The polymer
solution was mixed with the CsPbBr3 NC solution to ensure ligand ex-
change from the oleic acid to the PCA, forming PCA-exchanged CsPbBr3
nanocrystals (PCA-NCs). We further prepared hydrated PCA by adding
water to the polymer solution and applied it to the perovskite NCs’
surface to obtain hydrated-PCA CsPbBrj3 perovskite nanocrystals (PCA-
w-NCs) (Fig. 1a). The water molecules are strongly bound to the PCA
molecules via hydrogen bonding.

The perovskite NCs are aggregated and encapsulated by the PCA,
forming a sheath layer of PCA. The individual CsPbBrz NCs are cham-
fered but retain their cubic perovskite structure. With PCA encapsula-
tion, the perovskite NCs form 100 nm agglomerations (Fig. 1b). With the
addition of water molecules, the chamfered CsPbBrz3 NCs become
smaller and rounder. A Transmission electron microscope (TEM) image
of a single perovskite NC indicates a size of approximately 5-15 nm. The
supra-particles form round agglomerates approximately 100 nm in
diameter. The NCs are encapsulated with PCA, forming a sheath layer
with 10-20 nm thickness.

The X-ray diffraction (XRD) profiles of the pristine perovskite NCs,
PCA-NCs, and PCA-w-NCs exhibit identical cubic perovskite phases, as
confirmed by the reference pattern for CsPbBrs perovskite with Pnma
space symmetry (Fig. 1c¢) [35]. Even in the case of water treatment, the
cubic perovskite structure was not deteriorated but well maintained.
Therefore, we rule out changes in the crystalline properties of the
perovskite and focus on the intermolecular interaction between PCA and
the perovskite NCs.

To confirm the attachment of the polymer to the nanoparticles, we
characterized the samples with the Fourier transform infrared (FT-IR)
spectroscopy (Fig. 1d). The transmission spectra of the pristine PCA
polymer show characteristic peaks at 1662 cm ™! originating from the C
= O stretching mode of methacrylate and peptide groups; this peak is
only obtained in the spectra of the PCA-NCs and PCA-w-NCs, which
indicates the successful exchange of PCA for oleic acid (OA) capping
ligands on the perovskite NCs’ surface [36,37]. The FT-IR spectra of the
pristine perovskite NCs’ with OA and oleylamine (OAm) capping ligands
show prominent alkyl stretching peaks at 2800 and 2980 cm ™!, which
are not discernable in the spectra of the PCA-NCs and PCA-w-NCs. The
FT-IR spectra of the PCA-NCs show peaks identical to those in the
spectrum of the pristine PCA polymer. The FT-IR peaks at 3300 cm
originating from ammonium groups are marked by blue bands in Fig. 1d.
In addition, the broad peak in the range of 2350-3300 cm™! in the
spectra of the PCA-w-NCs is strongly enhanced because of the overlap of
the OH stretching mode arising from water molecules intercalated into
the PCA polymer chains (Fig. 1e) [38].

We further used X-ray photoelectron spectroscopy (XPS) to investi-
gate the chemical encapsulation of the perovskite NCs with the PCA
polymer. The N1s and Ols signals detected in the XPS analysis of the
CsPbBr3 NCs can be attributed to the oleic acid and oleylamine used as
long-chain ligands during the synthesis of the NCs [39,40]. The C1s, N
1s, and O 1 s spectra show that the OA/OAm surface ligands were
successfully replaced with PCA. The singular peak in the C 1 s spectra of
the pristine perovskite NCs shifts to higher binding energies and be-
comes a triple peak associated with O-C = O and C-N in the C 1 s
spectrum of the nanoparticles encapsulated by PCA (Fig. 2a). A com-
parison of the atomic carbon content among the samples shows that the
OA/OAm ligands were successfully exchanged for PCA polymers
(Fig. 2d). The N 1 s peaks from the PCA-NCs become more intense
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Fig. 1. (a) Schematic of a CsPbBr3 perovskite-structured nanocrystal (NC) subjected to polymeric ligand exchange. (b) TEM images of the CsPbBr3 perovskite NCs
before and after their modification via polymeric ligand exchange and water-saturated polymeric ligand exchange. (c) XRD patterns of the pristine CsPbBrs
perovskite NCs before and after their modification via polymeric ligand exchange and water-saturated polymeric ligand exchange. (d) FT-IR spectra of the pristine
CsPbBr3 perovskite NCs before and after their modification via polymeric ligand exchange and water-saturated polymeric ligand exchange. (e) Magnified FT-IR
spectra of the CsPbBrs NCs before and after their encapsulation with PCA and PCA-w.

because of the large amount of N in the PCA polymer (Fig. 2b). The
further treatment of the PCA polymer with water also modified the
surface state of the perovskite NCs, whereas the C 1 s and N 1 s spectra of
the PCA-w-NCs are analogous to those of the PCA-NCs.

