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Abstract
A set of unique features, including large-area solution processing on flexible and stretchable
substrates, make polymer semiconductors a promising material choice for a range of
state-of-the-art applications in electronics, optoelectronics and sensing. Yet, an inherent weakness
of polymer semiconductors remains their low dielectric constants, increasing their susceptibility
toward unscreened dipoles. These dipoles are particularly prevalent at polymer-dielectric interfaces
with high-k dielectrics, which are essential for the operation of devices such as low-voltage
field-effect transistors. This shortcoming can be addressed by using self-assembled monolayers
(SAMs) to passivate surfaces that impact charge transport. However, SAM-treatment also increases
the hydrophobicity of surfaces and therefore poses a challenge for subsequent solution processing
steps and complex packaging of devices. Here, we report low-voltage polymer transistors processed
by spin coating of the polymer semiconductors on highly hydrophobic SAM-treated aluminum
and hafnium oxide dielectrics (contact angles>100) through fine-tuning of the interfacial tension
at the polymer-dielectric interface. This approach enables the processing and detailed
characterization of near-amorphous (indacenodithiophene-cobenzothiadiazole) as well as
semicrystalline (poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-
dione-alt-thieno[3,2-b]thiophen)) polymer semiconductors. We demonstrate polymer transistors
that exhibit high on-currents and field-independent, charge carrier mobilities of 0.8 cm2 V−1 s−1

at low operating voltages (<3 V).

1. Introduction

Within, the past 25 years, significant advancements have been made in improving the electronic properties of
organic semiconductors for various applications of optoelectronic devices and circuits. In this respect,
conjugated polymers have evolved as a promising class of materials owing to their mechanical properties and
solution processability paired with high field-effect mobilities above 1 cm2 V−1 s−1. By now, a breadth of
polymer classes is available that generally are capable of exhibiting performances superior to amorphous
silicon technology, and which can be chemically tailored to have further functionality including enhanced
stretchability, flexibility, biocompatibility, or biodegradability. These versatile properties have allowed
conjugated polymers to be used for innovative applications in biosensing, wearable electronics or flexible
active-matrix organic light-emitting diode displays [1, 2]. The suitability of a polymer for these applications
is often determined by the transconductance of polymer devices, i.e. the ability to modulate a large current
over a small voltage window. Especially in field-effect transistors, this metric is essential as it determines the
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efficiency of charge carrier modulation in the channel. The transconductance (gm) of a polymer transistor in
saturation, for instance, depends on the polymer’s charge carrier mobility µ, the capacitance per unit area of
the dielectric C, the geometric factors channel length L and channel widthW as well as the applied voltage
(VGS − VTH, gate-source voltage− threshold voltage)

gm = µC
W

L
(VGS −VTH) =

2ID
(VGS −VTH)

. (1)

To meet the requirements and limitations of battery-powered devices, low-power consumption is
required, typically dictating low-voltage operation and consequently, high transconductances. To achieve
high transconductance, improving charge carrier mobilities remains challenging. Therefore, gate dielectrics
with high capacitance are needed to maximize the transconductance.

One strategy toward large dielectric capacitances is the realization of very thin (e.g. monolayer thick) gate
dielectrics [3], e.g. stacks [4, 5] of or single [6] self-assembled monolayers (SAMs). An alternative is the use
of polymer dielectrics with a small ionic content that can induce an electronic double layer with high
capacitance [7, 8]. A third approach is the utilization of high-kmaterials, such as polymers with relatively
high permittivity [9–13] or metal oxides [14, 15]. In both cases, strong interfacial dipoles at the
dielectric-semiconductor interface may however cause hysteresis and non-ideal device characteristics.

