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ABSTRACT

Organic semiconductor based soft electronic devices are demonstrated: (1) effects of conjugation length
on charge transport in polymer semiconductors, (2) water-borne colloids of organic semiconductors, and (3)
breath-figure molding of polymer semiconductors for sensors.

To improve the charge carrier mobility of diketopyrrolopyrrole donor-acceptor copolymer semiconduc-
tors, the length of the donor building block is controlled using vinylene moieties, and its effects on crystalline
structure and charge transport are systematically studied. We synthesize P29-DPP-TBT with two vinylene
linkages between thiophene units and compare it with P29-DPP-TVT with single vinylene linkage. Density
functional theory calculations predict enhanced backbone planarity of P29-DPP-TBT compared to P29-DPP-
TVT, which can be related with the increased conjugation length of P29-DPP-TBT as proved by the increased
free exciton bandwidth extracted from UV-vis absorption spectra and the wavenumber shift of the C—C peaks
to higher values in Raman spectra. From two-dimensional grazing incident X-ray diffraction studies, it is
turned out that the paracrystalline disorder is lower in P29-DPP-TBT than in P29-DPP-TVT. Near-edge X-ray
absorption fine structure spectroscopy reveal that more edge-on structure of polymer backbone is formed in
the case of P29-DPP-TBT. By measuring the temperature-dependence of the charge carrier mobilities, it is
turned out that the activation energy for charge hopping is lower for P29-DPP-TBT than for P29-DPP-TVT.
Collectively, these results imply that the substitution of extended m-conjugated donor moiety of polymeric
semiconductors can yield a more planar backbone structure and thus enhanced intermolecular interaction
which enables more perfect crystalline structure as well as enhanced charge transport behavior.

A synthetic approach has demonstrated to enhance coalescence phenomenon during solidification of
water-borne colloids so that thin, even, and continuous film morphology of polymer semiconductors can be

realized. From theoretical study of complex colloids, it is shown that small-sized and uniform colloid particles



are essential to minimize depletion contact energy between colloid particles and thus to enhance coalescence.
Therefore, the newly synthesized polymer semiconductor is designed for better molecular affinity with surfac-
tants, so that phase transfer of polymer semiconductors from organic phase to water phase can proceed more
efficiently during mini-emulsion synthesis. This is achieved by substituting a Si atom to the branching C atom
of the alkyl solubilizing group of a conventional donor-acceptor polymer semiconductor. Such a chemical
modification increases the volumetric portion of hydrophobic alkyl chains and thus enables higher solubility
as well as higher hydrophobicity, all of which are closely related with enhancing molecular affinity between
polymer semiconductor and surfactants. As a result, the performance of organic field-effect transistors fabri-
cated from water-borne colloids can be improved to a level similar to the case of organic solvents. More im-
portantly, the reproducibility of transistor performance is also greatly improved due to the small and uniform
water-borne colloidal particles.

Strategically designed polymer semiconductor thin film morphology with both high responsivity to the
specific gas analyte and high signal transport efficiency is reported to realize high-performance flexible NOx
gas sensors. Breath-Figure (BF) molding of polymer semiconductors enables a finely defined degree of nano-
porosity in polymer films with high reproducibility while maintaining a high charge carrier mobility charac-
teristics of organic field effect transistors (OFETS). The optimized BF-OFET with a donor-acceptor copolymer
exhibits a maximum responsivity of over 10%%, sensitivity of 774%/ppm, and limit of detection (LOD) of 110
ppb against NO. When tested across at NO concentrations of 0.2—10 ppm, the BF-OFET gas sensor exhibits a
response time of 100-300 s, which is suitable for safety purposes in practical applications. Furthermore, BF-
OFETs show a high reproducibility as confirmed by statistical analysis on 64 independently fabricated devic-
es. Selectivity to NOy analytes is tested by comparing the sensing ability of BF-OFET to other reducing gases
and volatile organic compounds. Finally, flexible BF-OFETs conjugated with plastic substrates are demon-
strated and they exhibit a sensitivity of 500%/ppm and LOD of 215 ppb, with a responsivity degradation of

only 14.2% after 10,000 bending cycle at 1% strain.

Keywords: Organic semiconductors, Soft electronics, Colloid, Mini-emulsion synthesis, Breath-figure mold-
ing
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Part 1. Effects of conjugation length on crystalline per-
fectness and charge transport in diketopyrrolopyrrole-
based polymer semiconductors



I. Introduction

Solution-processable organic field-effect transistors (FETSs) based on organic semiconductors have at-
tracted considerable attention owing to their potential use in low-cost, flexible electronic devices for various
applications, such as sensors, e-papers, and backplanes of organic light-emitting diode displays.[*>1 Among
the various organic semiconductors, conjugated polymers are considered the most promising candidates for
next-generation organic semiconductors owing to their outstanding solution processability, mechanical ro-
bustness, and reproducibility, and thus are being actively developed.[58 With continuous development of con-
jugated polymer field-effect transistors (PFETS), the charge carrier mobility of amorphous Si (0.5-1 cm? V!5
1) has been surpassed.’' As part of this effort, structural control of conjugated polymers by changing their
molecular units has been studied in combination with molecular physics, with the aim of rationalizing the de-
sign of new materials with high charge carrier mobilities. Novel high-performance polymer semiconductors
have been designed and synthesized with improved chain alignment, backbone planarity, and degrees of crys-
tallinity.[12161 For example, a molecular design widely used in the design of conjugated polymers uses an elec-
tron donor and an electron acceptor to effectively improve intermolecular interactions and intramolecular
charge transfer. Various donor—acceptor building blocks have been devised to synthesize highly planar copol-
ymers with high charge carrier mobilities, including diketopyrrolopyrrole (DPP), 2% isoindigo,** naphtha-
lene diimide,!** and benzobisthiadiazole. 1!

Recently, it has been discovered that the key to designing high-mobility polymers for enhancing the ef-
ficiency of intramolecular charge transfer, is not enhancing the degree of crystallinity, but increasing intro-
spection to inevitably large amounts of disorder in aggregates, which is related to paracrystalline disorder. "
181 In other words, to further enhance the charge transport nature of donor-acceptor copolymers, the degree of
crystalline aggregation and the degree of paracrystalline disorder play very important roles. In a previous
study, we optimized the alkyl spacer length of a DPP polymer to improve the donor-acceptor copolymer struc-
ture.* However, in polymer structure design, optimization of the donor portion of the copolymer for efficient
intramolecular charge transfer is also very important, and microscopic changes can have a large influence on
charge transfer. While varying the alkyl spacer length of the molecular unit is straightforward, changing the
donor structure to achieve optimal donor-acceptor interaction in a copolymer requires very sophisticated engi-

neering. It is difficult to predict how changes in the donor moiety will influence charge transport. Therefore,



we investigated the effect of the degree of conjugation of a donor moiety on the crystalline structure and
charge transport properties of a copolymer by synthesizing a new polymer called diketopyrrolopyrrole-
thiophene-butadiene-thiophene (DPP-TBT), and conducting comparative studies with diketopyrrolopyrrole-
thiophene-vinylene-thiophene (DPP-TVT), which was reported previously.*®! We found that the addition of a
single vinylene group to the donor moiety can dramatically improve charge transport owing to increased con-
jugation length, increased backbone planarity, and reduced structural disorder. We characterized the new pol-
ymer using various techniques, such as UV-vis absorption spectroscopy, Raman spectroscopy, two-
dimensional grazing incidence X-ray diffraction (2-D GIXD), near edge X-ray absorption fine structure spec-
troscopy (NEXAFS), and atomic force microscopy (AFM), as well as density functional theory (DFT) calcu-
lations. Furthermore, we conducted temperature dependent thin film transistor measurements. For precise
measurements of the charge transport nature of the polymer, we fabricated FET devices using a high capaci-

tance ZrO layer as a thin dielectric, which prevented the kink effect in charge transport measurements. 2]

I1. Experimental Section

2.1 Materials

All solvents and reagents were purchased from Aldrich, Alfa Aesar, or TCI. Catalysts used in coupling re-
actions were purchased from UMICORE. P29-DPP-Br was prepared using literature methods.[*? All other ma-
terials were of a common commercial level and were used as received. All solvents used were purified prior to

use.

2.2 Device fabrication
A bare Si wafer was used as the substrate, and a ZrO; sol-gel method was used to fabricate a thin ZrO, di-
electric layer following the previously reported method.?*l To make the ZrO, dielectric layer more hydrophobic

and electrically robust, an octadecylphosphonic acid (ODPA) self-assembled monolayer was deposited by im-
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mersion.?? The active layer was completed by spin-coating solutions of P29-DPP-TVT or P29-DPP-TBT in
chloroform (0.5 wt%) onto the ZrO./ODPA-treated substrate. To further enhance molecular order between the
DPP molecules, the prepared films were annealed at different temperatures (100 °C-200 °C) for 20 min and
then cooled slowly. Finally, the PFET geometry was completed by depositing Au source-drain electrodes onto

the annealed films.

2.3 Characterization

2-D GIXD measurements were performed using the PLS-Il 3C beamline at the Pohang Accelerator La-
boratory (PAL) in Korea. All NEXAFS measurements were performed at room temperature at the 4D beamline
of the Pohang Light Source Il (PLSII). We used the partial-electron-yield detection mode for NEXAFS spectra
by recording the sample current normalized to a signal current measured simultaneously using a Au mesh under
an ultrahigh vacuum. We used a p-polarized synchrotron photon beam (~85 %) with an energy of 279-325 eV, a
spectral energy resolution of AE = 150 meV, and a ~5 nm probing depth for surface-sensitive measurements.
For these X-ray measurements, polymer films were obtained by spin-coating each polymer on the
Si/ZrO,/ODPA substrate, followed by thermal annealing at 200 °C for 20 minutes, consistent with the device
fabrication conditions. All morphological images were obtained using an atomic force microscope (Park sys-

tems, NX20).