The O 1 s spectrum of the perovskite NCs originates from the OA,
whereas the O 1 s spectrum of the PCA-NCs shows a peak shift to a lower
binding energy because of the carboxylic acid and the spectrum of the
hydrated PCA-w-perovskite NCs shows an additional peak at a higher
binding energy because of the water molecules attached to the PCA
polymer (Fig. 2¢). The N and O atomic compositions reflect the surface
states of the PCA-NCs and PCA-w-NCs (Fig. 2e and 2f). When PCA was
used to encapsulate the perovskite NCs, the N atomic composition
increased to 5.61% compared with 1.78% for the pristine NCs. Upon
hydration of the PCA, the O atomic composition increased to 8.26%
compared with 2.8% for the PCA-NCs (Table S1).

To construct a gas sensor OFET, a conductive polymer was integrated
with the NCs as a carrier-transporting semiconductor. We fabricated
blend films based on a conductive polymer, P3HT, with a mixture of the
prepared perovskite nanoparticles (NCs, PCA-NCs, and PCA-w-NCs)
(Fig. 3a). The perovskite NCs in the P3HT solution were spin-cast onto
a Si wafer, resulting in NC-embedded conductive polymer thin films. The
optical microscopy (OM) images of P3HT/NCs thin films show that the
NCs are dispersed in the polymer matrix, forming 1-2 pm aggregates

(Fig. 3b). The nonpolar OA ligands attached to the perovskite NCs are
highly compatible with chloroform; hence, the P3HT/NCs film exhibits a
fine dispersion of NCs. On the contrary, the PCA-NCs blended in P3HT
are more aggregated because of the polarity of the PCA polymer
encapsulating the NCs, as evident in the TEM images (Fig. 1b). By
comparison, the PCA-w-NCs are slightly less aggregated in P3HT than
the PCA-NCs, forming a fine dispersion in the P3HT matrix, which might
be attributable to smaller individual particles. To further investigate this
matter, we captured high-resolution SEM images of the perovskite ag-
gregates in the P3HT blend films, as displayed in Figs. S1, S2 and S3.
Despite apparent aggregation, individual nanocrystals seem to retain
their size and shape within the tens of nanometers scale, and the ag-
gregates exhibit porous surface morphologies. We speculate that these
aggregates can still effectively absorb NO, molecules at their surface.
Furthermore, the primary focus of this study is to enhance gas sensing
capabilities through the surface modification with zwitterionic poly-
mers. We believe that this polymer modification at the surface amplifies
NO, binding via intermolecular interaction, a process which is not
significantly impeded by nanocrystal agglomerations.

The UV-Vis absorption spectra show that the crystallinity of the
P3HT molecules improves with the addition of the NCs (Fig. 3c and S4).
The UV-Vis absorption spectra of the P3HT films show characteristic
absorption peaks at ~ 558 and ~ 606 nm due to intermolecular
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interactions, which are assigned as the Ay ¢ and Ag_; absorption peaks,
respectively; the spectra of the P3HT films can be compared on the basis
of their Ag_g/Ag_1 ratio. The ratio of the intensity of the Ay o peak at 606
nm to that of the Ag_; peak at 558 nm is related to the degree of crys-
tallinity of the P3HT films. The Ag_o/Ag_1 peak ratio of thin films of
P3HT mixed with NCs is greater than that of a pristine P3HT film
(Fig. 3d). We speculate that the P3HT molecules exhibit strong self-
assembly because of demixing between the polymer and the NCs. We
also confirmed that the Ag_o/Ag_1 peak ratio increases as the relative
amount of NCs in the P3HT increases (Fig. S2-S4). However, the
thicknesses of the blended thin films are roughly the same, in the range
80-90 nm. This increase in crystallinity is also observed in the films of
P3HT/PCA-NCs and P3HT/PCA-w-NCs.

