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The emerging wearable skin-like electronics require the ultra-flexible organic transistor to operate at
low voltage for electrical safety and energy efficiency and simultaneously enable high field-effect
mobility to ensure the carrier migration ability and the switching speed of circuits. However, the

currently reported low-voltage organic transistors generally present low mobility, originating from the
trade-off between molecular polarity and surface polarity of the dielectrics. In this work, the orientation
polarization of the dielectric is enhanced by introducing a flexible quaternary ammonium side chain,
and the surface polarity is weakened by the shielding effect of the nonpolar methyl groups on the polar
nitrogen atom. The resulting antisolvent QPSU dielectric enables the high-dielectric constant up to
18.8 and the low surface polarity with the polar component of surface energy only at 2.09 mJ/m?. Such
a synergistic polarization engineering between orientation polarization and surface polarity makes the
solution-processed ultraflexible transistors present the ultralow operational voltage downto —3 V, the
ultrahigh charge-carrier mobility up to 8.28 cm?V's ™' at 1 Hz, excellent cyclic operational stability
and long-term air stability. These results combined with the ultrathin thickness of transistor as low as
135 nm, the ultralight mass of 0.5 g/m?, the conformal adherence capability on human skin and 1-um
blade edge, and the strong mechanical robustness with stable electrical properties for 30,000 bending
cycles, open up an available strategy to successfully realize low-voltage high-mobility solution-
processed organic transistor, and presents the potential application of QPSU dielectric for the next-
generation wearable imperceptible skin-like electronics.

Ultraflexible organic field-effect transistors (OFETs) have exhibited great
potential in next-generation imperceptive skin-like electronics'”, benefiting
from the unique advantages of organic materials in lightweight, intrinsic
mechanical flexibility, and low-temperature solution process*"’. To suc-
cessfully integrate the ultraflexible organic transistor with the soft skin of the
body, low-voltage operation is important for energy efficiency and safety of
wearable electronics.

Two main strategies have emerged to realize the low-voltage operation
of organic transistors: reducing the thickness of dielectrics and developing
high-capacitance dielectrics'"”. The flexible organic transistors generally

apply the polymer dielectrics that can be processed from solution. Because of
the large free volume of the polymers, the thickness of the polymer dielectric
is difficulty reduced down to less than 200 nm by regular solution-process
technology'*"*. Decreasing the thickness is often accompanied by drama-
tically decreased film uniformity and increased pinholes, resulting in failed
operation as filed-effect transistor devices".

Another strategy is to use high-capacitance or high-dielectric constant
(high-k) dielectrics, including inorganic nanoparticle hybrid materials'’, ion
gels'"*, and polar polymers'’. However, the inorganic nanoparticles usually
increase the surface roughness and hence lower the field-effect mobility™.
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Ton gels present significantly decreased capacitance at low frequency and the
ion motion towards the semiconductor layer, resulting in low mobility at
low-frequency operation and time-dependent device degradation”. For the
polar polymers, for example, poly(vinylidene fluoride) (PVDF, k ~ 10.3)
and its derivatives, and polysilsesquioxane (PSQ), the increased capacitance
originates from the enhanced orientation polarization either by introducing
another electronegative atom, or by adding the polar side chains. However,
the polar groups have been extensively reported to contribute to energetic
disorder at the dielectric/semiconductor interface, resulting in low mobility,
large bias hysteresis, and low atmospheric stability of electrical
performance™”. Therefore, it is urgent to synthesize polymer dielectrics
that enable OFETs simultaneously with low operation voltage and high
charge-carrier mobility.

Here, we propose a dielectric design strategy to simultaneously
achieve low voltage and high mobility in organic transistor by introducing
a flexible quaternary ammonium side chain in polysulfone (PSU), where
the polar nitrogen atoms make the antisolvent dielectric enables a high-
dielectric constant up to 18.8, and the three surrounded nonpolar methyl
groups contribute to the low surface polarity with the polar component of
surface energy only at 2.09 mJm > The resulting solution-processed
ultraflexible C8-BTBT transistors exhibit low operational voltage down to
—3V, ultrahigh field-effect mobility up to 8.28 cm* V' s™* (1 Hz), highly
cyclic stability, and air stability. These results open up a dielectric design
strategy for low-voltage high-mobility organic transistors, and present the
promising potential of QPSU dielectric in next-generation low-power
portable and wearable electronics.

