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A Lewis-acid monopolar polymer with both hydrophobicity and lipophilicity is used as the
gate dielectric for all-inkjet-printed organic thin-film transistors. The hydrophobicity of this
polymer prevents water molecules from migrating and being trapped in the gate dielectric,
while its lipophilicity allows good wetting by organic solvents for further deposition of other
functional layers. These OTFTs demonstrate high bias-stress stability under both positive and
negative bias in ambient air. This study unlocks the potential of all-inkjet-printed organic

thin-film transistors for real-world low-cost large-area applications.

Organic thin-film transistors (OTFTs) have attracted considerable attention due to their low-
cost printable processing,? mechanical flexibility,®! and compatibility with arbitrary
substrates.l”! As a result, OTFTs are considered as the technology with the greatest potential
for applications, such as sensors,® radio frequency identification (RFID) tags,® smart
memories,” point-of-care diagnostic devices, flexible display backplanes,®! and wearable
systems.!% All-inkjet-printed (AIJP) OTFTs are in high demand, due to the advantages of

drop-on-demand direct patterning, non-contact mode processing, reduced material wastage,
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and high compatibility to large area manufacturing.[!**2 However, despite these advantages,
the bias-stress stability of AIJP OTFTs under realistic electrical operating conditions has not
been addressed by any previous work, which is the prerequisite for their real-world
applications.

The bias-stress instability of OTFTs can be attributed to intrinsic (e.g., structural and
energetic disorder of the semiconductor) and extrinsic factors (e.g., oxidation, presence of
moisture, and chemical impurities).[*3!4 By considering all these factors, the selection of the
gate dielectric becomes essential, which could affect the device instability directly in both
intrinsic and extrinsic ways. In general, in order to achieve high stability of OTFTs, the gate
dielectric has to be low-k and nonpolar, since a high-k gate dielectric would cause
semiconductor/dielectric interface dipole disorder,!** and a polar gate dielectric could induce
water molecules to migrate or be trapped in the dielectric.*®] Highly stable OTFTs have been
achieved previously by using self-assembled monolayer (SAM) modification of gate
dielectrics and/or low-k fluoropolymer gate dielectrics.'**81 However, neither of these
approaches is suitable for AIJP OTFTs. Inkjet printing technology requires good wetting
properties for the depositing inks, so that polar materials with high surface energies are
preferred. In all of the previous work involving AIJP OTFTs, %23 poly(4-vinylphenol) (PVP)
was used for the gate dielectric, since it is a polar polymer with high surface energy and is
suitable for the following printing processes. However, PVP is particularly prone to moisture
migration, leading to poor overall device stability.[?*l

In this study, we have fabricated all-inkjet-printed highly bias-stress stable low-voltage
OTFTs using a Lewis-acid monopolar polymer, namely polyvinyl cinnamate (PVVCn), for the
gate dielectric. Although PVCn has been used as a water repellent gate dielectric for OTFTs
in other work,?>271 jts hydrophobicity has not been fully explained. Here, we attribute the
water repellency to the Lewis-acid monopolarity of PVCn. Due to its Lewis-acid

monopolarity, PVCn not only exhibits a lower interaction energy with water than bipolar
2
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materials, but also provides better wetting properties with most organic solvents than nonpolar
materials. The fabricated AIJP OTFTs using PVCn as the gate dielectric demonstrate a low
operating voltage (< 3V), a small subthreshold slope and a close-to-zero threshold voltage.
Furthermore, the AIJP OTFTs using either PVCn or PVP gate dielectrics were bias-stressed
under same operating conditions. The threshold voltage shift (AVi) of PVCn-based OTFTs
was less than 0.1 V after negative bias stressing for 2700 s, while the AV of PVP-based
OTFTs was more than 4 V after only 300 s. In addition, the PVCn-based OTFTs
demonstrated faster recovery than the PVP-based OTFTs after exposure to light. Such good
bias-stress stability of AIJP OTFTs is enabled by the hydrophobicity and the lipophilicity of
PVCn.