We fabricated bottom-gated P3HT field-effect transistors (FETs) to
characterize the charge transport properties and gas-sensing behavior of
the P3HT/NCs films (Fig. 4a) [41]. The transfer curves indicate char-
acteristic p-type FET properties (Fig. 4b). The pristine P3HT device ex-
hibits an on/off ratio of 8.5 x 102 and a field-effect mobility of 6 x 10™*
em?v! s_l) (Fig. 4c). With the inclusion of NCs (P3HT/NCs), charge
transport becomes more efficient, resulting in an increase in the field-
effect mobility to 8 x 103 ecm?v! s’l). This result is attributed not
only to the increase in P3HT crystallinity but also to the charge doping
effect from p-doped perovskite NCs. The P3HT/PCA-NCs device exhibits
an increase in field-effect mobility to 3 x 1072 em? V! s™! compared
with that of the pristine P3HT device but is slightly lower than that of the
P3HT/NCs device due to the insulating property of the PCA polymer. In
addition, even in the case of the device based on hydrated PCA (P3HT/
PCA-w-NCs), the charge transport is not substantially deteriorated
compared with the P3HT/PCA-NCs device. The threshold voltage
became positive when the P3HT was mixed with NCs, which is attrib-
uted to the accumulation of Br~ ions at the gate dielectric interface [42].
The charge transport associated with the migration of halide ions from
the perovskite surface has been reported to be ~ 0.4 eV, which can be
increased by the gate bias. Interestingly, the P3HT/PCA-NCs and P3HT/
PCA-w-NCs devices do not exhibit a threshold voltage shift as large as
that of the P3HT/NCs device because of the effective passivation of the
PCA polymer.

The gas-sensing performance of the FETs was characterized under
exposure to NOy gas at the concentration of 10 ppm (Fig. 4d—f). We

examined the weight ratio of perovskite NCs in the P3HT blends to
identify the optimal balance for FET mobilities and gas sensing perfor-
mance. Irrespective of the type of NCs, the P3HT/perovskite blends
exhibited their maximum responsivity with approximately 30 wt% of
perovskite addition in the P3HT film (Fig. S5, S6, and S7). When the NC
content was 50 wt%, the FET mobility of the devices decreased sub-
stantially, which also led to a decrease in responsivity because of the
aggregation of the NCs (Fig. 4d and S3). To investigate the responsivity
of the gas sensors, we repeatedly exposed the blended films to NO; (10
ppm) for 20 s and then purged the system with air for 200 s. The sour-
ce—drain current (Ip) was measured at a Vg of — 20 Vand a Vp of — 20V,
revealing an increase in current when the NO; gas was injected. The NOy
sensing modulation of the I was improved with regard to the P3HT/NCs
films compared with that of pristine P3HT (Fig. 4e). In addition, the
introduction of PCA-NCs and PCA-w-NCs achieved more dramatic cur-
rent modulation under NO5 exposure. Importantly, the P3BHT/PCA-w-
NCs device showed the best performance among the investigated de-
vices. The responsivity, response rate, and recovery rate were calculated
from Alp/Ip, and AR/At and AR/At were obtained from the increasing
and decreasing regions of the gas-response-time—current curves (Fig. 4f).

The gas responsivity of P3HT is greatly limited because of its small
surface area and weak interaction with NOy gas; however, the P3HT
with embedded NCs exhibited a greater surface area than the pristine
P3HT and the NCs provided adequate adsorption sites for NO, mole-
cules. In addition, the PCA-treated NCs substantially improved the gas
responsivity because of the strong intermolecular interaction between
the PCA and the NO, gas molecules. The PCA polymer interacts strongly
with NO2 molecules because of the amine groups in its side chain. In
addition, the detachment of NO5 from NCs was more efficient in the case
of PCA-NCs, and the PCA-w-NCs exhibited the strongest NOy respon-
sivity due to the specific chemical interaction between water molecules
and NO, gas via hydrogen bonding, which is discussed further in the
following section.

To investigate the gas sensitivity of the sensors, we compared the
responses of OFET devices as a function of the concentration of various
gases. First, we characterized the NO, gas-sensing performance of the
P3HT FET manufactured with perovskite NCs (P3HT/NCs) (Fig. 5a and
5b) and compared it with the NO,-detecting performance of the P3HT/
PCA-NCs and P3HT/PCA-w-NCs devices. By increasing the NO, gas
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concentration from 10 to 100 ppm, we checked the dynamic response
performance and calculated the sensitivity of the devices on the basis of
the slope of the gas responsivity as a function of the analyte concen-
tration. The P3HT/PCA-w-NCs devices showed the greatest sensitivity
among the investigated devices. The perovskite NCs functionalized with
hydrated PCA showed the highest gas-sensing performance with respect
to sensitivity toward NO,, which is correlated with the intermolecular
interaction between NO5 gas molecules and water molecules on the PCA.
The NO2 molecules strongly interact with amine groups because of the
electron-donating character of amines and water molecules [43,44].
Because gas selectivity is also an important parameter for gas sen-
sors, we evaluated the sensor performance in the presence of SO, and
CO4 gases (Fig. 5¢c—f). When the analyte SO, gas was injected into the
OFET gas sensors, the device with perovskite NCs exhibited a similar
trend of increasing responsivity from P3HT to P3HT/NCs, P3HT/PCA-
NCs, and P3HT/PCA-w-NCs. However, the degrees of responsivity and
sensitivity of SO adsorption were obviously lower than those of NOy
adsorption. In addition, when the devices were exposed to the analyte
CO4 gas, those with perovskite NCs showed substantially reduced
responsivity. Even with the addition of PCA-w-NCs, the CO4 responsivity
was one-half the SO, responsivity and one-fourth the NO; responsivity.
These results are attributed to the difference in oxidizing power among
NOj, SO5, and COs leading to different intermolecular interactions, as
reflected in the differences in responsivity among the OFET sensors.
Among the devices with and without NCs, the P3HT/PCA-w-NCs device