Results and discussion

Dielectric design for high-dielectric constant QPSU

For previously reported high-k polymer dielectrics, such as PVDEF (k ~ 10.3)
and its copolymers, the high-dielectric constant generally arises from the
highpolarity and electronegativity F atom in the polymer backbone. The
highly polarized surfaces of these polymer dielectrics make the OFETs suffer
from the large bias hysteresis in double sweep transfer curves and low
charge-carrier mobility™’. For example, when the O=S=0 polar groups were
incorporated in the main chain of polyimide (PI) backbone, the dielectric
capacitance can be increased from 19.3 to 32 nF/cm’ and the operating
voltage decreases from —15 to —5 V>, However, the O=S=0 groups, with
the high dipole moment of 4.5 debye (D), also bring the high polarization
effect and hence the low field-effect mobility aslowas4 cm® V' s at 20 Hz.

Here, we proposed a dielectric design for synergistic polarization engi-
neering of dielectric simultaneously towards low-voltage operation and high
carrier mobility. As shown in Fig. 1a, by incorporating the flexible quaternary
ammonium side chain into the PSU backbone, the QPSU dielectric with a
high-dielectric constant and simultaneously with the low surface polarity was
synthesized. PSU is a widely utilized polymer in rubber industry for nearly a
century and is available at low cost and large scale”. The sulfone group,
benzene rings, and ether oxygen bond in the backbone can improve the
oxygen resistance, thermal resistance, and flexibility of the material™.
According to density functional theory (DFT) calculations, the electrostatic
surface potential (ESP) distribution in Fig. 1b reveals the efficiently separated
positive and negative charges with inhomogeneous potential distribution
after the addition of the polar quaternary ammonium side chains into PSU,
originating from the large electronegativity of nitrogen®. Compared with the
rather limited rotation of dipolar groups of main chain in PSU, the addition of
the side chain in QPSU also dramatically enhances the rotation of dipolar
groups. Therefore, the orientation polarization of the dielectric material can
be enhanced for increased dielectric constant (Fig. 1c)”. In quaternary
ammonium side chains, the N atom is surrounded by three nonpolar methyl
groups, and the steric hindrance of methyl groups provides the shielding
effect for the decreased surface polarity of the dielectric.

To confirm the successful incorporating the quaternary ammonium
side chain into PSU polymer backbone, the chemical structure of PSU and
QPSU are characterized by Fourier transform infrared spectroscopy spectra
(FTIR) and 'H nuclear magnetic resonance spectra ("H NMR) (Fig. 1d, e). It

can be observed that the -C¢Hg, -O- and O=S=0 groups appear at
2975 cm ™', 1257 cm ™, and 1074 cm ™" in both PSU and QPSU. For QPSU,
the characteristic peak of the -CH,N(CHs); group at 1461 cm™" can be
observed. In the NMR spectrum of Fig. le for QPSU, the peaks 1, 2, 3
correspond to -CH,, -N(CHj3); and -C(CH3),, respectively. These results
confirm the successful synthesis of side chain on the PSU backbone™.

Figure 1f shows the calculated dielectric constant values of PSU and
QPSU according to the equation of the dielectric thickness and the dielectric
capacitance (Supplementary Fig. 1) extracted at quasi-static of 1 Hz. The
capacitance measurements were carried out based on the metal-insulator-
metal structure as shown in the inset of Fig. 1f. Directional polarization
generally occurs when a permanent dipole moment exists in the polymeric
material and reorients upon the application of an electric field. Therefore,
our dielectric design incorporates molecular dipole segments of quaternary
ammonium side chain, allowing for reorientation when subjected to an
electric field. This results in QPSU dielectric with a high capacitance of 185
nF/cm’ and a high-dielectric constant of 18.8 at 1 Hz. The capacitance value
decreases with increasing frequency, as expected, because the orientation
polarization is unable to keep up with rapid frequency changes, especially at
high frequencies”. This phenomenon has been reported in many high-k
polymer dielectrics”. For comparison, the dielectric constant values of the
commonly used dielectrics for solution-processed flexible organic transis-
tors, including polyimide (PI), polyethylene terephthalate (PET), poly (4-
vinylphenol) (c-PVP) and poly (vinyl alcohol) (PVA/c-PVA), are also given
in Fig. 1f. After incorporating the polar side chain in PSU, the dielectric
constant of the dielectric increases from 3.9 to 18.8, which is much higher
than the conmmonly used polymer dielectrics.