The resulting capacitances of polymer dielectrics often face limitations, because certain thicknesses
(typically several 100 nm) are required to effectively prevent leakage currents [13]. In contrast, only a few nm
thick films of high-k metal oxides such as Al2O3, TiO2 or HfO2 are sufficient,

C= εε0/t. (2)

(C: capacitance per unit area of the dielectric, ε: permittivity of the dielectric, ε0: vacuum permittivity; t:
thickness)

SAMs are often utilized to shield the highly polar, high-k surface of the metal oxides to reduce undesired
polarization effects at the dielectric/semiconductor interface [16–18]. Furthermore, the SAMs in such hybrid
gate dielectrics also reduce undesired leakage currents through the dielectric [19, 20]. The described gate
dielectrics furthermore provide additional insights to understand charge transport in organic thin-film
transistors [21–23]: When a high capacitance is maintained though the thin metal oxide layer, the impact of
parameters such as the dipole or the surface energy of the SAM on the morphology/microstructure of the
semiconductor and the device performance can be studied. [22–26] The use of metal oxide/SAM dielectrics
has been very successful to enable low-voltage operation of vacuum-deposited small-molecule-based
transistors and circuits and can even be applied for bendable devices and circuits [27, 28]. A detailed
summary of SAM-modified dielectrics can be e.g. found in [24]. For small-molecule-based transistors,
on/off current ratios larger than 109 and transconductances higher than 0.5 S m−1 have been achieved at
operating voltages as low as 1 V [29]. However, so far it has remained challenging to apply
solution-processed semiconductors such as polymers to SAM-treated surfaces or hydrophobic surfaces in
general. Hence, most studies on low-voltage transistors with hybrid dielectrics concentrate on evaporated
thin-films of small-molecules which are less attractive for large area processing [30]. In this work, we
overcome these hurdles by tuning the surface tension of the polymer-dielectric interface and by introducing a
simple, widely applicable patterning method that allows the fabrication of high-performance low-voltage
polymer transistors with operation voltages below 3 V.

2. Results and discussion

2.1. Dielectrics
For this study, the polymer transistors were fabricated in a bottom-gate, top-contact architecture (figure 1).
We chose aluminum oxide (Al2O3) and hafnium oxide (HfO2) as two commonly utilized examples for
high-k dielectric materials. Using atomic layer deposition, 12 nm thick metal oxide films were directly
deposited onto silicon wafer that serve as bottom gate electrodes (see figure 2 and experimental section).

For the SAMs, we chose alkylphosphonic acids, as they readily chemisorb to the chosen metal oxides and
their handling is straightforward and less delicate compared to, for example, silanes (phosphonic acids
exhibit a better stability to moisture and homocondensation is less likely) [18]. The SAMs were prepared
from an isopropanol solution of the tetradecylphosphonic acid [22, 31]. The uniform coverage of the Al2O3

and HfO2 surfaces was confirmed by the high water contact angles (>100◦ in contrast to 60◦–70◦ for the
bare oxides).

We utilized the Owens, Wendt, Rabel and Kaelble (OWRK) method [32, 33] to determine the surface
energies of the gate dielectrics from the contact angles of several liquids (see table 1 and figure S1). The
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Figure 1. Schematic of bottom-gate, top-contact low-voltage polymer transistors using Al2O3 (+SAM) and HfO2 (+SAM) gate
dielectrics and chemical structures of the exemplary polymers: IDT-BT (near-amorphous) and DPP-TT (semicrystalline).
Transfer characteristics (VDS =−0.5 V and−3 V;W = 2 mm, L= 50 µm) and charge carrier mobility (saturation) of DPP-TT
transistors with Al2O3 and Al2O3 + SAM gate dielectrics showing improved transistor performance when using alkylphosphonic
acids SAMs to shield the metal oxide gate dielectrics.

Figure 2. Fabrication process of low-voltage polymer transistors with hybrid oxide/SAM gate dielectrics: (a) deposition of Al2O3

and HfO2 dielectrics by atomic layer deposition; (b) deposition of the alkylphosphonic acid SAMs (self-assembled monolayers)
from solution and final annealing; (c), (d) pattering of the SAMs using PDMs masks and oxygen plasma; (e) spin coating of the
polymer solutions using a 50:50 chlorobenzene: chloroform solvent mixture to prevent de-wetting on the hydrophobic surface;
(f) deposition of the gold contacts through shadow masks.

resulting values are in good agreement with earlier studies where a surface energy of 19 mN m−1

(γd = 18.8 mN m−1) was determined for dielectrics with SAMs of dodecylphosphonic acids on
plasma-grown AlOx [34]. The low surface energies that were determined for dielectrics with SAMs
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Table 1. Properties of the dielectrics: capacitance per unit area and surface energy of the Al2O3 and HfO2 dielectrics with and without
alkylphosphonic acid SAMs.