2.4 Measurements

'H-NMR and **C-NMR spectra were recorded using Bruker Avance-300 and DRX-500 MHz spectrome-
ters. Thermal analysis was performed on a TA Instruments TGA 2100 thermogravimetric analyzer in a nitrogen
atmosphere at a rate of 10 °C minL. Differential scanning calorimetry (DSC) was conducted under nitrogen on
a TA Instruments 2100 differential scanning calorimeter, with the sample heated at 10 °C min~* from 30 to
300 °C. Molecular weights and polydispersities of the copolymers were determined by gel permeation chroma-
tography analysis with a polystyrene standard calibration (Waters high-pressure gel permeation chromatography
assembled with a model M515 pump, p-Styragel columns (HR4, HR4E, and HR5E), with 500 and 100 A reso-
lution, refractive index detectors, and chloroform as solvent). Cyclic voltammetry (CV) was performed using an
EG&G PAR model 273A” potentiostat/galvanostat with three-electrode cells in a solution of 0.1 M tetrabu-
tylammonium perchlorate (Bu4NCIO4) in acetonitrile at a scan rate of 50 mV s™. The polymer films were coat-
ed on a square carbon electrode by dipping the electrode into the corresponding solvents and then drying nitro-

-4 -



gen. A Pt wire was used as the counter electrode, and a Ag/AgNO3 (0.1 M) electrode was used as the reference
electrode. UV—vis absorption spectra were measured using a UV-1650PC spectrophotometer. Raman spectra
were measured using a Renishaw inVia Raman spectrometer equipped with a 785 nm diode laser. DFT calcula-
tions were carried out with Gaussian computational programs. The capacitance values of the dielectric layers
were measured using a Keysight E4981 capacitance meter at 1 kHz. The capacitance of the ZrO,/ODPA layer
was 3.5 x 107 F cm2 at 1 kHz. Contact-angle measurements were conducted using a homebuilt setup. The con-
tact angle of the ZrO,/ODPA layer with water was ~103°. The electrical characteristics of the transistors were

measured using HP4156A precision semiconductor parameter analyzers (Agilent Technologies).

II1. Results and Discussion
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Figure 1.1 Chemical structure of DPP-based donor-acceptor copolymers: (a) reference polymer, P29-DPP-TVT
and (b) vinylene-substituted polymer, P29-DPP-TBT. UV-vis absorption spectra: (c) P29-DPP-TVT and (d)

P29-DPP-TBT. The solvent of all polymer solutions was chloroform.



The polymer was synthesized via Stille coupling under a nitrogen atmosphere. In a Schlenk flask, 29-
DPP-Br (0.20 g, 0.1572 mmol) was added to compound (4) (0.0856 g, 0.1572 mmol) and chlorobenzene (8 mL).
After degassing under nitrogen for 30 min, Pd2(dba)3 (2.88 mg, 0.0031 mmol) and P(o-tol)3 (2.87 mg, 0.0094
mmol) were added to the mixture, which was then stirred for 7 days at 90 °C. 2-Bromothiophene and tribu-
tyl(thiophene-2-yl)stannane were injected sequentially into the reaction mixture for end-capping, with the solu-
tion stirred for 6 h after each addition. After cooling to room temperature, the polymer was precipitated in 150
mL of methanol, and the precipitated solid was collected by filtration and purified by Soxhlet extraction with
methanol, acetone, hexane, tetrahydrofuran, and chloroform. The final product, P29-DPP-TBT, was obtained by
precipitation in methanol. (Mn = 192 KDa, Mw = 257 KDa , polydispersity index = 1.33, yield: 37.3%) The
comparative polymer, P29-DPP-TVT (Mn = 139 KDa, polydispersity index = 1.16), was synthesized as previ-
ously reported.[*? The chemical structures of the polymers are shown in Figure 1.1 (a) and (b). P29-DPP-TBT
was slightly less soluble compared to P29-DPP-TVT, presumably due to more rigid backbone structure. While
P29-DPP-TVT showed very good solubility in chloroform up to 10 mg/ml, P29-DPP-TBT showed limited solu-
bility in chloroform with reasonably transparent solution only up to 7 mg/ml.

To predict the possible structural differences between P29-DPP-TVT and P29-DPP-TBT, DFT calcula-
tions were performed using the B3LYP functional and a 6-31G* basis set. Interestingly, substituting butadiene
for vinylene reduced the twist angle between the donor and acceptor unit, presumably due to decreased torsional
stress. Therefore, extension of the polymer backbone was clearly predicted, which would lead to increased de-
localization of both the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). As calculated from the CV curves, the HOMO level of P29-DPP-TVT at —5.41 eV was deeper than
that of P29-DPP-TBT at —5.32 eV, implying that P29-DPP-TBT has a more planar backbone structure.

The UV-vis absorption spectra of both polymers were analyzed to determine the distribution of crystalline
aggregates. As can be seen from the absorption spectra in Figure 1.1 (c) and (d), both polymers display distinct
0-0 and 0-1 vibronic features, reflecting transitions from the ground state to the first excited state. One distinct
difference between the two polymers is that P29-DPP-TBT showed similar absorption features in solution and
solid state, but P29-DPP-TVT showed a much more pronounced 0-1 feature in the solid state than in solution.
Such an increase in the intensity of the 0-1 peak relative to that of the 0-0 peak on going from solution to the
solid state is known to be related to rearrangement of the polymer conformation. Therefore, P29-DPP-TBT has
a high level of crystalline aggregation even in solution state, which is not the case for P29-DPP-TVT. The 0-0
and 0-1 peak absorbance ratios in the absorption spectra of P29-DPP-TVT and P29-DPP-TBT are greater than
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unity ( t = 1), which indicates that the J-aggregates model is suitable for calculating the free exci-

ton bandwidth (W) of the polymers:2%-2¢]

(1-0.98], /wy)*

=_— "o’ e W= 4|fu|

abs (130292 ], fwy )2

@
where Rabs is the ratio of the oscillator strength between 0-0 and 0-1 peak absorbance, Jo is the near-
est neighboring coupling, "o s the frequency of nuclear potentials equivalent to shifted harmonic wells.?®

This equation is valid for the weak coupling regime (W < W“') of the J-aggregation model, which is satisfied

in our system as shown below. For the calculation of W in our system, we assumed that the C=C symmetric
stretch dominated the electron transition, and therefore W could be calculated by setting the "o value to 0.18
eV (1450 cm™).[26.3% The value of "o can be found from Raman spectra analysis conducted by the previous

reference which assumed that C=C symmetric stretch from whole conjugated backbone contributed to Vo
value.B W is an important parameter for describing conjugation length. The calculated W values imply that the
conjugation length in the P29-DPP-TBT film (W = 41.58 meV) was greater than that of the P29-DPP-TVT film
(W = 14.84 meV). This observation is consistent with the expectation of DFT calculations, which indicate that
extended polymer backbone of P29-DPP-TBT enabled longer conjugation length in solid state.
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Figure 1.2 Raman spectra for P29-DPP-TVT film and P29-DPP-TBT film. The colored areas of the Raman
spectra on the left represent the colored areas of the chemical structure on the right. All polymer films were

annealed at 200 °C for 20 min.

We also analyzed the Raman spectra to examine the effect of enhanced backbone planarity on the actual
conjugation length. Wood and coworkers reported the Raman spectra peak assignments of DPP-based polymers
by DFT geometry optimization results.’?>* We collected Raman spectra in the range of 1250-1550 cm™!, where
peaks corresponding to carbon single bond and carbon double bond stretching are predominant. In Figure 1.2,
there are three major peaks observed: a peaks correspond to C—C and C—N symmetric stretches of the DPP ac-
ceptor (blue region), S peaks correspond to C—C symmetric stretches of the DPP acceptor and polymer back-
bone (red region), and y peaks correspond to C=C symmetric stretches of the DPP acceptor (yellow region). In
previous studies, the increases of C—C symmetric stretch peaks relative to C=C symmetric stretch peaks indicate
an increase in 7 electron density, an increase in conjugation length, and an increase in backbone planarity. 2%
Unfortunately, in the Raman spectra analysis using excitation with a diode laser at 785 nm, the C=C peak of the
polymer backbone was difficult to distinguish because of its relatively low intensity in both polymers. However,
the a peaks of P29-DPP-TBT, which are related to backbone planarity, exhibited an increase of 16.4% in peak
intensity compared with those of P29-DPP-TVT. Furthermore, S peaks of the P29-DPP-TBT, which are related
to the C-C symmetric stretch of DPP acceptor and polymer backbone, were shifted to higher wavenumbers by
5.23 cm compared with those of P29-DPP-TVT. In general, a shift to higher wavenumbers for the C—C peaks
and a shift to lower wavenumbers for the C=C peaks indicate that the conjugation length has increased, similar

to the free exciton bandwidth analyses from UV-vis absorption spectra.® The full width at half maximum of

the C-C symmetric stretch peaks of P29-DPP-TBT and P29-DPP-TVT were similar at ~15.0 cm™.
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Figure 1.3 2-D-GIXD images measured from (a) P29-DPP-TVT film and (b) P29-DPP-TBT film and their cor-
responding extracted profiles along with (c) out-of-plane direction and (d) in-plane direction. (e) sh—h? plot ex-

tracted from each 2-D GIXD profiles. All polymer films were annealed at 200 °C for 20 min.

2-D GIXD and NEXAFS measurements were conducted to study the crystalline characteristics of both
polymer films in more detail, which would allow to find the relation between the increased conjugation length
and crystalline perfectness. As shown in Figure 1.3, both polymers possess pronounced edge-on orientations,
with well-developed Bragg diffraction peaks up to (004) along the g, direction. From the (010) peak in the gy
direction, which represents the m—m interactions, n—m stacking distances of 3.62 A were calculated for both pol-
ymers. Qualitatively, both polymers exhibited well-developed edge-on orientation and showed small differ-
ence.®? The surface topography images of both polymers measured by AFM were also very similar with Rq
values ~1.76 nm, confirming the similar surface morphologies of the two polymers.

While this crystallographic analysis showed that the overall crystalline packing of the polymers was quite
similar, the degree of crystalline perfectness required further quantitative analysis. The paracrystalline disorder
(9ao0y) along with g, direction of organic semiconductors can be calculated from the slope of a sb—h? plot (Fig-

ure 1.3 (f)) extracted from 2-D GIXD data, where the slope (m) of the sb—h? plot is determined by:

— Hiioo |-.'T-.
i

m
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Where d is the domain spacing, &b is the integral widths of the diffraction peaks, and h is the order of dif-
fraction. To calculate the paracrystalline disorder in the gy direction, we used a single peak-width estimation

using (010) peak.

—
_ | Ag
Eowoy — ngn-qn

®)
Where g is the paracrystalline disorder in the g,y direction, Aq is the breadth of a diffraction peak,

and 70 is the center position of peak.[*
Interestingly, P29-DPP-TBT with increased conjugation length had a lower level of paracrystalline disor-

der (go10) = 8.05, g(i00) = 3.17) than P29-DPP-TVT (g(o10) = 8.47, Qo0 = 3.71) in both the g, and gy directions.
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Figure 1.4 Carbon K-edge NEXAFS spectra for (a) P29-DPP-TVT film and (b) P29-DPP-TBT film, and (c) n*

orbital orientation analysis for both polymers. All polymer films were annealed at 200 °C for 20 min.