Solvent resistance of QPSU dielectric

The solvent resistance of polymer dielectric is the key to fabricate low-cost
large-scale solution-processed organic transistors. Until now, lack of the
available antisolvent polymer dielectrics has seriously hold back the devel-
opment of the solution-processed organic transistors. In our experiments,
PSU is used as the precursor material for the fabrication of the QPSU
dielectric because of the strong antisolvent capability, good humidity, and
temperature stability.

In order to show the promising potential of QPSU as dielectric of
OFETs, the QPSU films were respectively dipped into water, acetone and
chlorobenzene, and then were taken out for measurements of AFM images
and mass. For comparison, PSU, and the commonly used dielectrics for
flexible OFETs including PVA, PS and PDMS, were also measured. Figure
2a schematically shows the dipping process of the dielectric films into the
solution, and gives the photos of the films before and after dipping. Figure 2b
is the measured AFM results and Fig. 2¢ gives the mass change. It can be
observed that the commonly used polymer dielectrics including PVA, PS
and PDMS, either are dissolved by water or organic solvents, or swell,
resulting in the obviously changed surface morphology and mass. The
dramatically increased roughness of the PVA dielectric film in water shows
the water-soluble characteristic of PVA, which has been well known to
significantly affect the transistor stability, particularly, in high atmospheric
humidity”. The dramatically increased roughness of PS and PDMS films in
organic solvent makes them challenging for fabrication of solution-
processed organic transistors. In contrast, both PSU and QPSU show
excellent chemical resistance. PSU only can be dissolved in aprotic solvents,
such as N-methylpyrrolidone (NMP) and N,N-dimethylformamide
(DMF)™, and can form orthogonal solvent system with most organic sol-
vents. Similar to PSU, QPSU shows the excellent chemical resistance with
the unchanged surface morphology and mass after dipping into water,
acetone, and chlorobenzene, which makes it a good dielectric candidate for
cost-efficient solution-processed organic transistors.

Further, we also investigate the insulator stability, humidity stability,
thermal stability, and the mechanical stability by the dielectric constant
value of QPSU dielectric. QPSU shows excellent insulating properties, with a
current density of 2.6 x 10~ A/cm’ at 1 MV (Supplementary Fig. 2), which
is comparable to that of reported polymer dielectrics and lower than the
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Fig. 1 | Schematic illustration of dielectric design for high-dielectric constant
QPSU dielectric. a Chemical structure. b Electrostatic surface potential (ESP) dis-
tribution of PSU and QPSU. ¢ Mechanism of orientation polarization of side chain.

d, e FTIR and "H NMR spectra. f Dielectric constant of PSU, QPSU, and the com-
monly used polymer dielectrics at 1 Hz.

mostly reported low-voltage OFETs based on PAA dielectrics (Supple-
mentary Table 1). As shown in Fig. 2d, QPSU always remain the unchanged
dielectric constant value when the humidity changes from 20% to 100%, or
the temperatures changes from 20 to 200 °C as the initial decomposition
temperature of QPSU (Ts, defined as the temperature at which 5% of
weight loss occurs) (Supplementary Fig. 3) is approximately at 200 °C. After
10,000 bending cycles (bending radius is 3 mm, Supplementary Fig. 4), the
dielectric constant of QPSU dielectric shows negligible changes (Fig. 2e),
which benefits from the good flexibility of QPSU dielectric as the Young’s
modulus is only 726 MPa (Supplementary Fig. 5). The stable dielectric
properties of QPSU, including insulation, humidity, temperature, and
mechanical stability, demonstrate its promising advantage as a dielectric for
the stable operation OFETs.