The affinity of a liquid to a solid material greatly depends on their intermolecular interaction.
In general, the intermolecular forces (including London dispersion, Keesom, and Debye) can
be categorized into nonpolar and polar interactions. Water molecules, as bipolar dipoles with
both Lewis acids and Lewis bases, tend to demonstrate polar interactions with neighboring
molecules, while the organic solvents that are commonly used in inkjet printing normally
exhibit nonpolar interactions (e.g. hexane, toluene) or Lewis-base-rich interactions (e.g.
ethanol, ethylene glycol) with other molecules.®] In order to possess hydrophobicity and
lipophilicity, a material should have a small Lewis-base interaction but a large Lewis-acid
interaction. Therefore, the ideal water repellent gate dielectric for AIJP OTFTs should be a
completely Lewis-acid monopolar material.

The polarity of PVCn and PVP were found by the electron density distributions around the
surfaces of PVCn and PVP films, with illustrations of their electrostatic potential maps. Here,
in order to investigate the properties of PVCn and PVP in the real-world application as gate
dielectrics, the cross-linked (CL) structures of PVCn and PVP are used (Figure S1). The
molecule geometries of CL-PVCn and CL-PVP were determined by molecular mechanics

(extended MM2 force field), and their electrostatic potential maps were visualized using
3
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extended Hickel molecular orbital calculation with WebMO. Figure 1a and 1b show the
electrostatic potential maps of typical regions around the CL-PVCn surface and the CL-PVP
surface, with red and blue representing electron-rich and electron-poor regions, respectively.
The cross-linking sites are on the upper parts on the surfaces, due to the larger functional
groups of these sites compared to the polyvinyl chains. As for CL-PVChn, it only contains
electronegative oxygen atoms between the cross-linking sites and polyvinyl chains. This
results in the electron-rich regions of PVCn being concealed underneath the surface of CL-
PVCn. As shown in the electrostatic potential tomography of CL-PVCn in Figure 1a, the top
and bottom sections with phenyl rings and polyvinyl chains are electron-poor, while the
fourth section dominated by the ester groups is electron-rich. This vertically changed electron
density distribution is evidence of the Lewis-acid monopolar nature of CL-PVCn. As for CL-
PVP, both PVP itself and its cross-linking agent (i.e., poly(melamine-co-formaldehyde))
contain electronegative atoms (i.e., oxygen and nitrogen), which are located around the cross-
linking sites. These electronegative atoms attract electrons from carbon atoms, resulting in the
CL-PVP surface with both electron-rich and electron-poor regions, though the electron-rich
(red) region is slightly larger. Therefore, CL-PVP behaves with bipolarity with both Lewis
acids and Lewis bases.

In addition to the electrostatic potential mapping and tomography, the polarities of CL-PVCn
and CL-PVP can be quantified by their nonpolar and polar components of surface energy,
namely Lifshitz-van der Waals (y-"), Lewis-acid (y*), and Lewis-base (y) parameters.l?’! By
using the sessile drop technique with three different polarity probe liquids (i.e., bipolar water,
monopolar ethylene glycol (EG), and nonpolar hexane) as shown in Figure S2, the surface
energy components for CL-PVCn and CL-PVP can be calculated by Equation S1, S2, S3 and
S4. The contact angles and calculated results are shown in Table S1 and S2. Although these
two dielectric materials exhibit similar nonpolar components, their polar components are

different. The CL-PVCn shows a significant y* (10.34 mJ m2) and a negligible y~ (0.01 mJ
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m~2), which agrees with its Lewis-acid monopolarity; whereas the CL-PVP shows significant
values for both y* (8.85 mJ m™) and y (21.30 mJ m™2). These differences in polar
components lead to a lower total surface energy of the CL-PVCn compared to the CL-PVP,
which are 16.46 and 43.42 mJ m2, respectively. The low surface energy of CL-PVCn is
essential for water repellency.