NEXAFS measurements of the same samples, enabled us to obtain more detailed surface crystalline orientation
information than 2-D GIXD measurements. We obtained the average tilting angle of the polymer backbone
against the substrate by analyzing NEXAFS spectra measured at various incident X-ray angles. The NEXAFS
spectra of both polymers are summarized in Figure 1.4. By plotting the n* resonance (285.4 eV) as a function of

c0s%0, where 0 is the incident angle, we obtained the dichroic ratio (R) as well as the average tilting angle (a) of

the polymer backbone. As summarized in Figure 1.4 (c), the a of P29-DPP-TVT was ~59.47 + 0.39 ° (R =

0.149), whereas that of P29-DPP-TBT was ~62.26 + 0.40 ° (R = 0.233).3* %I Collectively, the crystalline per-

fectness analysis of 2- D GIXD and crystalline orientation analysis of NEXAFS suggested that the thin film of

P29-DPP-TBT possessed lower paracrystalline disorder and a less tilted backbone orientation compared with
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that of P29-DPP-TVT. Considering the DFT calculations and free exciton bandwidth predictions as well as Ra-
man analyses, we can argue that substituting a butadiene linkage or a vinylene linkage resulted in a more planar
polymer backbone, which in turn facilitated more efficient intermolecular interactions, finally leading to more

perfect crystalline structure.
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Figure 1.5. The representative transfer curves and output characteristics of (a,c) P29-DPP-TVT-based PFET
and (b,d) P29-DPP-TBT-based PFET. () Temperature dependence of charge carrier mobilities and (f) V. (g)
Logarithmic temperature dependence of V. (h) Device-to-device deviation of charge carrier mobility

comparison in P29-DPP-TVT-based PFETs and P29-DPP-TBT-based PFETs. All PFETs were annealed at
200 °C for 20 min.

We fabricated bottom-gate/top-contact FETs of P29-DPP-TVT and P29-DPP-TBT using ZrO,/ODPA.-
treated Si (n*?) as the dielectric/substrate layer. For low-voltage operation, we used ZrO with a high dielectric
constant as an insulating layer and improved the performance by using the ODPA layer as a self-assembled
monolayer. The representative transfer and output characteristics are shown in Figure 1.5, and all the FET pa-
rameters are listed in Table 1.1. Without encapsulation, FETs of both polymers showed pretty good air stability
with nearly identical transfer characteristics against ambient exposure up to seven days. The highest charge car-
rier mobility was calculated to be 0.76 cm? V1 s for P29-DPP-TVT and 1.15 cm? V1 s for P29-DPP-TBT. To

conduct a more detailed comparative study of the charge transport nature of the polymers, we analyzed the tem-
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perature dependence of their charge transfer characteristics. In a plot of 1ps®® vs. Vs measured in the off-to-on
sweep direction (Figure 1.5 (c) and (d)), the mobility of the device decreased as the measurement temperature
decreased. The positive relationship between temperature and mobility clearly indicates that a hopping transport
mechanism is valid in both polymers, which is consistent with other high mobility polymer semiconductors. [
The obtained mobilities are plotted as a function of inverse temperature in Figure 1.5 (e), and the results demon-
strate that the temperature dependence of the charge carrier mobility follows Arrhenius behavior. The Arrhenius
activation energies were estimated to be ~68.08 and 52.39 meV for P29-DPP-TVT and P29-DPP-TBT, respec-
tively, which are comparable or slightly lower compared to other reports.[3% The threshold voltage (Vi) shift

was also monitored as a function of temperature, as summarized in Figure 1.5 (f). Using the equation:[?

— GV
Ny == , We can approximate the concentration of deep trap states to be ~ 1.26 x 10*2 and 5.24 x 101 cm™

for P29-DPP-TVT and P29-DPP-TBT, respectively, at room temperature. As the temperature decreases, the
density of deep trap states increases up to 1.85 x 10*? and 9.20 x 10! cm2 for P29-DPP-TVT and P29-DPP-
TBT, respectively, at 149 K. Considering that, the charge carrier hopping rate between sites i and j in the hop-

N ( E;-E
i~ EXP\=

| . . §
ping transport model can be expressed by 4 the increased trap densities at low tempera-
tures also strongly support the presence of a hopping transport model in these two polymers. Furthermore, the

ONy N
logarithmic temperature dependence of Vi, (Figure 1.5 (g)) and the relationship 9% aT 401 gyggest that the

trap distribution in our polymers above their HOMO levels follow an exponential distribution, which is similar
to that of amorphous Si.[* These results clearly explain the lower trap density of P29-DPP-TBT compared with
that of P29-DPP-TVT and are in good agreement with the previous observation of a lower paracrystalline disor-

der and more planar backbone for P29-DPP-TBT.
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Table 1.1 PFETs electrical characteristics

p(em?V1gt)
Polymer Va (V)
Max. Ave? (mA) Lo (meV) (cm?)

E a Ntl‘

ID,max. Ion /

P29-DPP-TVT 0.76 0.58+0.10 -0.61%0.13 1.59 10°  68.08+3.18 1.26x10"2

P29-DPP-TBT 1.15 0.86£0.08 -0.42£0.10 3.08 10°  52.39+2.17  5.24x10"

aMobility values were summarized from 50 devices for each polymer based FETs. All PFETs were an-

nealed at 200 °C for 20 min.

In addition to the higher charge carrier mobility, the FET performances reliabilty was also enhanced by
substituting butadiene for vinylene in the donor building block. To investigate the reliability of FET devices, we
fabricated 50 independent FET devices for each polymer and determined their statistical performance character-
istics, as summarized in Figure 1.5 (h). The Gaussian fit of the statistical data clearly showed that P29-DPP-
TBT yielded more reliable and reproducible FET performance compared with that of P29-DPP-TVT. We be-

lieve that the lower trap density of P29-DPP-TBT enabled this good reliability.

IV. Conclusion

The effects of the conjugation structure of the donor moiety on the crystalline features and charge
transport characteristics of donor-acceptor copolymers were systematically investigated based on a comparison
of newly synthesized P29-DPP-TBT with P29-DPP-TVT. P29-DPP-TBT, with butadiene linkages between
thiophene units, was strategically designed to extend the polymer backbone planarity as predicted by DFT
calculations. Free exciton bandwidth calculations from UV-vis absorption spectra and Raman spectra analyses
showed that P29-DPP-TBT have a more extended polymer backbone with an increased effective conjugation
length, when compared with P29-DPP-TVT. In-depth X-ray analysis showed that the crystalline perfectness of
P29-DPP-TBT was superior that of P29-DPP-TVT which can be attributed to above mentioned enhanced

conjugation length. This result was further confirmed by temperature-dependent FET analysis, which showed
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lower trap densities in FETs based on P29-DPP-TBT compared with those based on P29-DPP-TVT. The
resulting charge carrier mobility of 1.15 cm? V1 s71 in P29-DPP-TBT was 50% higher than that in P29-DPP-
TVT. Moreover, the reproducibility of the high FET performance was also more reliable in the case of P29-
DPP-TBT. We argue that optimizing the donor conjugation structure by increasing the conjugation length can
dramatically change the backbone planarity and crystalline characteristics of the final polymer film, and thus the
charge transport nature of the device. We believe that the results of this study will be an indicator of the molecu-
lar design for improving the charge transport of new class high-performance donor-acceptor copolymers such as

DPP, 11D, NDI, and BBT, which have been actively studied recently.
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Part 2. Facilitating Phase Transfer of Polymer Semicon-
ductor in Mini-Emulsion Synthesis via Molecular Affinity
Engineering
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I. Introduction

In recent decades, polymer semiconductors with low cost, flexibility and solution processability have been re-
garded as promising candidates as the active layer of next generation electronic devices. Therefore, intensive
research efforts have been conducted and as a result, the charge carrier mobility of polymer semiconductors has
been improved to the point that it has exceeded that of amorphous silicon semiconductors.[-*l Nonetheless, their
solution processability, which is the most important advantage provided by their use, is actually based on toxic
organic solvents which is strictly limited by government regulations. As a solution to this issue, water-borne
polymer semiconductors provided by mini-emulsion synthesis are considered environmentally friendly candi-
dates.[>81 Mini-emulsion synthesis, in which two immiscible liquid phases are mixed using a surfactant, can
produce uniform polymer colloids (nanoparticles of less than 100 nm) dispersed in water. Since Landfester et al.
first introduced mini-emulsion synthesis of polymer semiconductors by using sodium dodecylsulfate (SDS),
many researchers have reported relatively low but meaningful opto-electronic performances from water-borne
polymer semiconductors.>°1 More recently, researchers started to consider other surfactants other than only
SDS, to expand the feasibility of mini-emulsion synthesis of polymer semiconductors and to enhance semicon-
ductor properties.['-121 Chung et al. showed that a surfactant molecule which optimizes emulsification efficiency
can lead to successful mini-emulsion synthesis, by decreasing colloid size and thus leading to fine film quali-
ty.l*Y Another research trends in this field is developing processing methods to remove surfactants after thin
film fabrication procedure. Up to now, it has been reported that the removal of surfactants by dialysis, pyrolysis,
and post-solvent treatment can improve the performance of opto-electronic devices.[1 Unfortunately, however,
there have been no research efforts to optimize molecular structure of polymer semiconductor itself so that
overall quality of water-borne polymer semiconductors can be improved.

In the early stages of mini-emulsion study, research efforts were directed towards the traditional donor-type,
mono-polar, helix-structured polythiophene, which can be produced relatively easily as a stable water-borne
colloid.® © However, recently reported high performance polymer semiconductors, such as diketo-
pyrrolopyrrole (DPP), isoindigo, thieno[3,4-c]pyrrole-4,6-dione, bithiophenesulfonamide, and naphthalene
diimide derivatives, are much easier to aggregate than conventional polymer semiconductors even in good sol-
vents, because of their planar backbone molecular structures.[*317 This, in turn, makes it more difficult for mini-

emulsion synthesis to produce stable water-borne colloids because mini-emulsion is basically about phase trans-

-19-



fer of hydrophobic polymers from organic phase to water phase. Therefore, when a mini-emulsion synthesis is
carried out with polymer semiconductors that have planar backbone structures, suitable chemical modification
should be introduced so that successful mini-emulsion synthesis can be achieved in combination with pre-
developed surfactant optimization.

In order to synthesize a polymer semiconductor suitable for mini-emulsion synthesis, we focused on these is-
sues: 1) how to synthesize small-sized colloidal particles which can be delivered by enhancing emulsification
efficiency and 2) how to maintain such small-sized particles until the final stage of solidification process which
can be achieved by minimizing depletion contact energy of colloidal solution. Both the aforementioned factors
are extremely important to realize efficient coalescence which in turn leads to high quality thin films of polymer
semiconductors, because the degree of coalescence between the colloid particles during the solidification that
produces continuous thin film is inversely proportional to the particle size.