Low-voltage solution-processed ultraflexible OFETs based on
QPSU dielectric

To further show the advantages of QPSU as the dielectric of OFETs, the
ultraflexible QPSU dielectric 8x8 transistor array is fabricated based on a
solution process. As shown in Fig. 3a, poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), QPSU, 2,7-dioctyl[1] ben-
zothieno[3,2-b][1]benzothiophene (C8-BTBT), were spin-coated on the
OTS modified Si wafer and serve as gate electrode, dielectric, and semi-
conductor layer, respectively. After that, Au was deposited and functions as
source and drain electrodes. The OFET array was easily peeled off from the
OTS/Si substrate with the help of the 3 M tapes as shown in Supplementary
Fig. 6. The thickness of the obtained ultraflexible OFET array can be as low
as 135 nm (see AFM height image in the upper right of Fig. 3a), which is in
the thinnest class of the reported conformal solution-processed organic
transistor as shown in Supplementary Table 2. And the array exhibits the
extremely light mass of 0.5 g/m”. This value is approximately one magnitude

lower than that a damselfly wing ( ~ 4.7 g/m’, Supplementary Fig. 7), which
represents the lightest reported mass for OFETSs (Supplementary Table 3),
so that an 8x8 array can be easily sustained by a hair, as shown in Fig. 3b.
Figure 3¢ shows the typical photographs of a QPSU dielectric OFET array,
that the length and width of the source and drain electrode are 100 um and
3500 um, respectively.

The transfer curves of the QPSU dielectric OFET are shown in Fig. 3d.
For comparison, PSU as the QPSU precursor, and PVA as the mostly used
flexible dielectric for solution-processed organic transistors, were also used
as the dielectrics in OFETs with the same dielectric thickness ( ~ 90 nm)
(Supplementary Fig. 8), and the transfer curves are given in Fig. 3d.
Obviously, PSU and PVA dielectrics OFET exhibits much higher off state
current than QPSU. Due to our dielectric design, which involves the shield
effect of the methyl groups surrounding the polar N atom and results in low
surface polarity of the QPSU dielectric, the double sweep transfer curves of
the QPSU dielectric OFET display almost no hysteresis loop as the voltage is
swept between the forward and reverse directions (Supplementary Fig. 9).
Figure 3e shows the color mapping of the corresponding distribution of the
threshold voltage of the QPSU dielectric OFET array, and Fig. 3f is the
histogram distribution of threshold voltage and operation voltage of QPSU,
PSU and PVA dielectric OFETs. All the transfer curves show the ideal p-type
behavior, well-defined saturation and linear regimes. The QPSU dielectric
OFET array shows the good yield ratio as high as 100% and the low
threshold voltage of -2 ~ -1 V, which indicates that only the low gate voltage
is required to attract charges at semiconductor/dielectric interface for the
formation of the conductive channel. Figure 3f shows the far lower threshold
voltage and operational voltage of the QPSU dielectric device compared to
that of the PSU and PVA dielectric devices. The operational voltage of the
PSU and PVA dielectric OFETs is ~-40 and -60 V, respectively, when the
on-state current is over 107* A. In contrast, the operational voltage of the
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Fig. 2 | Solvent resistance and high stability of QPSU. a-c Photographs, AFM
images, and mass changes of dielectrics after dipping in H,O, acetone, and chlor-
obenzene, respectively. The corresponding results for PSU, PVA, PS, and PDMS

dielectrics are also shown. d Dielectric constant of QPSU dielectric at 20~100%
humidity and at the temperature of 25~200 °C. e Dielectric constant of QPSU
dielectric during 10,000 bending cycles.

QPSU dielectric device is only at -3 ~ -4 V. Supplementary Fig. 10 illustrates
the typical output curves of QPSU dielectric OFETs. The output curves
exhibit the clear transition from liner to saturation regimes, as well as
apparent linearity at low drain-source voltage (Vpg). These features are
emblematic for the efficient contact injection and low contact resistance of
electrode/channel layers’. These results confirm that the addition of the
quaternary ammonium side chain in PSU is favorable for the increased
dielectric constant and hence the decreased operational voltage.