In order to evaluate the water repellency of CL-PVCn, its interaction energy (AE) with water
was investigated by semi-empirical quantum chemistry calculations using the PM7 method
with MOPAC. The interaction energy between CL-PVP and water was also studied for
comparison. The geometries are defined in Figure 2a and 2b, respectively, with parameters of
distance (d) and rotation angle (). For the CL-PVCn/water system, d is the distance between
the oxygen atom of the water molecule and the 4-position hydrogen atom of phenyl ring, and
a is the angle between the phenyl plane and the water molecule plane. For CL-PVP/water
system, d is determined by the distance between the oxygen atom and the center of the
melamine ring, and o is the angle between the normal direction of the melamine plane and the
water molecule plane. The simulated interaction energy between CL-PVCn and water is
shown in Figure 2c. As the water molecule approaches the CL-PVCn, the interaction energy
decreases and then increases dramatically (Figure S3). This behavior is attributed to
competition between an attractive dispersion force between molecules at long range and Pauli
repulsion at short range. In addition, the interaction energy also changes with the rotation
angle of the water molecule, which can be explained by the changes in the polar interaction
during water molecule rotation. The interaction energy between CL-PVP and water shows
similar approach and rotation behavior, as shown in Figure 2d. In general, CL-PVCn
exhibited a smaller interaction energy with water (average value —0.98 kCal mol™) than CL-
PVP (average value —3.39 kCal mol™), suggesting that CL-PVCn should be more water

repellant than CL-PVP.



WILEY-VCH

In addition to these differences, the two dielectric materials also show different behavior
during water molecule rotation. Figure 2e shows the minimum water interaction energy with
respect to rotation angle a of water molecule during approach. CL-PVCn has a high
interaction energy with the 180°-rotated water molecule, but a low interaction energy with the
0°-rotated water molecule; these two conditions correspond to the interaction of the CL-PVCn
with the Lewis base of water (i.e., oxygen atom) and with the Lewis acids of water (i.e.
hydrogen atoms), respectively. This behavior can be attributed to the Lewis-acid
monopolarity of CL-PVCn. Since CL-PVCn has few Lewis bases with a close-to-zero Lewis-
base surface energy component, its interaction energy with the 0°-rotated water molecule
stays approximately at zero. CL-PVP has a much higher interaction energy with the 0°-rotated
water molecule than with the 180°-rotated water molecule, which although low is still
considerable and is comparable to that for CL-PVCn, as shown in Figure 2e.

Figure 2f compares the calculated and experimental results showing the interaction between
the two dielectric materials and water. In order to understand the effect of the polar interaction,
a solely water Lewis-acid interaction and a solely water Lewis-base interaction with CL-
PVCn and CL-PVP were also investigated. For the solely water Lewis-acid interaction, the
interaction energy is calculated when the water molecule is rotated to 180° while the
interfacial surface energy can be obtained by regarding the water molecules as fully polarized
with Lewis acids facing the dielectric surfaces. The results for the solely water Lewis-base
interaction were obtained similarly. As shown in Figure 2f, CL-PVCn and CL-PVP show
similar interaction energies with solely water Lewis acids, with that for CL-PVCn being
slightly higher. In contrast, the solely water Lewis bases demonstrate only weak interaction
with CL-PVCn, but interact strongly with CL-PVP. Therefore, the overall interaction with
water is weaker for CL-PVCn than for CL-PVP, which is consistent with the interfacial

surface energies determined by experiment.
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Though a low surface energy is important for water repellency, it is not sufficient to
determine lipophilicity or lipophobicity. It is also noteworthy that the total surface energy for
CL-PVCn (16.46 mJ m) is very close to that for CYTOP (16.02 mJ m2).2% The surface

energy consists of both polar and nonpolar contributions, and both CL-PVCn and CYTOP

have a close-to-zero polar surface energy (y? = ZW). In this case, without considering
the Lewis-acid and Lewis-base interactions separately, CL-PVCn and CYTOP would be
expected to give similar contact angles to water, EG, and hexane. However, the experimental
results show that EG has better wetting properties on CL-PVCn than CYTOP, even though
both repel water and are wetted by hexane (Table S1). For CYTOP, both the y" and y~ are
approximately zero,B% while PVCn, as a Lew-acid monopolar material, possesses a
considerable y*, giving itself a higher Keesom interaction with other materials (particularly
Lewis bases such as EG). According to Young’s equation (Equation S1), a solid with low
surface energy could provide good wetting properties to a liquid that has either a similarly low
surface energy or a low solid-liquid interfacial surface energy. A low solid-liquid interfacial
surface energy can be obtained by a combination of Lewis-acid solid and Lewis-base liquid,
and vice vasa (Equation S3). Therefore, nonpolar solvents and Lewis-base-rich solvents can
readily wet CL-PVCn, despite its low surface energy. Since the solvents used with inkjet-
printed materials generally involve organics that are either nonpolar or Lewis-base-
dominated,/?] CL-PVCn has good wetting properties for these solutions and so facilitates
subsequent inkjet printing processes.