showed the highest sensitivity and selectivity toward NO; at low con-
centrations, whereas it exhibited weaker responses for the other gases
(SO, and COy) (Fig. 5g). We computed a theoretical detection limit
based on methodologies outlined in previously published work and can
be found in the supplementary information (Fig. S8) [45]. The lowest
detectivity was compared in the PCA-w-NCs system, which demon-
strated an NOy LOD of 0.000318 ppb, SO5 LOD of 0.00112 ppb and CO»
LODs of 0.00479 ppb (Fig. 5h). We expect the selective detection
characteristics of the P3HT/PCA-w-NCs sensor to be beneficial for the
detection of NO, at sub-ppb concentrations even under mixed-gas
conditions.

To investigate the adsorption of gas molecules onto the perovskite
NCs, we compared the binding energies of gas molecules using density
functional theory (DFT) (Fig. 6a-c) [46-49]. On the basis of the PCA
structure, the side chain, carboxybetaine acrylamide, was isolated to
simplify the DFT calculations. The DFT modeling revealed that bonding
of the PCA molecules to the perovskite surface via O atoms of the
carboxylate moiety is the energetically favorable case. In the relaxed
structure, the PCA molecule exhibits gas adsorption between two amine
groups, which were used for structural relaxations to determine the
optimal PCA-gas geometries and binding energies. The lowest-energy
geometries had binding energies (Ep) of — 4.43 eV (NO3), —3.85 eV
(SOy), and — 1.48 eV (COy) (Fig. 6b). The binding energies were
calculated by the following equation [50,51],
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of this article.)
Ep, = E(gas/PCA) — E(gas) — E(PCA)

where E(gas/PCA) is the total energy of a gas-adsorbed PCA molecule, E
(gas) is the total energy of the gas molecule, and E(PCA) is the total
energy of the PCA molecule. Because the amine group of the PCA
polymer is likely to form a hydrogen bond with the O atom in NOy, the
attachment of NO, to the polymer molecule is effectively promoted. The
adsorbed NO; gas would oxidize the P3HT film, making the polymer p-
doped and enhancing conductivity. The difference in the binding en-
ergies of NOy, SO, and CO; supports the gas selectivity of the P3HT/
PCA-NCs sensors. We further determined the binding energy of NO2
on the hydrated PCA chain, which exhibited a maximum binding energy
of — 5.48 eV. We speculate that the hydrated PCA exhibits strong gas
adsorption because of hydrogen bonding between the water in the hy-
drated PCA chain and NO; molecules. Such a strong chemical interac-
tion of NO, gas molecules on water-saturated solid particles has been
studied in atmospheric chemistry. Importantly, the surface-adsorbed
water results in faster NO uptake than the uptake observed for the
naked nanoparticle surfaces.

One of the disadvantages of organic transistor-type gas sensors is
poor device stability, which is closely related to deterioration by
oxidative of the organic semiconductor[52-54]. A decrease in device
stability leads to either a threshold-voltage shift or an off-current in-
crease. In order to evaluate the stability of the organic transistors under
ambient condition, transfer curves of the transistors were measured after
they were exposed to ambient atmosphere at room temperature for a
long time of storage (21 days). The organic p-type transistor exhibited
threshold voltage (Vi) shift in the positive direction since it adsorbed
water and oxygen, which is attributed to negative charges trapped by the
adsorbed water and oxygen molecules at interface and the grain
boundary. After 21 days storage under ambient atmosphere, the pristine

device showed an increase in its off-current and the largest positive shift
of the threshold voltage compared to the other devices with perovskite
NCs (Fig. 7a-d). The transfer curves show that the pristine device
exhibited a continuous increase of Vy, from O to 43 V after 21 days,
whereas the NCs-P3HT device exhibited a smaller shift to + 30 V. The
PCA-NCs exhibited an even smaller shift of Vi, to 25 V after 21 days
under ambient conditions (Fig. 7e). We attribute this smaller Vi, shift to
the water and oxygen adsorbates on the perovskite NCs not penetrating
through the P3HT layer at the bottom of the charge transport channels.
More importantly, a simple vacuum process (30 mTorr for 10 min),
which removed the captured oxygen and water molecules, restored the
Vi to its original value. We calculated the recovery rate of the I, after
vacuum treatment using the following equation:

Ire — IZld

recovery rate(%) = x 100%

0a — b21a

where Ipq is the initial I, value, Iy14 is the Ip value after 21 days of
storage under ambient atmosphere, and I, is the Ip value of the aged
device after the vacuum process. The pristine device exhibited only a
39% recovery rate, on the other hand, the devices blended with NCs
showed recovery rates greater than 60%. Moreover, the device with the
PCA-NCs showed an increase in recovery rate to 70%, and that with the
PCA-w-NCs exhibited the highest recovery rate of greater than 80%
(Fig. 7f). This high recovery indicates that the perovskite NCs adsorb
oxygen and water molecules more intensively than the pristine P3HT
and desorb the molecules more easily than the P3HT without NCs. These
reversible adsorption and desorption behaviors of perovskite materials
have been previously studied [55-57].

To characterize the air stability of P3HT films with NCs hybridization
in the ambient atmosphere, we compared the C1s, O 1 s, and S 2p core-
level peaks of each film before and after 21 days of atmospheric storage



D. Jang et al.

(a)

Chemical Engineering Journal 473 (2023) 145482

(c)

5 1.2 1.2
20[Z%m " NO, g NO, | 2.0pmrs SO, g;:: SO,
=E I S
50 0.8 ﬁoolll v',." o 0.8 :)ooI.lE
=15 = ST 4l 215 3 ALy
= = oA = 2 -~y
10 04 e 04 A
' .-' ..‘ ,’&,t' .v..- A".- o5
e AT e P
1.0 joar 1.0 NEEE XL Ll
0 10 20 30 40 0 20 40 60 80100 0 10 20 30 40 0 20 40 60 80100
Time (min) Concentration (ppm) Time (min) Concentration (ppm)
(e) 0 (9) (0
20 co, B B co,|g 12 = PaHT -
=§§22,',',.°;c5 100ppm éo.a g.' =:g:::?NSCs ~10"
2 - 0.8} 340 S 2
% 1.5} 50 ! 3 SEG 2 = 10?2
= 1 = < 3 (=]
30 04 s o
10 & ] = 10°
1.0 ! e 13 7;'.: :EE:.E. 5 7
e N N N s 0.0 f" A @ 10% % Z
0 10 20 30 40 0 20 40 60 80100 NO, SO, CO,

Time (min) Concentration (ppm)

Target Gases

Target Gases

Fig. 5. (a) Source—drain current (Ip) vs. time curve of OFET gas sensors based on P3HT, P3HT/NCs, P3HT/PCA-NCs, and P3HT/PCA-w-NCs films when the sensors
were exposed to various concentrations of NO, from 10 to 100 ppm. The blue rectangular region denotes a exposure time to NO; (20 s). (b) Linear fit shows the gas
responsivity of the hybrid gas sensor devices as a function of the NO, concentration (the inset shows the calculated sensitivity determined from the slope of the fitted
graphs). (c) Source-drain current I, vs. time curve for OFET gas sensors exposed to various concentrations of SO, from 10 to 100 ppm. (d) Linear fit shows the gas
responsivity of the blend sensor devices as a function of the SO, concentration. (e) Source-drain current Ip vs. time curve of OFET gas sensors exposed to various
concentrations of CO, from 10 to 100 ppm. (f) Linear fit shows the gas responsivity of the blend sensor devices as a function of the CO, concentration. (g) Sensitivity
of the gas-sensing FETs based on P3HT, P3HT/NCs, P3HT/PCA-NCs, and P3HT/PCA-w-NCs films, where the devices were exposed to NO,, SO, and CO, gases. (h)
Limit of detectivity (LOD) of the P3HT/PCA-w-NCs OFET gas sensor exposed to NO2, SOz, and CO,. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