Dielectric
Capacitance
(nF cm−2)

Polar component
(mN m−1)

Dispersive component
(mN m−1)

Total surface
energy (mN m−1)

Al2O3 390 13.2 26.9 40.1
Al2O3 + SAM 300 0.3 22.9 23.2
HfO2 680 10.8 28.9 39.7
HfO2 + SAM 480 0.6 23.4 24.0

Figure 3. Schematic (a) and contact angles (b) visualizing the improved wetting when using a mixture of chlorobenzene and
chloroform (right) as the solvent in comparison to pure chlorobenzene (left). Patterning of the SAM additional helps to prevent
de-wetting of the polymer solutions on the hydrophobic surface. The photographs (c) show the resulting film coverage of IDT-BT
on Al2O3 + SAM dielectrics.

(∼20 mN m−1 as opposed to∼40 mN m−1 for the bare oxides) portray the challenge associated with the
deposition of the semiconductor from solution on top of these hydrophobic surfaces.

For our exemplary study, we chose a semi crystalline polymer (poly(2,5-bis(2-octyldodecyl)-3,6-
di(thiophen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophen) (DPP-TT) [35–37], thieno
[3,2-b] thiophene-diketopyrrolopyrrole) on the one hand and a near-amorphous polymer
(indacenodithiophene-cobenzothiadiazole (IDT-BT) [38–44], indacenodithiophene-cobenzothiadiazole) on
the other hand.

Our results show that similar to small-molecule transistors, DPP-TT transistors show improved
performance (higher charge carrier mobility, steeper subthreshold slope) when using Al2O3/SAM dielectrics
in contrast to bare Al2O3 without SAM-treatment (figure 1). However, the processing of the former is not
trivial as vacuum deposition of the polymers is not an option, and therefore the polymer solution has to be
spin-coated on a hydrophobic surface. Hence, a careful adjustment of solvents and interface properties is
crucial.

To facilitate the wetting of the polymer solutions on the dielectrics, we patterned the hydrophobic SAMs
using a brief oxygen plasma and polydimethylsiloxan-masks (PDMS) (see figure 2). Hence, the hydrophobic
SAMs only cover the active transistor areas, while the surrounding bare metal oxide surface prevent
de-wetting. Furthermore, as shown in figure 3, a careful adjustment of the solvent composition additionally
improves the wetting of the polymer solution on the SAM-treated dielectrics. The solvent composition was
tuned from 100% chlorobenzene to 50% chlorobenzene: 50% chloroform. A higher chloroform content
would impair the film quality due to the altered film drying.

2.2. Transistor characterization
To test the impact of our processing route on the overall device performance and interfacial trap density, we
fabricated top-contact, bottom-gate field-effect transistors with the two high-performance polymers IDT-BT
and DPP-TT in combination with the high-k dielectrics Al2O3 and HfO2. Both polymers are donor-acceptor
conjugated polymers exhibiting low energetic disorder and high field-effect mobilities in excess of
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Figure 4. Transfer characteristics of transistors (W = 3 mm, L= 50 µm, VDS =− 0.5,−3 V) fabricated with the polymer
DPP-TT on the low voltage gate dielectrics Al2O3 + SAM (a) and HfO2 + SAM (b) as well as the polymer IDT-BT on
Al2O3 + SAM (c). Output characteristics (d)–(f) and mobility plots (g)–(i) of polymer transistors with the polymer DPP-TT on
Al2O3 + SAM (d), (g) and HfO2 + SAM (e), (h) as well as the polymer IDT-BT on Al2O3 + SAM (f), (i).