To this end, we designed a new DPP-based donor-acceptor polymer semiconductors whose functionalized alkyl
side chains can facilitate highly efficient mini-emulsion synthesis. Diketopyrrolopyrrole-thiophene-vinylene-
thiophene (DPP-TVT), which is a representative high performance, planar polymer semiconductor, was selected
as a reference polymer semiconductor, and its Si-analogue, SiDPP-TVT, in which the carbon atoms of the
branched alkyl chains of DPP-TVT were replaced with silicon atoms, is newly synthesized. By substituting
silicon at the branching position of the alkyl side chain, the volumetric portion of the alkyl side chain is
expanded by increasing the C-Si-C bond angle and the Si-C bond length compared to the conventional C-C-C
bond angle and C-C bond length.[*8 191 The extension of the alkyl side chain group could increase the solubility
and hydrophobicity of the synthesized SiDPP-TVT, which enables better molecular affinity with ionic
surfactant. First, because of the increased solubility of SIDPP-TVT, we can expect that larger surface areas of
the individual polymer chains in organic phase will be exposed to the surfactants in water phase during mini-
emulsion synthesis. Second, due to the increased hydrophobicity of SIiDPP-TVT, we can expect that the van der
Waals interaction between the side chain of polymer semiconductor and the tail group of surfactants will be
enhanced. These two effects can synergetically facilitates molecular affinity between polymer semiconductor
and surfactants, or emulsification efficiency, resulting in smaller particle sizes and their more uniform size
distribution. We have succeeded in synthesizing smaller and uniform colloids by using SiDPP-TVT, and have
demonstrated more advanced results in terms of not only charge carrier mobility but also reproducibility which
was required but not yet filled room for mini-emulsion-based electronic devices. We believe that this systematic
study on polymer semiconductor design for efficient mini-emulsion synthesis can advance the era of better
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environmentally benign polymer electronics.

II. Experimental Section

2.1 Materials

Pd2(dba)3 and P(o-Tol)3 were purchased from Stream. All reactions were performed under a nitrogen at-
mosphere using standard Schlenk techniques. In addition, all chemical reagents were purchased from Aldrich
and used as received. Detailed polymer synthesis methods and related information can be found in supporting

information. The DPP-TVT was synthesized using a previously reported method. 31,

2.2 Colloid synthesis
Solutions consisting of 40 mg/ml of CTAB in water and a sufficiently dissolved 2 mg/ml polymer in chlo-
roform were mixed, heated, and stirred at 70 °C for 2 hours. The chloroform was evaporated completely from

the colloidal solution, and then it was checked by passing through a 0.2-um filter.[*1],

2.3 Device fabrication

A bare Si wafer was used as the substrate, and a ZrOy dielectric layer was prepared via a method com-
monly used in previous studies: the ZrOx sol-gel method.*4 The octadecylphosphonic acid (ODPA) self-
assembled monolayers were deposited by immersing them to both neatly improve the robustness of the ZrOx
dielectric layer’s film and reduce the number of electrical traps.*® The active layer was coated onto the
ZrO«/ODPA-treated substrate with solutions of either DPP-TVT or SiDPP-TVT in chloroform or mini-emulsion.
After the coating with a colloidal solution, the remaining surfactant was removed by soaking it in ethanol for 3
min. To enhance the molecular ordering among the DPP molecules, the prepared films were annealed at various
temperatures (between 100—200 °C) for 20 min and then cooled slowly. Finally, the OFET’s geometry was
completed by depositing Au source-drain electrodes onto the annealed films (with channel width/length ratios of

10—20 and channel lengths of 75—150 um).

2.4 Characterization
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The 2D-GIXD measurements were performed using the PLS-I1 3C and 9A beamline at the Pohang Accel-
erator Laboratory (PAL) in Korea. All films were manufactured in the same manner that the devices were fabri-
cated. In the surface sample analyses, the HR-TEM (Hitachi, HF-3300), AFM (Park Systems, XE-150), SEM
(Hitachi, SU8230), and FT-IR measurements (Thermo Scientific, Continuum) were performed carefully after
discussion with C. Park, K. Kim and J. Park in the Center for Core Research Facilities of the Daegu Gyeongbuk

Institute of Science and Technology.

2.5 Measurements

UV—Vis. absorption spectra were measured using a UV-1650PC spectrophotometer. The capacitance val-
ues of the dielectric layers were measured using a Keysight E4981 capacitance meter operating at 1 kHz. The
capacitance of the ZrOx/ODPA layer was 3.4 x 107" F cm™2 at this frequency. The contact-angle measurements
were collected using a home-built setup. Finally, the electrical characteristics of the transistors were measured
using a parameter analyzer (Keithley, 4200A-SCS). The Vps was -2 V when measuring the transfer curves and

output curves.

II1. Results and Discussion

2.1. Efficiency of Mini-emulsion

In order to realize high quality thin films from water-borne colloids, coalescence efficiency should be
maximized. A coalescence phenomenon occurs by capillary pressure of trapped water between colloid particles,
and therefore, the degree of coalescence can be estimated by:

"-c.]"'-'
B 1.f'rH, @))

where Pc is the capillary pressure, yw is the air-water interfacial surface tension, and R is the particle radi-
us.?% Therefore, synthesizing small-sized particles from mini-emulsion synthesis is of primary importance.
However, during solidification of the colloidal solution when the solute concentration rapidly increases, there is
a strong driving force causing increases of particle size, which is related with depletion contact energy. The fol-
lowing equations can be used to calculate the depletion contact energy of colloids:

ui = —(1/4mPo, r.rf, and (2)

-22 -



P =nkT , 3)

where % s the depletion contact energy of the spherical colloid, P is the overall osmotic pressure, 1
is the exclusion diameter of the micelles (which is roughly shorter than 5 nm), ©2 is the diameter of the synthe-
sized colloid, ™ is the micelle concentration, % is the Boltzmann constant, and T is the temperature.[21-2]
Therefore, one can see that not only the decreasing particle size at the stage of mini-emulsion synthesis, but also
suppressing the particle-to-particle size deviation is very important to minimize depletion contact energy. As
briefly explained in Figure 2.1a depletion contact energy can be maximized when the particle size is large and
its size distribution is also high, leading to significant aggregation in colloids before solidification. In this case,
as explained earlier, the coalescence phenomenon is not efficient, resulting in a very rough morphology. In other
words, synthesizing colloidal particles with small and narrowly distributed size is most important to render high
quality thin films of polymer semiconductor. Now, we need to take into account what properties the polymer
semiconductors should have to make such small particles with narrow size distribution through mini-emulsion

synthesis.

CaMa O,
B & [ oPP-TVT  — — Gauss Fitof DPP-TVT
30} 5 e
[ sioPP-TVT — = Gauss Fit of SiDPP-TVT
\
i O S, 25 L
a s

« . o]
3 & M G- M, 3

A
o
3
Contents (%)
o o

SIDFPTT 20 25 30 35 40 45 505560

Cay Cam Particle size (nm)
p DPPTVT SiDPP-TVT
(water) 102.0° (water) 104.2°
DPP-TVT SiDPP-TVT

- —~ge (diiodomethane) 62.1° (diiodomethane) 68.9°

Figure 2.1 (a) The schematic diagram for describing depletion contact energy in solution and coalescence

phenomenon by differences of colloid size and distribution. (b) Chemical structure of DPP-TVT and SiDPP-
TVT. (c) The DLS measurement results of particle size distribution of DPP-TVT and SiDPP-TVT dissolved in
chloroform. (d) The contact angle images of DPP-TVT and SiDPP-TVT with water and diiodomethane to

calculate surface energy.
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The mini-emulsion synthesis is initiated by mixing a polymer semiconductor dissolved in an organic sol-
vent and a surfactant dissolved in water. Here, the size and uniformity of the colloid of the polymer semicon-
ductor is determined at the phase transfer step where hydrophobic polymer semiconductor is transferred from
organic phase to water phase. In this regard, it is important to increase the chance of physical interaction be-
tween an individual polymer semiconductor and a surfactant molecule. Therefore, firstly, it is expected that in-
creasing the solubility of polymer semiconductor in the organic phase is critical because polymer semiconduc-
tors present in separate chains rather than entangled clusters would increase the likelihood of encountering an
individual polymer semiconductor and a surfactant molecule. Secondly, it is expected that strengthening van der
Waals interaction between hydrophobic solubilizing groups of the polymer semiconductor and the hydrophobic
tail of surfactants can also facilitate the physical interaction between an individual polymer semiconductor and a
surfactant molecule. Collectively, we can assume that increasing solubility and hydrophobicity of polymer sem-
iconductor can lead to an improvement in molecular affinity against surfactants, leading to high emulsification
efficiency and thus small/uniform particles, which can result in efficient coalescence phenomenon.

From this point of view, we designed and synthesized a new polymer semiconductor with the aim of
maintaining the high semiconducting properties even when its film is cast from water-borne colloids, by modi-
fying solubility and hydrophobicity of the conventional high performance polymer semiconductor. We selected
a DPP derivative polymer semiconductor, DPP-TVT, represented by high performance p-type field-effect tran-
sistor performances but also by relatively worse solubility caused by the planar backbone structure compared to
other traditional donor-polymer semiconductors. To improve solubility and hydrophobicity of DPP-TVT, we
focused on the atom at branching position of the alkyl solubilizing group, which occupies an important position
in determining the total volumetric portion of the alkyl group. In this context, SiDPP-TVT is synthesized by
replacing the branching point carbon of the alkyl solubilizing groups by the silicon atom of the reference high
performance polymer semiconductor, DPP-TVT, as shown in Figure 2.1b. On the chemical structure side, the
Si-C bond length (1.86 A) is longer than the C-C bond length (1.54 A). In addition, the C-C-C bond angle of the
carbon atoms in the branched alky!| position of the DPP-TVT is 109.5 °, which is enlarged to 114.0 ° in the case
of C-Si-C bond angle of SiDPP-TVT.['8 19 Therefore, as a result of Si-substitution in branching point, one can
expect the increase in the volumetric portion of the bulky alkyl group in overall polymer semiconductors, which
might lead to enhancement of solubility and hydrophobicity. Actually, as shown in the dynamic light scattering
(DLS) measurement in Figure 2.1c, the Z-average value of DPP-TVT dissolved in chloroform is 37.44 nm and
that of SIDPP-TVT is 34.08 nm, indicative of increased solubility of SIDPP-TVT in organic phase. In the pre-

-24 -



sent study, we synthesized both DPP-TVT and SiDPP-TVT with similar molecular weights to avoid solubility
changes caused by differing molecular weights. We want to address that we synthesized relatively high molecu-
lar weight (~200000 of Mn) polymers for both pristine and Si-analogue to enhance charge carrier mobility. In
the cases of lower molecular weights, although overall solubility is enhanced, similar trend was observed and
more importantly, the highest semiconductor performances were obtained from high molecular weight. In other
words, the difference in solubility is primarily caused by structural changes rather than either differing molecu-
lar weights. In addition, as shown from contact angle measurements in Figure 2.1d, SiDPP-TVT exhibited high-
er hydrophobicity than DPP-TVT; SiDPP-TVT and DPP-TVT had 23.64 mN m-1 and 27.67 mN m-1 of surface

energy, respectively (Table 2.1).[24

[ oPP-TVT — — Gauss Fit of DPP-TVT
[ siDPP-TVT = — Gauss Fit of SIDPP-TVT

Contents (%)

50 100 150
Particle size (nm)

Figure 2.2 HR-TEM image of (a) DPP-TVT and (b) SiDPP-TVT. (c) The DLS measurement results of particle
size distribution of DPP-TVT and SiDPP-TVT using mini-emulsion synthesis. (d) The magnified HR-TEM

image of a SiDPP-TVT colloidal particle surface.
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Table 2.1 Summary of contact angle, calculated surface energy and DLS measurements results in mini-

emulsion synthesis.