Based on the hydrophobicity and the lipophilicity of CL-PVCn, all-inkjet-printed (AIJP)
highly bias-stress stable OTFTs have been demonstrated. The cross-section structure of the
OTFTs and the chemical structure of the organic materials are shown in Figures 3a and 3b,
respectively. A micrograph of a representative OTFT device with a channel width of 1200 um
and a channel length of 20 um is shown in Figure 3c. Figures 3d and 3e show typical transfer

and output characteristics for these AIJP OTFTs with a mobility (x) of 0.1 cm? Vs, an
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on/off ratio of 5.2 x 10°, a threshold voltage (Vi) of 0.05 V, a subthreshold slope (SS) of 116

mV/dec, and a semiconductor/dielectric interface trap density (Nss) of 7.78 x 10 eV 1cm™.
Such a small Nss was achieved by a blend of small molecule organic semiconductors with
polymer binders, a smooth dielectric interface (Figure S4), and good wetting of
semiconductor solvent on the dielectric (Figure S5). A small Nss is essential for a low
operating voltage (i.e., 3V) of the fabricated OTFTs.[2327:31L32 Among the ever-reported AlJP
TFTs,[*23I the fabricated OTFTs demonstrate the state-of-the-art performance, which is
also comparable to the reported vacuum-processed and other solution-processed OTFTs
(Table 1).[1216273439] |n addition, these devices are also free from hysteresis in both transfer
and output characteristics (Figure 3d and 3e), indicating a good stability of the structure
(reduced semiconductor/dielectric interface traps and water molecule trapping during
fabrication).

In order to further examine the stability of these OTFTs, we bias-stressed devices under
realistic electrical operating conditions. Figure 3f shows the transfer characteristics of a
typical AIJP PVCn-based OTFT device during a 45-min negative bias stress (i.e., Vs = Vps =
—3 V). During the bias stress, no significant shift (i.e., -0.09 V) in the transfer curves was
observed, indicating a low level of traps in the device. In comparison, significant shifts in the
transfer curves were observed in equivalent PVP-based OTFTs during 5-min and 45-min
negative bias stress (Figure S7a and S7c). In addition, PVCn-based OTFTs also demonstrated
a smaller transfer curve shift than found for PVP-based OTFTs during positive bias stress (i.e.,
Ves =3V, Vps =—3 V), which is 0.13 V and -0.42 V, respectively, as shown in Figure S6 and
S7. This level of operational stability under both negative and positive stress (i.e., |Vi| < 0.13
V) is comparable to the state-of-the-art bias-stress stable OTFTs and even vacuum-processed
devices, which demonstrated Vi shifts of several tenths volts (e.g., 0.3 V) during ~10° second

stress.[1227:36]
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A figure of merit to characterize the stability of OTFTs during bias stress is the threshold
voltage shift (AVw). Figure 3g shows the AV for both PVCn-based and PVP-based OTFTs
during negative and positive bias stresses. The AV over time t can be expressed by a

stretched-exponential function:[*®!

AVen(®) = Vi (1 — exp|- (E)B)) @

where Vo is the maximum of Vi shift (i.e., from the initial state to the infinitive state), z is the
time constant, and f is the dispersion factor of an exponential distribution of trap states. By
extracting the parameters (Table S3), we found that the PVCn-based OTFTs demonstrated a
smaller |Vo| and larger time constants than PVP-based OTFTs under both positive and
negative bias-stress conditions, indicating the better stability of PVCn-based OTFTs. It is also
worth noting that the directions of the Vi shift were different between PVVCn-based and PVP-
based OTFTs. The PVCn-based OTFTs demonstrated a negative (positive) AVi under
negative (positive) bias stress, while PVP-based OTFTs, on the contrary, showed a positive
(negative) AV under positive (negative) bias stress. These differences suggest that the
stability of PVCn-based OTFTs is primarily influenced by intrinsic factors, whereas extrinsic
factors (water molecules) are probably responsible for the instability of PVP-based OTFTs.