As mentioned above, next-generation imperceptible skin-like elec-
tronics will need ultraflexible organic devices with low operational voltage
for human safety, low-power consumption, and long-term power supply. It
is desirable that OFETSs are driven at the voltage lower than the normal
working voltage of lithium batteries (4.5 V) that can use the daily portable
power sources”. Figure 3g summarizes the dielectric constant values and
operational voltage of the reported polymer dielectric OFETs**. Most of
previous OFETs apply the low dielectric constant dielectrics and present the
high operational voltage higher than 4.5 V. Very recently, Bao et al.** have
applied a high-dielectric constant tri-layer of nitrile-butadiene rubber
(k = 28)/poly(styrene-ethylene-butylene-styrene)/octadecyltrimethox-
ysilane (NBR/SEBS/OTS) to achieve an operational voltage of the transistor
as low as -3 V. Obviously, compared with most previously reported
solution-processed dielectrics, our QPSU dielectric shows notably high-
dielectric constant of 18.8, which allows more charges to be induced at lower
voltage and hence increases the drive capability of the transistors. The

operational voltage of our QPSU dielectric OFET can be work aslowas -3 V.
All the above results confirm the feasibility of our dielectric design via
modification of quaternary ammonium side chain to achieve high-dielectric
constant dielectric for next-generation battery powered low-voltage wear-
able and portable electronics.

High-mobility QPSU dielectric OFETs

Gate dielectrics not only should have the high-dielectric constant to allow
the low-voltage operation, but also at the same time should be favorable for
high field-effect mobility to achieve the key applications of OFETs in display
drivers, logic circuits, amplification circuits, etc***". Typically, High-polarity
dielectrics typically result in the dipole disordering, which can reduce the
carrier mobility of OFETs. The presence of random dipoles at the semi-
conductor/ dielectric interface broadens the density of states (DOS) and
leads to an increased number of tail states that hinder the transfer of charges.
This can be attributed to dipole polarization, which localizes mobile charges
during transportation. Richards et al. presented an analytical model to
investigate the interaction between charges and the dielectric environment’".
They calculated the broadening of the DOS as a function of the distance
from the surface and discovered that the impact of dipole polarization on
mobile charges was most pronounced when considering the nearest dipoles.
Consequently, the dipolar disorder effect in high-polarity dielectrics results
in reduced mobility, rendering them unsuitable for high-performance
OFETs. Figure 4a is the color map of the charge-carrier mobility of 8x8
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Fig. 3 | Low-voltage, high-mobility solution-processed ultraflexible C8-BTBT
array based on QPSU dielectric. a Fabrication schematic and AFM height images of
transistors. b Photograph of the transistor array sustained by a hair. ¢ Photograph of
8 x 8 transistor array and magnified optical microscopy image (scale bar: 2 mm).
d Transfer curves of transistors based on QPSU, PSU, and PV A dielectrics.

e, f Threshold voltage color map histogram distribution of threshold voltage and
operation voltage of QPSU, PSU, and PV A dielectric transistors. g Statistical results
of the reported dielectric constant and operational voltage of solution-processed
polymer dielectric OFETs.

OFET array with QPSU dielectric, and the statistical histogram of mobility
distribution, with the frequency at 1 Hz. Obviously, the OFET array shows
100% fabrication success rate and high charge-carrier performance. The
highest mobility is up to 8.28 cm’V~'s " when the capacitance is extracted at
quasi-static conditions of 1 Hz. The QPSU dielectric OFET array also
exhibits the high uniformity, with the average mobility up to 5.05
cm’V~'s 'and a low standard deviation of 1.32 cm®V~'s™". For our previous
work™, which was based on the crosslinking reaction of polyethyleneimine
(PEI) and epoxy resins (EP) and was named as PEI-EP dielectric by
solution-processed C8-BTBT flexible organic transistor, shows a high
mobility of up to 7.98 cm’V~'s™! when the capacitance is extracted at 1 Hz.
However, the high operational voltage is as high as -60 V, which is much
higher than the human safety voltage (36 V), making it unsuitable for skin-
like wearable electronics and energy consumption for power supply. Fur-
thermore, the highly crosslinked network thin film, leading to its high
Young’s modulus of 4.87 GPa, easily breaks in our experiments. As far as we
know, this high mobility represents one of the best results of C8-BTBT
OFETs with the dielectric capacitance at quasi-static condition to date as
shown in Supplementary Fig. 11. The mobility extracted from a low-
frequency capacitance is crucial. Bao’s group® has reported that the high-
frequency capacitance can result in overestimation of the field-effect
mobility by orders of magnitude. Huang’s group™ also reported the similar
results. Some mobiles such as hydrogen ions will contribute to slow
polarization of the dielectric, resulting in lower capacitance value of the
dielectric at the typical measured frequencies of >10° Hz compared with that
of low frequencies. Considering that the transistor measurements are
usually carried out at quasi-static conditions (<10 Hz), using the high-

frequency capacitance will be significantly overestimated of the filed-effect
mobility.