(T = ~20 °C, relative humidity (RH) = ~30%) using XPS measurements.
The C 1 s core-level peaks of the pristine P3HT film, P3HT/NCs film,
P3HT/PCA-NCs film, and P3HT/PCA-w-NCs film before and after 21
days were collected and deconvoluted using a Gaussian function to
identify the carbon species: C-C (284.8 eV), C-O (286 eV), and C = O
(287.5 eV) (Fig. 8a-d). In the case of the pristine P3HT film, the Cls
spectrum shows a substantial increase in intensity of the C-O and C = O
peaks after 21 days, which is direct proof of the oxidation of the P3HT
chains (Fig. 8a). The spectrum of the blended P3HT/NCs film also shows
a slight increase in intensity of the C-O peak at 286 eV after 21 days, but
not as strong as the increase observed in the spectrum of the pristine
P3HT film. However, in the spectra of the P3HT/PCA-NCs and P3HT/
PCA-w-NCs blend films, the shape and intensities of the C 1 s peaks
are approximately the same even after 21 days of storage. These results
are consistent with the results related to the device stability. We spec-
ulate that the strong interaction of PCA with water and oxygen protects
the P3HT thin films from oxidation.

To further analyze the oxidative degradation of P3HT by water or
oxygen molecules, we compared S core-level XPS spectra of the films
before and after 21 days of storage under ambient conditions (Fig. 8e-h).
The thiophene backbone of P3HT degrades with ring-opening under the
chemical reaction with Oz and OH® radicals formed by the interaction
between water/oxygen molecules and the excited states of P3HT. The
characteristic change of the S 2p peak as a result of P3HT degradation is
a shift to a higher binding energy because of the electron removal and
partial oxidation of P3HT. When the pristine P3HT thin film was
exposed to ambient atmosphere for 21 days, the S 2pg/» peak shifted by
0.12 eV with the higher binding energy. On the other hand, the XPS
spectra of the P3HT/NCs composites didn’t exhibit a corresponding peak

shift. These results demonstrate that the perovskite embedded in the
P3HT matrix efficiently protected the polymer thin film from oxidative
deterioration by adsorbing oxygen or water molecules before it was
adsorbed by the polymer. This protective function of the perovskite NCs
would ensure device stability as well as good gas sensitivity and selec-
tivity in organic sensor applications.

To further confirm the stability, we performed XPS after storing the
samples under the same conditions for a month. The binding energies
measured matched those of the pristine perovskite sample, signifying
minimal to no degradation. Particularly, Pb displays characteristic
double peaks without any sub-peaks attributable to reduced metallic Pb.
A minor shift to higher binding energies in Pb 4f and Br 3d suggests
electronic interaction stemming from adsorbed oxygen and water mol-
ecules (Fig. S9). We also monitored the O 1 s spectra over 21 days and
found increases for all samples except those from PCA-NC and PCA-w-
NCs. This observation suggests that gas molecules do not linger on the
surface long enough to impact long-term stability (Fig. S10).

We also measured the electrical characteristics of the transistor-type
gas sensor after storing it for 10 days under ambient conditions (RH ~
30%) (Fig. S11). The responsivity to NO, obtained from the sensor
exposed to ambient conditions was slightly diminished compared to the
non-exposed sensor, in the case of the pure P3HT device, even after
vacuum treatment. The P3HT device did not fully recover, resulting in
an elevated current level. However, the P3BHT/PCA-NCs sensor restored
its sensitivity to its original value. This clearly indicates that the P3HT/
PCA-NCs sensor retains stable sensing functionality in ambient
conditions.

The DFT results and device stability characteristics allow us to
summarize the gas sensing mechanism of OFET devices employing
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Fig. 6. (a) Adsorption configuration of NO, on PCA
molecules. Red, gray, light-gray, blue, brown, purple,
and light-blue spheres denote O, C H, N, Br, Pb, and Cs
atoms, respectively. Parts of the perovskite crystals
have been removed for visualization purposes. (b)
Binding energy of NO,, SO,, and CO; on PCA mole-
cules, as calculated using DFT. (c) Schematic of the
NO, sensing mechanism by PCA-w-NCs. With the
introduction of NO,, a PCA-gas interaction is estab-
lished during the association process. (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)
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Fig. 7. Charge transfer characteristics of the OFET devices: (a) pristine, (b) P3HT/NCs, (c) P3HT/PCA-NCs, and (d) P3HT/PCA-w-NCs in the freshly prepared
condition, after 21 days of storage under ambient conditions (average temperature of 20 + 2 °C and average relative humidity of ~ 30 + 10%), and after vacuum
recovery. (e) Threshold voltage shifts as a function of storage time. (f) Ip recovery rate of a transistor fabricated using a P3HT/NCs blend film.
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core-level peaks.