Contact angle (°) Surface energy Z-Ave?
Polymer PDI
water diiodomethane (mN m?) (nm)
DPP-TVT 102.0 62.1 27.67 97.51 0.565
SiDPP-TVT 104.2 68.9 23.64 72.40 0.486

3 Average particle size of each colloid measured by DLS method.

In order to investigate the effect of high solubility and hydrophobicity of newly synthesized SiDPP-TVT
on the mini-emulsion synthesis, high-resolution transmission electron microscopy (HR-TEM) measurements
were carried out for each colloid and the results are shown in Figure 2.2. The sizes of the water-borne colloidal
particles synthesized from DPP-TVT and SiDPP-TVT can be compared. The actual particle size of the HR-
TEM image in Figures 2.2a and 2b is consistent with the average particle size measured from DLS analyses
conducted in colloids shown in Figure 2.2c. For example, enlarged image of a single colloid particle of the
SiDPP-TVT in Figure 2.2b is about 78 nm, which is similar to the Z-average value of the DLS results. As
shown in Figure 2.2d, further investigation of TEM images shows well-aligned lamellar crystalline structure of
SiDPP-TVT is well-preserved within colloid particles. When comparing the statistical size of water-borne
colloid particles, SiDPP-TVT and DPP-TVT demonstrated Z-average values of 72.40 nm and 97.51 nm,
respectively. Moreover, the SiDPP-TVT and the DPP-TVT exhibited polydispersity index (PDI) of 0.486 and
0.565, respectively, indicating that the SIDPP-TVT formed more uniform colloids. Collectively, the TEM and
DLS results of the two polymers indicate that SIDPP-TVT forms a smaller and more uniform particle size than
DPP-TVT, which is evidences of more efficient mini-emulsion synthesis when SiDPP-TVT is employed. We
address that such improved emulsification efficiency can be attributed to increased solubility and

hydrophobicity of SIDPP-TVT.

2.2. Film Morphology
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Figure 2.3 AFM images of (a) DPP-TVT using chloroform, (b) SiDPP-TVT using chloroform, (c) DPP-TVT
using water and (d) SiDPP-TVT using water. (In the case of thin films realized by mini-emulsion synthesis, they
were post-treated to remove residual surfactants.)

Table 2.2 Film roughness and 2D-GIXD parameters.

n-n stacking distance
Polymer film Rq (nm) " d-spacing (A) go10) (%) J(i00) (%)
(A)

DPP-TVT
0.689 3.68 27.22 8.12 4.12
(chloroform)

SiDPP-TVT
0.643 3.67 28.39 8.45 3.86
(chloroform)
DPP-TVT
2.748 3.64 27.18 8.51 4.36
(water)
SiDPP-TVT
1.113 3.66 29.41 8.48 3.92
(water)
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As described earlier, these small and uniform water-borne colloids of SiDPP-TVT might facilitate very
even coalescence phenomenon during solidification or film formation. We investigated the actual morphology
of thin films cast from water-borne colloids of two polymers by using an atomic force microscope (AFM) and a
scanning electron microscope (SEM). Here, all the fabricated thin films from colloids were washed with pure
ethanol to remove residual surfactants as previously reported.[™ To examine the effects of the post-treatment on
the removal of residual surfactants, we performed Fourier Transform-Infrared Spectroscopy (FT-IR) analyses.
Cetyltrimethylammonium bromide (CTAB), a surfactant used in this study, can be characterized by both the C-
N bond in the amine head group and the long alkyl chain in the tail group; the C-N bond in the alpha and beta
peaks and the peaks for the C-H bonds in the long alkyl chains in gamma peaks.[?> 281 After the post-treatment of
ethanol washing, we confirmed these peaks were reduced significantly in both polymer semiconductors and
becomes similar to those films cast from chloroform. As shown in Figures 2.3a and b, topology of the films of
DPP-TVT and SiDPP-TVT cast from chloroform are very smooth with r.m.s. roughness of 0.689 nm and 0.643
nm, respectively, typical for good organic solvent-based films. Figure 2.3c corresponding to topology of films
cast from colloid of DPP-TVT shows much more pronounced morphological features with r.m.s. roughness of
2.748 nm. In the case of colloids of SIDPP-TVT, the fabricated thin film rendered much smoother morphology
with r.m.s. roughness of 1.113 nm, comparable to the cases of organic solvents. This trend is similarly observed
from large-scale SEM images, where the DPP-TVT film cast from colloid had significantly more aggregated
morphologies than the case of SIDPP-TVT. We want to address that this is the first observation of topology im-
ages of films cast from polymer semiconductor colloids comparable to that cast from organic solvents, especial-
ly when high mobility, planar backboned polymer semiconductors are used. It seems that more efficient coales-
cence occurs when using colloids of SIDPP-TVT because of its relatively higher emulsification efficiency. This
is enabled by not only initially smaller particle size but also narrow size distribution of SiDPP-TVT colloid,
which inhibited inter-particle aggregation when solvent was evaporating rapidly for solidification. As a result,

we believe that coalescence can be ideally realized when films are fabricated from SiDPP-TVT colloids.

2.3. Crystallinity and Molecular Orientation

We conducted 2-Dimensional Grazing Incidence X-ray Diffraction (2D-GIXD) analyses to study the mo-
lecular-level disorder, crystallinity, and orientation affecting the charge transport. All the polymer films cast
from both chloroform solution and water-borne colloids showed highly oriented edge-on structures, with well-
developed Bragg diffraction peaks of up to (004) in the g, direction (Figure 2.4).
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Figure 2.4 2D-GIXD patterns measured from (a) DPP-TVT film (chloroform), (b) SiDPP-TVT film
(chloroform), (c) DPP-TVT film (water), (d) SiDPP-TVT film (water) and their corresponding extracted
profiles along (e) with g, direction and (f) qgxy direction. The pole figures for each film normalized by (200)

scattered intensity (g) with DPP-TVT film and (h) with SiDPP-TVT film.

In the cases of thin films cast from chloroform, the n-x stacking distances of DPP-TVT and SiDPP-TVT
were very similar as 3.68 A and 3.67 A, respectively (Table 2.2). However, in the case of d-spacing, the DPP-
TVT stacking distance was apparently shorter by 1.17 A compared to that of SiDPP-TVT of 28.39 A. This can
be attributed to the increased volumetric portion of alkyl solubilizing group of SiDPP-TVT as a result of silicon
substitution. In the case of the thin films cast from water-borne colloids, more dispersed ring-like patterns ap-
peared in each Bragg diffraction spot, indicating lower degree of edge-on orientation. To more quantitatively
investigate the relative edge-on orientation of polymer semiconductors with different processing solvents, we
conducted pole figure analyses based on angular distribution of (200) diffraction peaks to avoid possible errors
caused by reflected light. Due to the geometry of the 2D-GIXD experiment and the curved surface of the Ewald
sphere, the detector angle is not exactly matched with polar angle (w). At q = 0.42 A™* ((200) diffraction peaks),
the zero angle of detector plane corresponds to ||~ 2.15 °, so we cannot obtain the intensity information for the
orientation |w| < 2.15 °.27"? The inaccessible o area is designated by gray-pattern region in Figures 2.4g and h.
As clearly summarized in Figures 2.4g and h, in each polymer, thin film cast from chloroform solution showed
more preferred edge-on orientation compared to the case of water-borne colloid. However, it should be noted
that the relative difference in degree of edge-on orientation becomes significantly smaller in Figure 2.4h, where

SiDPP-TVT is used, which can be attributed to more efficient coalescence phenomenon even when processed
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from water-borne colloids. From GIXD data, it is also possible to calculate paracrystalline disorder which is
related with the degree of crystalline perfectness. The paracrystalline disorder parameter (gqoo) of polymer films
for g, direction can be calculated from the slope of a sb-h? plot extracted from 2D-GIXD data, where the slope

(m) of the sb—h? plot is determined by:

I

"t @
where d is the domain spacing, &b is the integral widths of the diffraction peaks, and h is the order of dif-

fraction.[?8] The paracrystalline disorder can be also analyzed for the gy direction by using the single peak-width

estimation method based on a single (010) peak,

Ag
Bimm = I—

Ve (5)

where go10) is the paracrystalline disorder in the gxy direction, Aq is the breadth of the diffraction peak,
and qo is the center position of the peak.?® All the obtained paracrystalline disorder values are summarized in
Table 2.2. In both paracrystalline disorders of g, and gy, interestingly, exactly the same trend is observed,;
disorders of the polymer films become slightly higher when cast from water-borne colloids compared to the
case of chloroform and SiDPP-TVT that always resulted in smaller differences between chloroform and water-
borne colloid. Therefore, one can see that more efficient emulsification efficiency of SiDPP-TVT enabled better
crystalline orientation as well as crystallinity when polymer chains are self-assembled during solidification.

This is in accordance with the experimental observation in morphology session.

2.4. Electrical Properties of Organic Field-effect Transistors (OFETS)
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Figure 2.5 The transfer curves of (a) chloroform based devices and (b) water based devices. (c) The output
characteristics of water based devices using SiDPP-TVT. (d) Device-to-device deviation of charge carrier
mobility comparison in DPP-TVT and SiDPP-TVT using mini-emulsion synthesis.