Here, the capacitance of the QPSU dielectric is measured at 1 Hz,
which ensures the high-reliability mobility result. Our ultrathin QPSU
dielectric transistor with the thickness of only 135 nm, shows the charge-
carrier mobility two orders of magnitude higher than the previously
reported thinnest transistor (150 nm, 0.098 cm*V~'s™")*’. Compared with
the previously reported low-voltage polymer dielectric C8-BTBT OFETs,
the OFETs based on QPSU dielectric shows the lowest operational voltage
and highest charge-carrier mobility (Supplementary Table 4)°**". The
previously reported high solution-processed transistors usually applied self-
assembled monolayers (SAMs) of dielectrics or semiconductor modifica-
tion to improve the crystallinity of semiconductor layers, resulting in high-
mobility OFETs. For example, Ong et al. applied the silylating agents with
long alkyl chain and pheyl or medium alkyl chain hybrid self-assembled
monolayers (SAMs) to study the electrical performance of OFET. By
modification the SiO, with “hybrid” dual-silane SAMs, the upper DPP-DPP
semiconductor layer with high crystallinity, enabling both high mobility and
on/off ratio, together with desirable transistor property*. In addition, the
same group reported a D-A polymer semiconductor with a polymer-
matrix-mediated molecular structure using polyacrylonitrile (PAN),
resulting in the formation of a polymer thin film with continuous, highly
ordered, and percolated semiconductor transport channels. The solution-
processed polymer semiconductor OFETS exhibited extremely high mobi-
lity, reaching values as high as 16 cm*V~'s™", and a current on/off ratio
exceeding 10°. The mobility is an order of magnitude improvement com-
pared to devices without the PAN semiconductor layer”. Compared with
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Fig. 4 | High-mobility and highly stable C8-BTBT OFET array based on QPSU
dielectric. a Mobility color map and statistical histogram of mobility distribution.
b Cycle stability for 1000 s. ¢, d Out-of-plane and in-plane GIXRD patterns of the

C8-BTBT film deposited on QPSU dielectric. e AFM image and height curve of the
C8-BTBT film on QPSU.

the high-mobility solution-processed OFETs mentioned above, our low
surface polarity QPSU dielectric OFETSs achieve a high mobility up to 8.28
cm’V~'s™! via simple direct spin-coating of the C8-BTBT film, without any
complex dielectric or semiconductor modification. The mobility of the
QPSU dielectric OFET is also higher than the benchmark amorphous sili-
con, a-Si (0.5 ~ 1.0 cm’V~'s ™), which is sufficient for the applications such
as active-matrix organic light-emitting-diode, sensors, and amplification
circuits®.

In addition, the QPSU dielectric transistors present the excellent
operational stability and time stability. As shown in Fig. 4b, the device can be
switched between on and off state for over 500 cycles with the on/off ratios of
>10 indicating the good switching performance and the capability to resist
disturbance®. The OFETs based on QPSU dielectric demonstrate remark-
able bias-stress stability, as shown in Supplementary Fig. 12. With the
continuous cycle test of 500 cycles (Vps=-3 V and Vgs =0 ~ -3 V) within
500 min, the transfer curves exhibit negligible changes. The device without
packaging also shows the fairly stable electrical properties in atmospheric
environment (25 °C, RH = 25%). As shown in Supplementary Fig. 13, the
device only shows the weak change of the mobility and threshold voltage in
120 days. All these results confirm our dielectric design via incorporating a
quaternary ammonium side chain modification of PSU is a promising
strategy for high-performance OFETs. As shown in Fig. 1f and Fig. 3, the
low-voltage operation is achieved by incorporating a polar side chain onto
the backbone of PSU to increase the dielectric constant. To further to
investigate the crystal arrangement of C8-BTBT film deposited on QPSU
dielectric, the grazing incidence X-ray diffraction (GIXRD) was performed,
as shown in Fig. 4c, d. In the out-of-plane XRD patterns shown in Fig. 4c,
three sharp characteristic peaks of (001), (002), and (003) existed, suggesting
the well-ordered crystal structure within the C8-BTBT film. According to
the equation of Bragg’s Law, 2dsinf = n), the calculated d-spacing from the
(001) peak of the C8-BTBT film is about 2.9 nm, which is coincide with the