perovskite nanocrystals. The inherent ionic structure and high charge
density of perovskite foster an efficient gas interaction at the nanocrystal
surfaces, rendering them beneficial for gas sensor devices. In this study,
we introduced perovskite nanocrystals into a P3HT OFET device with
the aim of amplifying the gas sensitivity through charge modulation
during exposure to NOy adsorption. However, repetitive exposure to
highly oxidizing gas molecules such as NO, can cause degradation of
both perovskite crystals and P3HT molecules. To mitigate this, we
employed a PCA polymer encapsulation strategy for the perovskite
nanocrystals. This not only shields the nanocrystals from degradation
but also enhances gas interaction due to the ability of the PCA polymer
to form hydrogen bonds with NO5 gas molecules. We further augmented
the NO; sensitivity by introducing water molecules into the PCA poly-
mer, which, due to their high binding energies, results in an enhanced
response. The NO, molecules adsorbed on the perovskite surfaces
facilitate electron capture from the nanocrystals, which consequently
affects the charge carrier density in the P3HT films. As a result, a dra-
matic reduction in current is observed, amplified by a strong p-doping
effect stemming from the electron capture by the perovskite
nanocrystals.

3. Conclusion

We have used perovskite NCs—conductive polymer composites to
manufacture an OFET device for NO, gas sensor applications. The highly
sensitive gas-capturing properties of the perovskite NCs enables them to
function as gas adsorption sites in the polymer matrix, exhibiting su-
perior and fast response to NO, with high sensitivity, a fast response
rate, and a good recovery rate under ambient conditions. The PCA
polymer used to encapsulate the NCs provides strong interaction be-
tween its functional amine group and NO, gas molecules, thereby
improving the gas responsivity of the gas-sensing OFET device. More-
over, this novel perovskite-polymer hybrid sensor demonstrated

reproducible NO, sensing performance under ambient condition and
selective sensing ability of NO, gas. These results indicate the applica-
tion potential of organic-inorganic hybrid-based sensors. The results
indicated here would provide a new approach to the development and
design of gas sensors based on various material composites to achieve
both superior sensitivity and selectivity.

4. Experimental section
4.1. Preparation and modification of the perovskite NCs

Metal halide perovskite (CsPbBr3) NCs were prepared according to
the modified hot-injection procedures described in the literature. In a
three-necked flask, 0.325 g of Cs;CO3 was dissolved in 3.16 mL of OA, to
which 1.84 mL of 1-octadecene (ODE) was added to adjust the con-
centration to 0.4 M. The solution was stirred at 110 °C for 30 min under
a Ny atmosphere. After the system was changed to a vacuum atmo-
sphere, the mixture was stirred at 110 °C for 3 h. The system was then
filled with Ny, and the mixture was stored in a glove box.

In a three-necked flask, 0.138 g of PbBry was dissolved in 10 mL of
ODE and dehydrated at 120 °C for 30 min under vacuum. After the flask
was filled with N5, 1 mL of dried OA and 1 mL of dried OAm were
injected into the PbBr, solution and the resultant mixture was stirred at
120 °C for 20 min. After the temperature was increased to 160 °C, 0.25
mL of Cs-oleate for was injected. After 5 s, the three-necked flask was
immersed into ice water. The CsPbBr3 NCs were used after centrifuga-
tion with ethyl acetate and toluene. Two encapsulants, i.e., PCA (Poly-
mer Sources, Canada) and PCA-w (hydrated polymer), were prepared by
solution-based ligand exchange, as reported in the literature. The as-
synthesized CsPbBr3 NCs in a solution were mixed with the solution
containing dissolved PCA to exchange the pre-attached OA/OAm li-
gands for the PCA polymer. The solutions were stirred at room tem-
perature for 30 min to ensure complete ligand exchange, resulting in the
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formation of PCA-NCs. The PCA-w-NCs were prepared by adding water
(volume fraction of 5% relative to the volume of the PCA-NC solution).