Table 2.3 Summary of electrical properties of OFETS.
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Hmax Mavea)

Vi (V) Iomax. (WA)  on/off ratio N (cm™2)
(cm?v-is? (cm2v-is?)
DPP-TVT
0.98 0.94+0.06 -0.32+0.04 3.22 109 6.79x10M
(chloroform)
SiDPP-TVT
1.01 0.97+0.05 -0.21+0.04 3.47 10° 4.46x101
(chloroform)
DPP-TVT
0.76 0.51+0.12 -0.96x0.07 0.92 10° 2.04x10%
(water)
SiDPP-TVT
0.91 0.78+0.08 -0.54+0.05 1.67 104 1.15x10%
(water)

3 Average values were obtained from 50 independent devices.

We conducted experiments on low-operating voltage, high reliability devices to account for the recent is-
sue of FET-device electrical parameter extraction errors. These include both overestimated mobility values ex-
tracted from kinks as well as kinks that are caused by high-bias operation.l®% 31 To determine electrical proper-
ties that are appropriate for OFETs, we fabricated their bottom-gate/top-contact geometry using high-k dielec-
tric materials, ZrOy, via the sol-gel method. In particular, we chose bottom-gate/top contact-geometry to ensure
that the difference in electrical parameters can be clearly explained by the difference in morphology and crystal-
line structure. The source-drain channel lengths were designed with sufficiently large (75-150 um) to prevent
short-channel effects.*¥ As shown in Figure 2.5a, when chloroform was used, the highest charge carrier mobili-
ty calculated for the DPP-TVT was 0.98 cm? V! s, while for the SiDPP-TVT, it was a similar value of 1.01
cm? V1 s1(Table 2.3). In the cases of FETs fabricated from water-borne colloids, it was found that the charge
carrier mobility of the DPP-TVT decreased by about 46% from 0.94+0.06 cm? V' s to 0.51+0.12 cm? V1 5L,
Interestingly, the charge carrier mobility of SiDPP-TVT decreased only slightly from 0.97+0.05 cm? V! s to
0.78+0.08 cm? V! s, approximately 19%. (Figure 2.5b). In overall, charge carrier mobility is decreased in the
case of water-borne colloids compared to the cases of chloroform. This result is obvious when considering sig-
nificant amount of trap states at the semiconductor/dielectric interfaces generated by solidification of water-
borne colloids. Nonetheless, it is worth to note that SiDPP-TVT showed significantly smaller mobility decrease
when solvents were changed from chloroform to water. The trap density in OFET geometry can be calculated
using
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where Ny is the trap density, C; is the capacitance of the dielectric layer, Vi is the threshold voltage, and e
is the charge of an electron.[®3 We were able to approximate the room-temperature concentrations of the trap
states of the DPP-TVT and the SiDPP-TVT processed from water-borne colloids as ~ 2.04 x 10%* and 1.15 x
10?2 cm?, respectively. Therefore, we speculate that despite of colloid processes, morphological interfacial de-
fects such as impurities and voids were much less generated in the case of SIDPP-TVT due to its higher coales-
cence efficiency. In order to confirm that SIDPP-TVT is more suitable for mini-emulsion synthesis than DPP-
TVT, we tested their reliability by fabricating 50 independent FET devices and analyzed their statistical electri-
cal parameters. As Figure 2.5d shows, the performance distribution of the independent devices, which can be
expressed by full width at half maximum, becomes significantly narrower for SiDPP-TVT as 0.088 compared to
0.165 of DPP-TVT, indicating almost 2 times narrower distribution. Collectively, OFET studies showed that
SiDPP-TVT, with remarkable solubility and hydrophobicity with surfactants, can be a promising candidate for
water-borne semiconductors not only in terms of charge carrier mobility but also in terms of device-to-device

reliability.

IV. Conclusion

From the perspective of improving mini-emulsion synthesis, we designed a new polymer semiconductor
SiDPP-TVT with the aim of enhancing molecular affinity against ionic surfactants. Newly synthesized SiDPP-
TVT was designed to possess high solubility and also high hydrophobicity without damaging the semiconductor
properties of the reference polymer semiconductor, DPP-TVT, by replacing the branching C atom of the alkyl
solubilizing group to Si atom. We show that SiDPP-TVT could result in small and uniform colloidal particles
via mini-emulsion synthesis because of strengthened molecular affinity against surfactant and thus enhanced
emulsification efficiency. Thanks to very efficient coalescence phenomenon driven by high quality colloidal
solutions with small and uniform particles, we could show that fine thin film morphology as well as highly
edge-on oriented, low disorder crystalline structure can be realized even from water-borne colloids. As a result,
for the first time we show that the use of water-borne colloids of strategically designed polymer semiconductors

can result in outstanding FET performances, even comparable to that of organic solvents.
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Part 3. Breath-Figure Molding of Polymer Transistors to
Implement Flexible and High-Performance NOyx Sensors
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I. Introduction

Due to growing interest in personal air quality monitoring and breath analysis, industrial demand for ac-
curate and sustainable gas sensors to detect various gases is rapidly increasing. In particular, coupled with the
technology of Internet of Things (loT), it is necessary to develop low-power flexible gas sensors with selectivity
for specific gas analytes.*-*! Examples of typical commercially available gas sensors include metal oxide-based
gas sensors, which operate on the principle of changes in resistance due to gas-oxide redox reactions at high
temperatures; however, these are not suitable as sustainable 10T gas sensors because of additional energy need-
ed for operating/ensuring high-performance of gas sensors.[*%-31 In this regard, organic semiconductors (OSCs)
have been studied extensively as alternative materials that meet the requirements of next-generation gas sensors
such as low cost, low power, and flexibility.[#%4-271 In particular, organic field effect transistors (OFETs) have
been found to be capable of overcoming the limitations imposed by size, power consumption, and sensitivi-
ty.[8:9.14-1921-26] \When exposed to a gas, the density-of-states of an OSC undergoes changes depending on the
reducing/oxidizing nature of each gas analyte, resulting in modulations in the channel current. Because this op-
erating mechanism is not a Brgnsted redox reaction, a high operating temperature is not required and operation
at low power levels is possible.[8121423 Nonetheless, owing to a lack of direct redox reactions, OFET gas sen-
sors exhibit a relatively low gas sensitivity, which limits their commercial applications.

Recently, several smart strategies have been developed to enhance the sensitivity of OFET and other OSC
gas sensors, including 1) modifying the morphology to increase the contact area between gas molecules and
active layer,[#14-201 2) minimizing the sensing layer thickness,[®?%22 3) controlling charge carrier concentration
in the materials,®] and 4) blending with a gas receptor material.*21 Though these approaches have been suc-
cessful in delivering significantly enhanced sensitivity (as high as that of metal-oxide gas sensors), it should be
noted that most of these methods employed small molecule semiconductors. This is because as seen in the case
of an organic single crystal gas sensor, the morphology and thickness of small molecule semiconductors are
easier to control than those of polymer semiconductors. However, the use of small molecule semiconductors
does not take full advantage of the solution-processability/flexibility characteristics of OSCs, which is not suit-
able for low cost, wearable and portable 10T gas sensors. In this regard, solution-processable polymer semicon-
ductors can be a perfect fit for developing next-generation gas sensors. Unfortunately, so far all the reported

polymer gas sensor rendered worse sensing ability compared to the cases of small molecular semiconductor,
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presumably due to difficulties in direct and dramatic morphology control for enhancing sensitivity of polymer
semiconductors.141517.2L.231 Nevertheless, there are a few attempts to maximize gas-exposure area in polymer
semiconductors by inducing phase separation in a polymer dielectric and achieve porosity.[®! However, in this
case, there is a limitation of conserving charge transport characteristics due to indirect morphology control of
polymer semiconductors.

Another notable limitation faced by previously reported OSC gas sensors is that most of these studies
have been focused on NH3 or NO,.[8:914-1921.232526] NO, which is mainly generated as a by-product of thermal
power generation or vehicles, has been classified in 1990 as one of the six mandated criteria pollutants in Clean
Air Act regulations.[?®l NOx may refer to various compounds such as NO, NO3, and N,O; of these, NO and NO;
account for the majority.[?®1 Most of the studies on OSC NOy gas sensors have focused on NO; gas alone with
very few paying attention to NO. This is because the NO, molecule has a stronger electron withdrawing proper-
ty than the NO molecule and is thus easier to detect.?°-2 To address this research gap, in the present study,
though we conducted an overall analysis for various gas analytes, we primarily focused on NO.

In this investigation, we employed the Breath-Figure (BF) molding method to fabricate gas-readable
polymer semiconductors with high sensitivity and selectivity at room temperature. In this method, a polymer
semiconductor itself was used as the receptor that interacts with gas analytes as well as the charge transport
layer responsible for signal transport. Based on comparative studies on various polymer semiconductors, we
show that donor-acceptor copolymers are good receptors for reducing and oxidizing gas analytes. Furthermore,
BF molding of donor-acceptor copolymers results in a highly reproducible porous morphology and maximizes
the gas-exposure area. Interestingly, the “polymer-bag” effect of BF molding enables mostly conserved charge
carrier mobility of BF-modified film compared to the pristine film, which guarantees fast signal transport.[33-3¢]
Optimized BF-molded poly(2,5-{2-octyldodecyl}-3,6-diketopyrrolopyrrole-alt-5,5-{2" 5" -di[thien-2-
yl]thieno[3,2-b]thiophene}) (DPP-DTT) was used to fabricate high-performance NO gas-sensing OFETs with a
maximum sensitivity of 774%/ppm and a low limit of detection (LOD) of 110 ppb. Because such BF-OFETs
exhibit reversed polarity of sensitivity against reducing gases and a far lower sensitivity against other less polar
volatile organic compounds (VOCSs), they can be used in universal gas-detection Kits, especially for NOy gases.
Furthermore, we demonstrate flexible BF-OFETs fabricated on plastic substrates, which exhibited excellent
flexibility as confirmed their sensitivity (500.93%/ppm) and LOD (215 ppb), and responsivity degradation of

only 14.2% after 10,000 bending cycles at a 1% strain.
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I1. Experimental Section

2.1 Device fabrication

P3HT, PBTTT, DPP-DTT, and PPDT2FBT-DTT were purchased from Rieke Metals, Sigma Aldrich, Os-
sila, and 1-Material respectively, and used without further purification. Highly n-doped Si**/SiO, (100 nm) wa-
fers were used as substrate/gate for conventional devices. Si wafers were cleaned using a piranha solution and
oxygen plasma. All the polymers were dissolved in chloroform at a concentration of 3 mg mL~. Subsequently,
these solutions were aged for several days to facilitate the formation of stable ordered microdroplets.[*®! In the
next step, aged polymer solutions were spin-coated at 2000 rpm for 3—30 s on chosen substrates. To fabricate
BF-molded polymer films, a short spin-coating time of less than 5 s was set to allow water condensation and
evaporation. For BF molding, the temperature of the glove box was kept at 23-25 °C and the relative humidity
was adjusted to 52%-88% to control pore size at the desired level. In the case of reference films, fabrication
was conducted in a No-filled glove box. To obtain high-performance OFETs, P3HT, PBTTT, DPP-DTT, and
PPDT2FBT-DTT films were annealed at 150, 175, 200, and 200 °C, respectively, for 20 min. Au source and
drain electrodes (80 nm) were deposited on the polymer semiconductor layer by thermal evaporation at an
evaporating rate of 0.2 A s with a channel and width of 150 and 1500 pm respectively. Polyimide (~125 pum)
substrates were used to fabricate flexible sensors and crosslinked PVP was coated on the polyimide substrate as
a smoothing layer. In the next step, an Ag gate electrode (50 nm) was deposited on the polyimide substrate by
thermal evaporation at an evaporation rate of 0.2 A s1. To prepare PVP solutions, PVP (Sigma Aldrich, My
~25,000) was initially mixed with 10 wt.% propylene glycol monomethyl ether acetate and to this mixture, a
cross-linking agent, poly(melamine-co-formaldehyde), was added. The obtained PVP solution was spin-coated
at 3000 rpm for 60 s and subsequently crosslinked for 3 h at 150 °C in a vacuum oven. The thickness of the re-
sulting PVP dielectric layer was 460 nm and its areal capacitance was 9.2 nF cm=2.1#441 Subsequent polymer
film and electrode deposition processes were similar to the method used for fabricating Si substrate-based de-

vices.