In order to demonstrate the stability of PVCn-based OTFTs in real-world applications,
devices were bias stressed in an off state and their recovery from a period of light illumination
was measured. A 365-nm UV LED was chosen as the illumination stress source, due to the
strong absorbance of TIPS-pentacene/PS blend and the high transparency of CYTOP as seen
in the UV-vis spectroscopy (Figure S8). As shown in Figure 3h, the PVCn-based OTFT
demonstrated a stable photocurrent during illumination and fast recovery (with a time
constant of 18 s) to the baseline dark current after illumination. By contrast, the PVVP-based
OTFT demonstrated an increasing photocurrent during illumination and a slow recovery (with
time constant of 327 s) to a persistent photocurrent after illumination, as shown in Figure 3i.

9
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In conclusion, all-inkjet-printed (AIJP) bias-stress stable organic thin-film transistors
(OTFTs) have been realized using a Lewis-acid monopolar polymer as gate dielectric, i.e.
cross-linked polyvinyl cinnamate (CL-PVCn). This Lewis-acid monopolarity gives both
hydrophobicity and lipophilicity. The hydrophobicity prevents water molecules from
migrating and being trapped in the dielectric, and the lipophilicity enables the printability of
other materials on top of the dielectric. The fabricated devices demonstrate high bias-stress
stability under long-term realistic electrical operating conditions, unlocking the potential of

AlJP OTFTs for real-world applications.

Experimental Section

Materials and ink formulation: The silver (Ag) ink (jet-600C) was supplied by Hisense
Electronics, Kunshan, China, and the CYTOP (CTL-809M) and its solvent (CT-Solv. 180)
were provided by Asahi Glass. All other chemicals were purchased from Sigma-Aldrich,
including 6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-pentacene), polystyrene (PS),
polyvinyl cinnamate (PVCn), poly(4-vinylphenol) (PVP), poly(melamine-co-formaldehyde)
(PMF), and perfluorobenzenethiol (PFBT). The semiconductor ink was prepared by mixing
TIPS-pentance (15 mg) and PS (5 mg) in toluene (2 mL). For dielectric inks, PVCn (100 mg)
was dissolved in anisole (2 mL), and PVP (160 mg) and PMF (80 mg) were dissolved in
propylene glycol monomethyl ether acetate (2 mL). The CYTOP (0.5 g) was diluted with the
CYTOP solvent (CT-Solv. 180, 1.5 g), and then used as the ink for the encapsulation layer.

Device fabrication: All the ink-jet printing processes were conducted in ambient air with a
Dimatix DMP-2831 inkjet printer, using 10 pL droplet cartridges. The Ag ink was printed on
a PVCn-coated 4 cm x 4 cm glass substrate at a drop spacing of 50 um and then annealed at
150 °C for 15 min to form conductive gate electrodes. Then, the dielectric inks were printed at
a drop spacing of 5 um. The PVCn was crosslinked by being exposed to 254-nm UV light for

30 min, and the PVP was annealed at 150 °C for 2 hours. The source/drain electrodes were

10
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formed by the same process used for the gate electrodes, and were then treated by immersing
the samples into a mixed solution of PFBT (1 pL) and ethanol (1 mL) for 3 min and rinsed
with ethanol. The semiconductor was printed at a drop spacing of 5 um, and followed by a 1-
min baking at 100 °C to remove the excess of solvent. Finally, the devices were encapsulated
with CYTOP before measurements.