length of the C8-BTBT molecule™. indicating the molecules adopt an edge-
on arrangement, consistent with previous reports”. In the in-plane XRD
patterns (Fig. 4d), the existence of (110), (020), and (120) peaks indicates the
herringbone packing of the C8-BTBT molecules within the plane on the
dielectric layer, which can facilitate 2D carrier transport in the semi-
conductor layer™. In Fig. 4e, the surface morphology of the C8-BTBT film
on QPSU dielectric illustrates the large crystalline size of the C8-BTBT film
with the molecular step of only ~2.98 nm®, that is coincide with the above
GIXRD results, which is favorable for the decreased traps, efficient carrier
transport, and high field-effect mobility™.

Synergistic polarization engineering of QPSU dielectric
To further confirm the synergistic polarization design strategy of the QPSU
dielectric to realize low-voltage operation while simultaneously achieve high
mobility, we synthesized a series of dielectric molecules with different
number of methyl groups on the side chains of PSU, and their dielectric
properties and transistor performance are compared. The molecules with
the N atom on the side chain surrounded by 0~3 methyl groups are namely
MeoPSU, Me;PSU, Me,PSU, and Me;PSU (QPSU), respectively (Supple-
mentary Methods, Supplementary Fig. 14). Figure 5a illustrates the tran-
sistor configuration, the chemical structure of the four dielectrics, and the
ESP distribution of the side chains with different numbers of methyl groups
by density functional theory (DFT). The surface morphologies of the four
dielectrics are shown by AFM images in Supplementary Fig. 15. All the films
exhibit a smooth surface with low surface roughness at 0.27~0.32 nm.

It is clear that the minima and maxima of ESP are located on H atoms
by blue color and N atom by red color. For the side chain of Me,PSU, the N
atoms are surrounded by 3-H atoms, showing the uneven potential dis-
tribution and the strong polarization. With the increased number of methyl
groups, the increased white color regions reveal the weakened potential
distribution due to the poor electron-rich property of methyl group.
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Fig. 5 | Design principle of QPSU dielectric for low-voltage operation and high
carrier mobility. PSU, and the dielectrics with changed methyl group number,
which are named Me PSU, Me, PSU, Me,PSU, and Me;PSU, are compared. a Device
structure, chemical structure, and electrostatic surface potential (ESP). b Surface

potential measured by Kelvin probe force microscopy (KPFM). ¢, d Dielectric
constant and polar components of surface energy. Insets show the tested contact
angles for calculation of surface energy. e Operational voltage and mobility values.

Furthermore, when the 3 H end atoms are substituted by three methyl
groups, the peripheral region of N atom is almost neutral characterized by
white color, indicating the even potential distribution and the shielding
effect of methyl groups on the surface polarity of the molecules.

Kelvin probe force microscopy (KPFM) is an effective way to show the
nanometer-scale imaging of the surface potential on a wide range of polar
materials. Here, as shown in KPFM images of Fig. 5b, the surface potential of
the dielectrics decreases with the increased number of methyl groups on the
N-based side chains”. In Fig. 5¢, d, the dielectric constant was measured, and
the polar components of surface energy ()*) were extracted from the mea-
sured contact angles for different PSU-based dielectric materials, respec-
tively. It can be observed that the addition of the side chain into PSU
dramatically increases the dielectric constant value (Supplementary Fig. 16)
while also obviously increasing the surface polarity as shown by the
increased polar component of surface energy (from PSU to Me;PSU)*.
Therefore, the incorporation of the polar side chain is favorable for the
decreased operational voltage but has a negative effect on the mobility, as
shown in Fig. 5e (from PSU to Me,PSU, Me,PSU is dissolvable and hence its
solution-processed transistor is not available).