2.2 Film characterization
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To analyze the surface morphology of the fabricated OFETSs, atomic force microscopy (Park Systems,
XE-150) and scanning electron microscopy (Hitachi, SU8230) were conducted. GIXD measurements were per-
formed at the PLS-11 3C and 9A beamlines at the Pohang Accelerator Laboratory (PAL) in Korea. All the films
were manufactured in the same manner that the devices were fabricated. Capacitance of the dielectric layers

was measured using a Keysight E4981 capacitance meter operating at 1 kHz.

2.3 Measurements
The electrical characteristics of the devices were measured using a parameter analyzer (Agilent Technol-
ogies, B1500A) in a test chamber on a probe station at standard relative humidity and temperature condition.

_ Wep (Vig — Vi)
Charge carrier mobilities were calculated from the equation — 2% 2L G5 th’ where Ips is the

source-drain current, C; is the capacitance per unit area of the dielectric layer, | represents mobility, W and L
are the channel width and length, and Vs and Vi, are the gate voltage and threshold voltage, respectively.1*? To
analyze the gas sensing properties of the sensors, N2 and other gases (100 ppm standard gases of NO, NO2, NHs,
acetone, and ethanol and 1000 ppm standard gas of Hy) were mixed and tested at specific concentrations. The
concentration of each gas was controlled using mass flow controllers. For gases other than N, the flow rate was
20 sccm while that of N2 was 100-1000 sccm. The following gas dilution equation was used to adjust gas con-

centration.

— Xpy ¥ Tepan TApa X441

X_.
= Tzpan Tadil
(4)

Here, Xg;i is the amount of substance fraction B in dilution i, gspan is the volume flow of the span gas, and

(ait is the volume flow of the dilution gas.[*6].

II1. Results and Discussion

To pick up polymer semiconductors with optimized gas receptor properties, initially, we tested the gas
sensing behavior of bottom-gate (Si**/SiO, 100 nm)/top-contact (Au) OFETs with spin-coated poly(3-

hexylthiophene-2,5-diyl) (P3HT), poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT),
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DPP-DTT, and poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-
[1,2,5]thiadiazole)] (PPDT2FBT-DTT) as active layers. Each active layer was constructed by simple spin-
coating from chloroform with a thickness of ~40 nm. The chemical structures of these polymers and their corre-
sponding transfer curves and responsivities upon exposure to 10 ppm NO are illustrated in Figure 3. Because
NO is an oxidizing gas with electron-withdrawing properties, NO adsorption onto p-type polymer semiconduc-
tors results in an increased channel current, similar to the hole doping mechanism.[*#2330 All p-type OFETs
showed positively shifted transfer curves upon NO exposure, which is typical of p-doping. Interestingly, when
we consider the shift in threshold voltage (AVw), it is clear that donor-acceptor polymers, i.e., DPP-DTT and
PPDT2FBT-DTT exhibit a much more pronounced shift when compared to the homopolymers P3HT and
PBTTT. Asimilar but more pronounced trend is observed upon NO; exposure, a gas with stronger oxidizing and
electron-withdrawing properties. The observed overall better performance of donor-acceptor copolymers over
homopolymers for NOx sensing can be related to the presence of the relatively larger dipole moment of the re-
peating units of donor-acceptor polymers in comparison to that of homopolymers. In other words, oxidizing gas
analytes with strong electron-withdrawing properties interact strongly with polymer semiconductors with donor-
acceptor moieties via efficient dipole-dipole interaction, resulting in a pronounced current modulation for its

OFET gas sensor application.
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Figure 3.1 (a) Polymer semiconductor selection criteria for high-performance OSC gas sensor, and the chemical
structures of the polymer semiconductors used in this study. (b) The scheme of BF molding of polymer semi-
conductor films and final device structure. (c—f) The top row shows SEM top-view images of the fabricated
polymer films, the middle row shows the corresponding AFM topographical images, and the bottom row shows
the corresponding GIXD patterns. From the left, polymer films corresponding to these images are pristine, BF-S,
BF-M, and BF-L DPP-DTT, respectively. (g) Pore size distribution of each BF molding film. (h) Line cut pro-
files extracted from AFM images to confirm actual pore size and height. (i) Transfer curves of pristine, BF-S,

BF-M, and BF-L films exposed to N.. (j) Responsivities of BF molding devices calculated from transfer curves
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corresponding to N2 and 10 ppm NO exposure. The shaded region indicates a Vs below Vin.

Though both DPP-DTT and PPDT2FBT-DTT show the possibility of gas sensing, their figures-of-merit,
such as responsivity (defined as Al/lp with Al = lgas—lo, Where lgas and lo are the drain currents of gas-exposed
and unexposed OFETSs, respectively) and sensitivity (defined as the slope of the linear relationship of responsiv-
ity versus gas concentration), were far lower than those of small molecule gas sensors, presumably due to lim-
ited gas-exposure areas./?®! To overcome this issue, we adopted the BF molding method to fabricate OFETs of
DPP-DTT and PPDT2FBT-DTT (Figure 3.1b). In BF molding, a polymer is dissolved in a low boiling-point
solvent and cast on a substrate in high humidity conditions.[®3-36] Spontaneous evaporation of the volatile sol-
vent reduces the temperature of the upper surface of the solution and water droplets condense on its surface.
These microdroplets grow with time and when they come in contact with other droplets, coalescence may occur.
It is known that the “polymer-bag” effect, i.e., the encapsulation of water droplets by a thin polymer stratum can
prevent microdroplets from coalescing with each other.l¥] Consequently, these uniformly sized water droplet
microspheres arrange themselves in a hexagonal pattern, resulting in a polymer imprint with a honeycomb pat-
tern. In the present study, polymer semiconductors were employed for BF molding and their self-assembly be-
havior was found to dramatically influence the BF pattern shape and size. Cotlet et al. previously showed that
BF molding can result in successful hexagonal patterns when polythiophene is dissolved in a good solvent and
aged for several days, as such aggregates hinder coalescence and allow the formation of stable ordered micro-
droplets.l*® Similarly, the degree of crystallinity of a polymer can affect the BF pattern; highly crystalline poly-
mers result in a greater “polymer-bag” effect and produce finer BF patterns. In this regard, DPP-DTT, with its
greater degree of crystallinity, is better than PPDT2FBT-DTT. Another experimental detail for realizing success-
ful BF pattern is that the thickness of polymer layer should not very thin, because water droplet size typically
exceeds several hundreds of nm. For example, previously demonstrated perfect hexagonal BF patterns were
typically obtained using drop casting in constant air-flow condition with significant thicknesses over 1 pum. [l
However, note that for gas sensor application, we should realize thin film thickness to synchronize gas receptor
role and charge transport role of polymer semiconductor because charge transport of OFET occurs through a
few tens of nm from the dielectric interface. Therefore, in the present study, we focused on realizing sufficiently
porous and thin polymer semiconductor films using the BF method and not on the well-ordered hexagonal pat-
tern.®® In the case of spin-casted thin films of DPP-DTT (~40 nm), we could not observe well-defined hexago-
nal pattern, but more randomly distributed pores. In addition, in the case of PPDT2FBT-DTT, it was not easy to
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control BF morphology owing to its lower crystallinity, which weakens the “polymer-bag” effect. By systemati-
cally controlling the humidity and air flow conditions for BF molding, we could realize three kinds of thin films
(40-50 nm); these include DPP-DTT: BF-L with a large pore size (2.03+£1.31 um), BF-M with a medium pore
size (747520 nm), and BF-S with a small pore size (293£387 nm) (Figure 3.1). In the case of BF-L and BF-M,
pores touched the dielectric interface while in the case of BF-S, the dielectric surface was fully covered with the
polymer. The root-mean-square (rms) roughness values corresponding to BF-L, BF-M, BF-S, and pristine films
were 17.40, 11.83, 2.44, and 0.90 nm, respectively.

Although the BF technology can ensure a large gas-exposure area, at the same time, it can perturb charge
transport, which is detrimental to the performance of gas sensors. To study the crystalline orientation of BF-L,
BF-M, and BF-S DPP-DTT films and compare them with that of the pristine DPP-DTT film, grazing incident
X-ray diffraction (GIXD) analysis was conducted. As shown in Figure 3.1, on the whole, the GIXD patterns of
BF-modified polymer films were similar to that of the non-modified pristine DPP-DTT film. To investigate the
crystallinity of polymer films quantitatively, paracrystalline disorder (g) analysis was conducted. The relation-

ship between paracrystalline disorder and crystallinity is given by

—
|_4aq

"~.|| Imgy

g =
@

where Aq and qo are the width and center, respectively, of the corresponding diffraction peak.[—29 We
calculated the paracrystalline disorder of the (010) diffraction peak along the in-plane direction. Details on the
calculation of g0y can be found in the supporting information; the calculated g10) values were 12.62%,
12.70%, 12.74%, and 13.55% for pristine, BF-S, BF-M, and BF-L DPP-DTT films, respectively, implying that
BF madification did not significantly alter the self-assembly behavior of DPP-DTT. We speculate that the “pol-
ymer-bag” effect allows a sufficient self-assembly time for the polymer semiconductor, even in the presence of
water droplets. Nonetheless, the FET behavior of BF-modified DPP-DTT OFETs was inferior when compared
to that of pristine DPP-DTT. As shown in Figure 3.1i, charge carrier mobility decreases from 0.072 of pristine
to 0.050 of BF-L, 0.064 of BF-M and 0.065 cm? V! st of BF-S. Similarly, Vi, also shifted in a negative direc-
tion from —0.3 V for the pristine film to -8.41 V for BF-S, —12.1 V for BF-M, and —13.1 V for BF-L. Because
the plots of Ips®® (drain-source current) versus Ves (gate voltage) show excellent linearity, we could calculate

_ LAV

trap density variation as a result of BF-modification using the equation AN, e , where C; is the ca-

pacitance of the dielectric layer.[*yl The calculated trap density variation for pristine OFET was 1.77x10%?,
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2.58x10% and 2.80x10%*2 cm2 for BF-S, BF-M and BF-L; these values imply that the number of trap states in-
creases as pore size increases. This result can be ascribed to larger pore boundary areas in the order of BF-L >
BF-M > BF-S, as the pore boundary at which m-conjugation is physically terminated acts as a charge scattering
center. Nonetheless, it is worthwhile to note that the overall OFET performance of BF-modified DPP-DTT was
only slightly lesser than that of the pristine OFET and is higher than that of most previously reported OFET gas
sensors. The responsivity values of BF-S, BF-M, and BF-L DPP-DTT are summarized in Figure 3.1j. The max-
imum responsivity of 10274% was observed for BF-M against 10 ppm NO, which is the highest value reported

thus far for organic NO sensors and this responsivity is comparable to that of metal oxides.
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Figure 3.2 Transfer curves of (a) BF-S, (b) BF-M, and (c) BF-L at different time periods after exposure to 10

ppm NO. Recovery states of (d) BF-S, (e) BF-M, and (f) BF-L under N2 purging.