5. Fabrication of OFETs and gas sensors based on the P3HT/
perovskite thin films

The P3HT (Mw = 58 kDa, regioregularity = 96%, 2.0 < poly-
dispersity index (PDI) < 2.3) was purchased from Rieke Metals and was
used as a p-type semiconducting material without additional purifica-
tion. The P3HT solution was prepared to a concentration of 20 mg mL ™!
using chloroform, and the resultant solution was stirred at 50 °C for 1 h.
Various amounts of the perovskite NCs (pristine CsPbBrs, PCA-CsPbBrs,
and PCA-w-CsPbBr3) were loaded in the same volume of chloroform and
sonicated for 2 h at 50 °C. The prepared P3HT and perovskite solutions
were combined, and stirred for 6 h at 50 °C using a hotplate/stirrer to
prepare the P3HT/perovskite blend solution with a concentration of 10
mg mL~L. A highly doped n-type Silicon wafer with a 3000 A thick sil-
icon dioxide (SiO3) layer was sequentially sonicated with acetone and
ethanol for 30 min in each solvent to remove organic contaminants. The
Silicon wafer was then surface-modified with hexamethyldisilazane
(HMDS) via a spin-casting method at 2500 rpm for 30 s. The P3HT/
perovskite blend solution was spin-casted onto the HMDS-modified
SiO4/Si substrate at 2000 rpm for 60 s. Bottom-gate and top-contact
(BGTC) type OFET devices based on the resultant perovskite/P3HT
blended thin film were fabricated by thermally evaporating Au elec-
trodes deposition. A square-patterned shadow mask with 100 pm
channel lengths and 2000 pm channel widths was used to design the Au
source and drain electrodes for OFET-based gas sensors. For UV-Vis
absorption measurements, the P3HT/perovskite thin films were spin-
casted onto cleaned glass substrates via the same process used to de-
posit films onto Silicon substrates.

6. Computational methodology

The optimization of gas-adsorption complexes and the calculation of
binding energies, Eb, were performed by density functional theory
(DFT) using the Dmol3 code. The LDA-PWC functional combined with
DND basis set was applied in the calculations. The convergence
threshold parameters for structure optimization were setas 1 x 107> H,
(energy), 0.002 Ha/;\ (force), 0.005 A (displacement), and the real-space
orbital global cutoff was set as 3.3 A. Betaineme structure was chosen to
mimic PCA on the adsorption of NO,. The binding energy of NO, was
calculated by subtracting the sum of the energy of optimized gas-phase
adsorbates and isolated PCA from the total energy of the optimized
adsorbate — adsorbent complexes, which can be expressed by the
following equations:

In the case of dry PCA: Ep = Etota1 — (Enoz + Epca)
In the case of hydrated PCA: Ep, = Erotal — (Eno2 + En2o + Epca)

6.1. Characterization

The crystal size and morphology of the NCs were characterized using
a Cs corrected-field emission transmission electron microscope (JEM-
ARM200F, JEOL, 200 kV) and Fourier transform infrared (FT-IR) spec-
troscopy was performed (Frontier, Perkin Elmer) using the Attenuated
Total Reflection (ATR) method at the Future Energy Convergence Core
Center (FECC). TEM and FTIR data were obtained at the Center for
University-wide Research Facilities (CURF) of Jeonbuk National Uni-
versity. Powder XRD patterns of synthesized perovskites were deter-
mined using a X-ray diffractometer (MAX-2500, Rigaku, 40 kV)
equipped with a Cu-Ka radiation source; samples were scanned the 26
range 10-50° (scan rate = 4° min_l). XPS was performed using a Nexsa
XPS system (Thermo Fisher Scientific, UK) located at the Jeonju Center
of the Korea Basic Science Institute (KBSI); all peaks were calibrated
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against the C 1 s peak at a binding energy of 285 eV. The miscibility of
perovskite nanocrystals in the P3HT thin films was inspected by OM
(Olympus BX51) and SEM using the aforementioned scanning electron
microscope. A UV-Vis spectrophotometer (Lambda 365, PerkinElmer)
was used to measure the UV-Vis absorption spectra. The gas-sensing
properties of the P3HT/perovskite thin films were analyzed at room
temperature using a gas-sensor tester (Precision Sensor System,
GASENTEST) and recorded with a Keithley 2636B semiconductor
analyzer under an NO; concentration of 10 ppm with a Vg of — 20 V and
a Vp of — 20 V. The NO, gas was supplied from a calibration gas cylinder
containing NOy mixed with air. The dynamic sensing tests using NO,,
CO3, and SO, at concentrations from 0 to 100 ppm were carried out
under the same conditions, and the total flow rate was constant at 500
sccm (RH = 27.4%). The OFET performance was analyzed under
ambient conditions (Tayg = ~20 °C, RH = ~30%) using a semiconductor
analyzer (Keithley 4200-SCS). The humidity-exposed samples were
measured after the samples were stored under dark and ambient con-
ditions (RH of ~ 30%) for a specified period. The vacuum process was
carried out by storing the humidity-exposed samples in a vacuum
chamber at 30 mTorr and 400 L/min. The oxidative degradation of the
P3HT backbones was analyzed by XPS (ULVAC-PHI, PHI 5000 Versa
Probe II) using a monochromatic Al Ka X-ray source.
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