1 cm2 V−1 s−1 and thus, constitute the current state of the art in polymer design and synthesis. A further
reason for selecting these polymer systems lies in their different microstructures. Whereas DPP-TT exhibits
an overall higher degree of crystallinity encompassing larger nano-crystallites allowing high degrees of
inter-chain charge carriers delocalization [45], IDT-BT on the microscale is considered near-amorphous with
no significant crystallinity picked up by methods such as Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXs) [42] and thus, relies on efficient charge transport along individual, torsion-free polymer chains or
nanocrystallites [46]. The two polymers therefore span a large parameter space to study the interplay of our
reported processing method with device performance and polymer solubility, crystallinity and
processability.

As evident from the transfer characteristics (figure 4), the DPP-TT transistors with both Al2O3 + SAM
and HfO2 + SAM dielectrics exhibit low threshold voltages<0.5 V as well as linear sqrt(ID) characteristics,
indicating no significant trap filling at lower voltages (figures 4(a) and (b)). The subthreshold slopes are
below 500 mV dec−1 and to our knowledge the steepest reported for these polymers. Furthermore, the
devices exhibit no or very little hysteresis. This indicates that our patterning method does not significantly
damage the SAM layer and thus, intact surface passivation is still obtained on the device’s active area.

5
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Our devices are relatively large with a contact pad area of 4 mm2 and unpatterned global gate electrodes.
This device architecture leads to large gate-contact overlaps that lead to relatively large overall leakage
currents and therefore limits the on-off current ratio. Furthermore, the devices were measured in air and are
therefore exposed to p-type doping through ambient oxygen. The increased off-currents caused by both
effects therefore limit the device’s on-off ratio’s to around 103 [47, 48]. We should note however, that this
reduction in the on-off ratio is extrinsic and would not be expected to occur in a fully patterned, integrated,
and packaged device structure.

The overall performance of DPP-TT devices, which were processed on the hydrophobic hybrid
dielectrics, should, furthermore, be contrasted to devices on bare oxide dielectrics (without a surface
passivation). Here we can observe the impact of efficient dipole passivation leading to significantly higher
charge carrier mobilities, larger transconductances (see figures 1 and S4), steeper subthreshold slopes,
decreased hysteresis, as well as lower threshold voltages. From these observations, we can conclude that our
processing route did not significantly damage the SAM layer and that it results in improved performances
most likely caused by a reduction of the interfacial disorder [16, 17].

The donor-acceptor polymer IDT-BT differs from DPP-based polymers by significantly lower
crystallinity and higher solubility. The SAM-treatment (Al2O3 + SAM, figure 4(c)) yields IDT-BT transistors
with low threshold voltages<0.5 V, with no hysteresis as well as linear sqrt(ID) curves, demonstrating the
generality of this approach and our processing technique. The close-to-ideal device characteristics that can
be achieved through our processing route on hybrid dielectrics are furthermore highlighted by the device’s
output characteristics. For DPP-TT on Al2O3 + SAM and HfO2 + SAM dielectrics as well as IDT-BT on
Al2O3 + SAM dielectrics, the output characteristics behave in an ideal way with no pinching at lower
voltages, no hysteresis and textbook-style shape and saturation (figures 4(d)–(f)). Extracting the charge
carrier mobility of all devices, we find that DPP-TT on Al2O3 + SAM show a box-like shape (figure 4(g))
with values of 0.7 cm2 V−1 s−1carrier mobility of all devices, for DPP-TT (and 0.4 cm2 V−1 s−1carrier
mobility of all devices, for IDT-BT; figure 4(i). For DPP-TT devices on HfO2 + SAM on the other hand, we
observe the highest mobility>1 cm2 V−1 s−1carrier mobility of all devices„ which however, is an artefact of a
mobility overshoot that can be associated to the stronger surface dipole in HfO2 that cannot be fully screened
by the SAM layer.

3. Summary and conclusions

In summary, we successfully processed high-performance, low-voltage polymer thin-film transistors by
depositing the polymer solutions on hydrophobic hybrid gate dielectrics. While high-k dielectrics such as
Al2O3 and HfO2 enable low-voltage operation, SAMs shield highly polarizable metal oxide surface dipoles.
This approach towards low-voltage operation is commonly employed for vacuum-deposited small molecule
based organic transistors. However, the hydrophobic surface of the SAMs impedes facile solution processing.