Figure 3.2 summarizes time-dependent BF-S, BF-M, and BF-L DPP-DTT OFET sensor behaviors when
exposed to 10 ppm NO. In the case of BF-S, a gradual positive shift is observed in the transfer curve up to 8
min of NO exposure (10 ppm) with a maximum AVy of ~+8 V. Recovery upon N exposure, however, was
much slower with a AVy, of only =5 V even after 20 min. BF-M exhibited a far better sensing behavior with a

prompt positive shift in the transfer curve with a AVy, of ~+10 V after only 1 min of NO exposure (10 ppm),

- 45 -



followed by a rapid and full recovery after 12 min. BF-L exhibited marginal sensing behavior with slower re-
sponse and recovery when compared to BF-M, but its performance was better than that of BF-S. This implies
that a pore size of ~750 nm is optimal for gas sensing in the case of BF modification of polymer semiconductors,
especially for fast response and recovery. In each case, the gas exposure time and recovery time were main-
tained at 8 min and 20 min, respectively. Apparently low gas-reactivity of BF-S can be ascribed to the fact that
its pores do not touch the dielectric surface, which limits gas exposure area of the polymer semiconductor. Rela-
tively worse performance of BF-L compared to BF-M can be related with its too large grain boundary area,

which weakens signal transport efficiency, as described in the OFET part.
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Figure 3.3 Changes in the transfer curves at NO gas concentrations of (a) 0.2, (b) 0.5 and (c) 1 ppm, respective-
ly. (d) Responsivities at various NO gas concentrations calculated from transfer curves corresponding to N and
NO gas exposure. The shaded region indicates a Vgs below V. (€) Threshold voltage shift with gas exposure
time at various NO concentrations. (f) Transient response at 0.2—-3 ppm NO at Vgs = -15 V and Vps=-30 V. (9)
Corresponding its responsivity and calculation of its sensitivity and LOD. (h) Normalized response at NO con-

centrations of 0.5-10 ppm. (i) Responsivity distribution upon exposure of 64 independently fabricated devices
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to 3 ppm NO. (j) Responsivity of the sensor to upon exposure to different gases (concentration below 10 ppm).

The bias condition is the same as that used for transient response measurements.

Figure 3.3 illustrates variations occurring in the AVy, of BF-M upon exposure to NO of various concentra-
tions. It can be inferred from this plot that BF-M responds to NO very efficiently, even at concentrations as low
as 200 pph. The transient response of Ips of BF-M OFET in a low NO concentration regime (from 0.2 to 3 ppm)
at Vs =—15 V and Vps = -30 V is illustrated in Figure 3.3f. Ips increases linearly with an increase in NO con-
centration and the OFET exhibited fast response with a recovery time of less than 12 min, which is fast enough
for practical applications. Transient responsivity of the BF-M OFET was 150.3%, 522.9%, 867.6%, 1455.9%,
and 2445.7% at NO concentrations of 0.2, 0.5, 1, 2, and 3 ppm, respectively. Sensitivity values extracted by
fitting the measured responsivity values as a function of NO concentration are also summarized in Figure 3.3g;
the highest value observed here, 774.69%/ppm, is the highest ever reported sensitivity for organic sensors (Ta-
ble S1). Owing to manufacturing-imposed limitations of the test equipment, the lowest possible NO concentra-
tion that could be measured was 200 ppb. At this concentration, the responsivity was still as high as 150.3%. To

estimate the limit of detection (LOD) for NO, we used the following equation

e —ﬂxb+.|,"n:xb:—I:b:—:';:x-_".b::n:n:—:;l:xi‘.n::l
Lo Br—nTwan?

)

where a, b, Aa, and Ab are parameters extracted from Figure 3.3g and n was assumed to be 1.645, which
corresponds to a confidence interval level of 90%.0143041 The estimated LOD was 110 ppb, which is the lowest
value reported thus far for NO sensors based on either resistor or FET architectures.

Another notable advantage of this NO sensor platform is that both the response and recovery time are fast.
Here, we employ the parameters tgores and tiorec t0 Characterize the response and recovery time, respectively;
toores is defined as the time required to reach 90% of Al in the response stage and tiorec is defined as the time
required for the current to go back to a level of (lo+10%xAl) in the recovery stage.?®! Figure 3.3h illustrates the
normalized transient responses of the BF-M platform at various NO concentrations. In the high concentration
regime (over 10 ppm), toores and tigrec Were recorded as 174 s and 693 s, respectively, while a slightly longer
toores OF 267 s was recorded at 0.5 ppm. These response/recovery times are at least ~45%/~65% shorter than
those of previously reported organic NO gas sensors.[*? Note that the time weighted average (TWA) value of

NO exposure is up to 25 ppm. Human exposure to NO beyond the stated TWA can cause eye irritation and res-
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piratory problems, which means that our sensor platform can previously/immediately alert when an environ-
ment becomes unsafe and precautions should be taken. 2

For practical applications of the BF-OFET sensor platform, reproducibility is important. To evaluate de-
vice-to-device reliability, we conducted statistical analysis on 64 independently fabricated devices in 8 different
batches with the same fabrication conditions (BF-M). Responsivity distribution at a NO concentration of 3 ppm
is shown in Figure 3.3i. Approximately 71.8% of the devices exhibited a responsivity of more than 2200% (av-
erage responsivity of 2245% * 141%), thus indicating the high reproducibility of BF-OFET gas sensors. Anoth-
er important parameter to be considered for the practical application of a sensor is its selectivity towards specif-
ic gases. To evaluate the selectivity, BF-OFETSs were exposed to various gas analytes including strongly oxidiz-
ing NO/NO, reducing NHs, and VOCs such as ethanol/acetone; the resulting transfer curves were analyzed. At
a gas concentration of 10 ppm, the responsivity of BF-OFET against different gas analytes was as shown in
Figure 3.3j. Depending on the oxidizing/reducing nature of the tested gas analytes, a clear trend was observed.
As a strongly oxidizing analyte, NO- resulted in the largest current modulation in a positive direction, with a
responsivity of ~39448%, which is 3.8 times higher than that observed in the case of less oxidizing analyte, NO.
Note that the obtained responsivity of 39448% against NO, is comparable to the recently reported high-
performance of organic small molecule NO, sensors.[**?%] Reducing NH; resulted in a decrease in drain current,
with a responsivity of —86.3%. In the case of less polar VOCs, both ethanol and acetone resulted in only a slight
decrease in drain current with responsivities of —63.2% and —20.0%, respectively, owing to their weak oxidizing
nature. Therefore, it can be concluded that the DPP-DTT BF-OFET is very selective to strong oxidiz-
ing/reducing gas analytes. Here, two points should be noted. 1) Oxidizing versus reducing analytes can be dis-
tinguished based on their different polarity of responsivity and 2) polar analytes versus VOCs can be distin-

guished based on the magnitude of responsivity.
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Figure 3.4 (a) Changes in the transfer curves of flexible sensors upon exposure to 10 ppm NO. (b) Transfer
curves after bending the sensor (radius: 6.3 mm, strain: 1%) for 0—10000 times. (c) Responsivity changes after
bending the sensor for 0-10000 times and exposing it to 3 ppm NO. The photo shows the actual bending test
and radius of curvature. (d) Transient response of the flexible sensor upon exposure to 0.5-3 ppm NO at Vgs= —
8 V and Vps= —-30 V. The inset image is actual flexible device. (e) Corresponding its responsivity and calcula-

tion of its sensitivity and LOD. The bias condition is the same as that used for transient response measurements.

The unique advantage of polymer OFET gas sensors is their mechanical flexibility and thus flexible
OFETs were fabricated from BF-molded polymer semiconductors. In this case, patterned Ag was used as the
gate electrode on a polyimide substrate and poly(4-vinylphenol) (PVP) was used as the dielectric layer. All oth-
er fabrication steps were the same, with BF-modified DPP-DTT as the channel layer and Au as the source-drain
electrode. To demonstrate the stable operation of flexible DPP-DTT BF-OFET gas sensors under bending stress,
sensor properties were analyzed in terms of the bending radius. Figure 3.4a shows the transfer curves of the
fabricated BF-OFET gas sensor under NO exposure (10 ppm). Similar to a Si**/SiO; gate dielectric device, an
apparent positive shift was observed in the transfer curves of BF-OFET upon NO exposure and in recovery

curves upon Ny exposure, but with a lower sensitivity and slower response/recovery behavior. We speculate that
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the weak performance of the flexible device compared to the Si**/SiO- gate dielectric device is related to inter-
face trap states between the dielectric layer and semiconductor layer formed by the gate dielectric solution pro-
cess. Nonetheless, the observed sensitivity of 500.93%/ppm against NO is the highest value reported thus far for
flexible organic gas sensors. The transfer curves of the flexible devices change only slightly after bending as
shown in Figure 3.4b. As shown in Figure 3.4c, the responsivity of the DPP-DTT BF-OFET gas sensor against
3 ppm NO was continuously measured while performing 10,000 bending cycles at a strain of 1%. The strain in

DPP-DTT BF-OFET was calculated using the following equation

. D
Strain(o) = = 3)

where D is the total thickness of the device and R is the bending radius.**] During the bending test, the
responsivity of DPP-DTT BF-OFET was remarkably stable, with a responsivity degradation of only 14.2% after

10,000 bending cycles.

V. Conclusion

In summary, we demonstrated highly sensitive and selective flexible polymer transistor gas sensors,
mainly targeted at NOy. To obtain high-performance polymer transistor gas sensors, we selected the DPP-DTT
polymer, which exhibits efficient dipole-dipole interaction with gas molecules. In addition, we employed the BF
molding method to maximize gas-polymer interfacial area and thus sensitivity against gas analytes, while pre-
serving the inherent signal transport characteristics of the semiconductor. The optimized BF-OFET with an av-
erage pore size of 750 nm resulted in a maximum responsivity of over 104%, sensitivity greater than 774%/ppm,
and LOD of 110 ppb against NO. Furthermore, the sensor exhibited a short response/recovery time suitable for
practical applications and a high reproducibility. Finally, we fabricated flexible BF-OFETs on plastic substrates
and these devices exhibited outstanding bending stability. We believe that this facile BF molding strategy is a
breakthrough in the field of polymer semiconductor gas sensors, whose morphology is generally difficult to

control unlike in the case of small molecule semiconductors.
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