Materials and device characterization: Fourier-transform infrared (FTIR) spectra of pristine
PVCn and CL-PVCn were measured with a Perkin Elmer Frontier FTIR. UV-vis
measurements of TIPS-pentacne/PS and CYTOP films on quartz substrates were made using
a UniCam UV-vis spectrometer. The surface roughness of the CL-PVCn film was recorded
with a Veeco EnviroScope atomic force microscope in a tapping mode. The electrical
properties of the devices were characterized with a Keithley 4200 Semiconductor

Characterization System.
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Figure 1. 3D tomographic comparison of electron densities between CL-PVCn and CL-PVP.
a, b) Electrostatic potential isosurfaces of typical cells of (a) CL-PVCn and (b) CL-PVP, with
horizontal cuts representing the electron densities at discrete depths. The isosurfaces and
tomographic sections are colored by red (electron-rich), green (neutral), and blue (electron-
poor). Different atoms in the 3D molecular structures are colored gray (carbon), white
(hydrogen), red (oxygen), and blue (nitrogen).
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Figure 2. Interaction of water with CL-PVCn and CL-PVP. a,b) The geometries of (a) CL-
PVCn/water system and (b) CL-PVP/water system used in semi-empirical quantum chemistry
calculations, with geometrical parameters of d and a. ¢,d) The interaction energy (AE) when a
water molecule approaches (¢) CL-PVCn and (d) CL-PVP at different rotation angles (from 0
to 360°). e€) A comparison of minimum interaction energy of CL-PVCn/water and CL-
PVP/water at different rotation angles of a water molecule. f) The solely water Lewis-acid
(LA) interaction, solely water Lewis-base (LB) interaction, and overall water interaction with
CL-PVCn and CL-PVP, presented by the simulated interaction energy from semi-empirical
quantum chemistry calculations and the interfacial surface energy from experimental data.

The functional group of R in (b) is polyvinyl phenyl.
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Figure 3. a) Schematic diagram of AIJP PVVCn-based OTFTs and (b) the chemical structures.
c) Polarized optical micrograph of a fabricated OTFT, with channel width of 1200 um and
length of 20 pm. d,e) Measured (d) transfer and (e) output characteristics of a typical OTFT.
f) Transfer curves for negative bias stressing (Ves = Vbs = =3 V) for the times indicated. g)
Threshold voltage shifts (AViw) for PVCn-based and PVP-based OTFTs under negative and
positive bias stressing. h,i) Photocurrent (Ipn) response for (h) PVCn-based and (i) PVP-based
OTFTs during and after a pulse of 365-nm UV illumination, with red dashed lines showing
the corresponding baselines of dark current.

Table 1. Comparisons of mobility (i), on/off ratio (lon/loff), threshold voltage (Vin),
subthreshold slope (SS), and semiconductor/dielectric interface trap density (Nss) for this
work and other reported OTFTs by different processes.
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Process [cm?V1sY] ol [\Ori [V/SdSec] [eVI\llscSml] Ref.
Vacuum-processed 0.6 10’ N/A  0.100 3.0 x 10* [16]
0.11 10° 0.7 0100  1.91x 102 [34]
Solution-processed 0.68 3.1x10°  -22 1.17 5.6 x 101 [35]
0.95 48x10% -0.68 0.486 3.9 x 10! [12]
0.6 10° 05 0097  3.9x10% [27]
All-inkjet-printed 0.02 10 -1.2 2.52 9.80 x 10! [19]
0.01 1.4 x 10° -15 4.28 1.50 x 10'3 [20]
000082  55x10' -140 N/A N/A [33]

0.1 52x10° 005 0116  7.78x10®  Ourwork

N/A: Not available.

17



WILEY-VCH

A Lewis-acid monopolar polymer with both hydrophobicity and lipophilicity is used as
the gate dielectric for all-inkjet-printed highly bias-stress stable organic thin-film transistors.
The hydrophobicity of this polymer prevents water molecules from migrating and being
trapped in the gate dielectric, while its lipophilicity allows good wetting by organic solvents
for further deposition of other functional layers.

Lewis-acid monopolarity, bias-stress stability, inkjet printing, organic transistors

C. Jiang, H. Ma, D. G. Hasko, X. Guo, A. Nathan*

A Lewis-Acid Monopolar Gate Dielectric for All-Inkjet-Printed Highly Bias-Stress
Stable Organic Transistors
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