Here, we demonstrate facile, scalable strategies to overcome this hurdle by fine-tuning the interfacial
tension of the polymer-substrate interface. Our data confirm that surface dipoles not only severely affect the
performance of organic transistors based on thin-films of small-molecules, but also that of ordered and
disordered polymers.

Al2O3/SAM dielectrics yield low-voltage (<3 V) polymer (DPP-TT) transistors with low threshold
voltages, no hysteresis, steep subthreshold swings, and charge carrier mobilities above 0.7 cm2 V−1 s−1.

4. Experimental section

4.1. Materials
IDT-BT and DPP-TT polymers were synthesized following previously reported methods [35, 38].

4.2. Device fabrication
Gate dielectrics: Thin films (thickness: 12 nm) of Al2O3 and HfO2 were deposited onto highly doped
(resistivity less than 0.005 ohm cm) silicon substrates by atomic layer deposition (Savannah S200 from
Cambridge Nanotech). Thermal Al2O3 deposition: chamber at 200 ◦C, trimethylaluminum at room
temperature, 20 sccm N2 carrier gas. (Al precursor 0.015 s, wait 15 s, DI water 0.015 s, wait 15 s)× 120
cycles. Thermal HfO2 deposition: chamber at 200 ◦C, tetrakis(dimethylamido)hafnium (IV) at 75 ◦C,
20 sccm N2 carrier gas. (Hf precursor 0.3 s, wait 20 s, DI water 0.015 s, wait 15 s)× 120 cycles.

SAMs of tetradecylphosponic acids were deposited from solution (immersion in an isopropanol
solution) [22, 31] resulting in a uniform coverage of the Al2O3 and HfO2 surfaces. This coverage was
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confirmed by the high water contact angles (>100◦). Prior to the SAM-deposition, the oxide dielectrics were
exposed to a brief oxygen plasma (Technics Micro-RIE series 800) for surface activation.
Bottom-gate top-contact FETs were fabricated using either Al2O3, Al2O3/SAM, HfO2 or HfO2/SAM

dielectrics. The SAMs were patterned so that the SAMs only cover the areas of respective devices using PDMS
stamps and oxygen plasma. We found, that oxygen plasma for 1 min at 150 W was sufficient, to etch the
non-covered SAMs and make the surfaces sufficiently wettable. The patterning prevents the potential
de-wetting of the polymer solutions on the hydrophobic surfaces [49].

Semiconducting polymers solutions (either IDT-BT or DPP-TT in 50:50 chlorobenzene:chloroform)
were then deposited in a N2 glove box with controlled ppm levels of water (<0.1 ppm) and oxygen
(<0.5 ppm) by spin-coating at 1100 rpm, resulting in film thicknesses of approximately 60 nm. To keep
residual solvent in the films intentionally, the samples were annealed for 1 min at 100 ◦C [41]. Finally, top
contacts (Au) were deposited by thermal evaporation in vacuum. The channel length is 50 µm, the channel
width is 2000 µm.

4.3. Surface energy
The surface free energies were determined using the OWRKmethod [32, 33] by measuring the contact angles
of several solvents, namely water, ethylene glycol, methylene iodide and chloroform on the respective
surfaces. The different polar and dispersive components are listed in table S1.

4.4. Electrical characterization
Electrical characterization was performed in air at room temperature. The transfer and output characteristics
were recorded using a setup including Keithley Source Meters, Model 2635A and Model 2400. The
capacitances (electrical impedance) of the gate dielectrics were measured on metal/insulator/metal (MIM)
structures (Si/metal oxide (+SAM)/Au) using an Agilent E4980A Precision LCR meter (frequency range:
100 Hz–1 kHz).

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.

Acknowledgments

U. K. acknowledges funding from the Alexander von Humboldt foundation (Feodor Lynen Research
Fellowship). M.N. acknowledges financial support from the European Commission through a Marie-Curie
Individual Fellowship (EC Grant Agreement Number: 747461).

ORCID iDs

Ulrike Kraft https://orcid.org/0000-0002-2104-9706
Raphael Pfattner https://orcid.org/0000-0002-7232-1845

References

[1] Someya T, Bao Z and Malliaras G G 2016 Nature 540 379–85
[2] Rivnay J, Inal S, Salleo A, Owens R M, Berggren M and Malliaras G G 2018 Nat. Rev. Mater. 3 17086
[3] Guo S, Wang Z, Chen X, Li L, Li J, Ji D, Li L and HuW 2022 Nano Sel. 3 20–38
[4] Yoon M-H, Facchetti A and Marks T J 2005 Proc. Natl Acad. Sci. 102 4678–82
[5] DiBenedetto S A, Frattarelli D, Ratner M A, Facchetti A and Marks T J 2008 J. Am. Chem. Soc. 130 7528–9
[6] Halik M, Klauk H, Zschieschang U, Schmid G, Dehm C, Schütz M, Maisch S, Effenberger F, Brunnbauer M and Stellacci F 2004

Nature 431 963–6
[7] Nikolka M, Simatos D, Foudeh A, Pfattner R, McCulloch I and Bao Z 2020 ACS Appl. Mater. Interfaces 12 40581–9
[8] Pfattner R, Foudeh A M, Chen S, Niu W, Matthews J R, He M and Bao Z 2019 Adv. Electron. Mater. 5 1–9
[9] Shin E Y, Cho H J, Jung S, Yang C and Noh Y Y 2018 Adv. Funct. Mater. 28 1–9
[10] Yu H, Chen Y, Wei H, Gong J and Xu W 2019 Nanotechnology 30 202002
[11] Zou J, Li S, Wang H, Wang W, Shi Z, Jiang Y, Cui Z and Yan D 2019 J. Mater. Chem. C 7 15357–63
[12] Xu W, Guo C and Rhee S W 2013 J. Mater. Chem. C 1 3955–60
[13] Xu T, Liu Y, Bu Y, Shu S, Fan S, Cao M, Liu T, Zou J and Su J 2022 Adv. Electron. Mater. 9 2200984
[14] Do Oh J, Kim J W, Kim D K and Choi J H 2016 Org. Electron. 30 131–5
[15] Lin W Y, Müller R, Myny K, Steudel S, Genoe J and Heremans P 2011 Org. Electron. 12 955–60
[16] Veres J, Ogier S D, Leeming S W, Cupertino D C and Khaffaf S M 2003 Adv. Funct. Mater. 13 199–204
[17] Hulea I N, Fratini S, Xie H, Mulder C L, Iossad N N, Rastelli G, Ciuchi S and Morpurgo A F 2006 Nat. Mater. 5 982–6

7

https://orcid.org/0000-0002-2104-9706
https://orcid.org/0000-0002-2104-9706
https://orcid.org/0000-0002-7232-1845
https://orcid.org/0000-0002-7232-1845
https://doi.org/10.1038/nature21004
https://doi.org/10.1038/nature21004
https://doi.org/10.1038/natrevmats.2017.86
https://doi.org/10.1038/natrevmats.2017.86
https://doi.org/10.1002/nano.202100051
https://doi.org/10.1002/nano.202100051
https://doi.org/10.1073/pnas.0501027102
https://doi.org/10.1073/pnas.0501027102
https://doi.org/10.1021/ja801309g
https://doi.org/10.1021/ja801309g
https://doi.org/10.1038/nature02987
https://doi.org/10.1038/nature02987
https://doi.org/10.1021/acsami.0c10201
https://doi.org/10.1021/acsami.0c10201
https://doi.org/10.1002/aelm.201800381
https://doi.org/10.1002/aelm.201800381
https://doi.org/10.1088/1361-6528/ab00a4
https://doi.org/10.1088/1361-6528/ab00a4
https://doi.org/10.1039/C9TC04417E
https://doi.org/10.1039/C9TC04417E
https://doi.org/10.1039/c3tc30134f
https://doi.org/10.1039/c3tc30134f
https://doi.org/10.1002/aelm.202200984
https://doi.org/10.1002/aelm.202200984
https://doi.org/10.1016/j.orgel.2015.12.006
https://doi.org/10.1016/j.orgel.2015.12.006
https://doi.org/10.1016/j.orgel.2011.03.014
https://doi.org/10.1016/j.orgel.2011.03.014
https://doi.org/10.1002/adfm.200390030
https://doi.org/10.1002/adfm.200390030
https://doi.org/10.1038/nmat1774
https://doi.org/10.1038/nmat1774


J. Phys. Mater. 6 (2023) 025001 U Kraft et al

[18] Acton B O, Ting G G, Shamberger P J, Ohuchi F S, Ma H and Jen A K Y 2010 ACS Appl. Mater. Interfaces 2 511–20
[19] Klauk H, Zschieschang U, Pflaum J and Halik M 2007 Nature 445 745–8
[20] Geiger M, Hagel M, Reindl T, Weis J, Weitz R T, Solodenko H, Schmitz G, Zschieschang U, Klauk H and Acharya R 2021 Sci. Rep.

11 6382
[21] Prisawong P, Zalar P, Reuveny A, Matsuhisa N, Lee W, Yokota T and Someya T 2016 Adv. Mater. 28 2049–54
[22] Kraft U, Sejfíc M, Kang M J, Takimiya K, Zaki T, Letzkus F, Burghartz J N, Weber E and Klauk H 2015 Adv. Mater. 27 207–14
[23] Salinas M, Jäger C M, Amin A Y, Dral P O, Meyer-Friedrichsen T, Hirsch A, Clark T and Halik M 2012 J. Am. Chem. Soc.

134 12648–52
[24] Chen H, Zhang W, Li M, He G and Guo X 2020 Chem. Rev. 120 2879–949
[25] Yang S Y, Shin K and Park C E 2005 Adv. Funct. Mater. 15 1806–14
[26] Liu D, Xu X, Su Y, He Z, Xu J and Miao Q 2013 Angew. Chem., Int. Ed. 52 6222–7
[27] Kraft U, Zaki T, Letzkus F, Burghartz J N, Weber E, Murmann B and Klauk H 2019 Adv. Electron. Mater. 5 1800453
[28] Kondo M, Melzer M, Karnaushenko D, Uemura T, Yoshimoto S, Akiyama M, Noda Y, Araki T, Schmidt O G and Sekitani T 2020

Sci. Adv. 6 1–11
[29] Zschieschang U, Waizmann U, Weis J, Borchert J W and Klauk H 2022 Sci. Adv. 8 1–10
[30] Duan Y, Zhang B, Zou S, Fang C, Wang Q, Shi Y and Li Y 2020 J. Phys. Mater. 3 014009
[31] Kraft U, Takimiya K, Kang M J, Rödel R, Letzkus F, Burghartz J N, Weber E and Klauk H 2016 Org. Electron 35 33–40
[32] Owens D K and Wendt R C 1969 J. Appl. Polym. Sci 13 1741–7
[33] Kaelble D H and Cirlin E H 1971 J. Polym. Sci. A 9 363–8
[34] Kraft U, Zschieschang U, Ante F, Kälblein D, Kamella C, Amsharov K, Jansen M, Kern K, Weber E and Klauk H 2010 J. Mater.

Chem. 20 6416
[35] Wang G J N, Shaw L, Xu J, Kurosawa T, Schroeder B C, Oh J Y, Benight S J and Bao Z 2016 Adv. Funct. Mater. 26 7254–62
[36] Nikzad S, Wu H-C, Wang G-J N, Yan H, Schneider S A, Toney M F and Bao Z 2019 ACS Appl. Electron. Mater. 1 2445–54
[37] Bronstein H, Nielsen C B, Schroeder B C and McCulloch I 2020 Nat. Rev. Chem. 4 66–77
[38] Zhang W et al 2010 J. Am. Chem. Soc. 132 11437–9
[39] Zhang X et al 2013 Nat. Commun. 4 2238
[40] Harkin D J et al 2016 Adv. Mater. 28 6378–85
[41] Nikolka M et al 2017 Nat. Mater. 16 356–62
[42] Venkateshvaran D et al 2014 Nature 515 384–8
[43] Lamport Z A et al 2018 Nat. Commun. 9 5130
[44] Iqbal H F, Waldrip M, Chen H, McCulloch I and Jurchescu O D 2021 Adv. Electron. Mater. 7 2100393
[45] Noriega R, Rivnay J, Vandewal K, Koch F P V, Stingelin N, Smith P, Toney M F and Salleo A 2013 Nat. Mater. 12 1038–44
[46] Cendra C et al 2021 ACS Macro Lett. 10 1306–14
[47] Lüssem B, Keum CM, Kasemann D, Naab B, Bao Z and Leo K 2016 Chem. Rev. 116 13714–51
[48] Lu G et al 2013 Nat. Commun. 4 1588
[49] Pierre A, Sadeghi M, Payne MM, Facchetti A, Anthony J E and Arias A C 2014 Adv. Mater. 26 5722–7

8

https://doi.org/10.1021/am9007648
https://doi.org/10.1021/am9007648
https://doi.org/10.1038/nature05533
https://doi.org/10.1038/nature05533
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1002/adma.201504724
https://doi.org/10.1002/adma.201504724
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1021/ja303807u
https://doi.org/10.1021/ja303807u
https://doi.org/10.1021/acs.chemrev.9b00532
https://doi.org/10.1021/acs.chemrev.9b00532
https://doi.org/10.1002/adfm.200400486
https://doi.org/10.1002/adfm.200400486
https://doi.org/10.1002/anie.201300353
https://doi.org/10.1002/anie.201300353
https://doi.org/10.1002/aelm.201800453
https://doi.org/10.1002/aelm.201800453
https://doi.org/10.1126/sciadv.aay6094
https://doi.org/10.1126/sciadv.aay6094
https://doi.org/10.1126/sciadv.abm9845
https://doi.org/10.1126/sciadv.abm9845
https://doi.org/10.1088/2515-7639/ab6305
https://doi.org/10.1088/2515-7639/ab6305
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1002/pol.1971.160090210
https://doi.org/10.1002/pol.1971.160090210
https://doi.org/10.1039/c0jm01292k
https://doi.org/10.1039/c0jm01292k
https://doi.org/10.1002/adfm.201602603
https://doi.org/10.1002/adfm.201602603
https://doi.org/10.1021/acsaelm.9b00576
https://doi.org/10.1021/acsaelm.9b00576
https://doi.org/10.1038/s41570-019-0152-9
https://doi.org/10.1038/s41570-019-0152-9
https://doi.org/10.1021/ja1049324
https://doi.org/10.1021/ja1049324
https://doi.org/10.1038/ncomms3238
https://doi.org/10.1038/ncomms3238
https://doi.org/10.1002/adma.201600851
https://doi.org/10.1002/adma.201600851
https://doi.org/10.1038/nmat4785
https://doi.org/10.1038/nmat4785
https://doi.org/10.1038/nature13854
https://doi.org/10.1038/nature13854
https://doi.org/10.1038/s41467-018-07388-3
https://doi.org/10.1038/s41467-018-07388-3
https://doi.org/10.1002/aelm.202100393
https://doi.org/10.1002/aelm.202100393
https://doi.org/10.1038/nmat3722
https://doi.org/10.1038/nmat3722
https://doi.org/10.1021/acsmacrolett.1c00547
https://doi.org/10.1021/acsmacrolett.1c00547
https://doi.org/10.1021/acs.chemrev.6b00329
https://doi.org/10.1021/acs.chemrev.6b00329
https://doi.org/10.1038/ncomms2587
https://doi.org/10.1038/ncomms2587
https://doi.org/10.1002/adma.201401520
https://doi.org/10.1002/adma.201401520

	Low-voltage polymer transistors on hydrophobic dielectrics and surfaces
	1. Introduction
	2. Results and discussion
	2.1. Dielectrics
	2.2. Transistor characterization

	3. Summary and conclusions
	4. Experimental section
	4.1. Materials
	4.2. Device fabrication
	4.3. Surface energy
	4.4. Electrical characterization

	References