Further, with the increased methyl groups on the N-based side chain,
the enhanced shielding effect of the methyl groups weakens y* value (Fig.
5d), resulting in the decreased surface potential as shown in Fig. 5b. It has
been reported that the y* value suggests the surface polarity strength that has
been well known to affect the mobility. Therefore, the decreased §* value
with the increased methyl groups (Fig. 5d, from Me,PSU to Me;PSU) is
favorable for improved mobility. As a result, the mobility presents a

dramatic increase with the increased methyl groups, as shown in Fig. 5e and
Supplementary Fig. 17. The polar component of the surface energy of
Me;PSU is only 2.09 mJ m~, which is even lower than the nonpolar
poly(methylmethacrylate) (PMMA) dielectric of 2.31mJm™> (Supple-
mentary Table 5). Therefore, our QPSU dielectric device presents mobility
as high as 8.28 cm®* V™' s . These results powerfully confirm the feasibility
of our dielectric design for synergistic polarization engineering simulta-
neously towards low-voltage operation and high carrier mobility of
solution-processed organic transistors.

Conformal OFETs based on QPSU dielectric

To show the promising application potential of our QPSU dielectric OFET's
in skin-like portable and wearable electronics, the ultraflexible devices were
adhered on the human arm by van der Waals forces without any additional
adhesives, and a series of tests of the mechanical flexibility were performed,
as shown in Fig. 6a. When the skin is compressed, pressed, stretched and
twisted, the transistors always remain conformal deformation with the
moving of skin without any mechanical cracks or visible damage. Even
though the above process was repeated 30 times, the transfer curves remain
consistent without any decrease in electrical performance (Supplementary
Fig. 18). Figure 6b shows the wafer-scale fabrication of the QPSU dielectric
transistors by photolithography. Photolithography, as the staple technique
in the silicon-based industry, has successfully enabled shrinking of the
channel length, allowing highly integrated circuit fabrication. Unfortu-
nately, the conventional photolithography is difficultly compatible with
polymer dielectrics, originating from lacking of the polymer dielectrics with
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the bending radius from 20 mm to 1 um. Inset are the typical photographs of
transistors adhered on the flat Si substrate, 3D spherical surfaces, and the blade edge,
respectively. g Normalize mobility of the ultraflexible transistor during 30,000
bending cycles. The bending was carried out on a standard 70 gsm printing paper
with a bending radius of ~27 um. h Driving ability of the conformal transistor for the
modulated output current and LED lightness. Inset is the LED control circuit.

the chemical orthogonality with the photoresists®. Most of the commercial
polymer dielectrics are easily dissolved or swelled in organic solvents,
making it hard to compatible with photolithography process’. Here, bene-
fiting from the excellent solvent resistance of QPSU dielectric, the photo-
lithographic 31 x 20 organic transistor array can be fabricated on a 2-inch Si
wafer, peeled and well adhered on human arm as shown in Fig. 6b. The
peeled transistor array shows high transparency that can clearly see the blue
sky and the photolithographic electrode patterns.

In Fig. 6¢, d, a QPSU dielectric transistor array is attached to the back of
an artificial hand without any bubbles, and all the conformal transistors can
well work, with mobility as high as 7.59 cm”> V™' s7/, the threshold voltage as
low as —1V, and the operational voltage down to —4 V. Further, we
compare the device performance with that of the reported conformal
OFETs. As shown in Fig. 6e, our QPSU dielectric conformal device shows
the highest mobility and lowest operational voltage™****”*” (Supplemen-
tary Table 6), showing the promising potential of our conformal transistors
for future wearable electronics.

Further, to show the outstanding advantage of the ultrathin QPSU
dielectric transistor in mechanical stability, the transistor was peeled from a
flat Si substrate, and was respectively adhered onto the 3D spherical surfaces
and the edge of the blade for comparison of performance. As shown in Fig.
6f, the device presents the normal operation with weak mobility changes at
different bending spherical radius from 20 to 4 mm. Even at the bending
radius as low as 0.001 mm at the edge of the blade, the mobility remains
~90% of the initial value. The transistor also presents good mechanical
stability. As shown in Fig. 6g, when the transistor was adhered on the

printing paper and was folded with a bending radius of ~27 um (Supple-
mentary Fig. 19), the mobility changes weakly. Even after 30,000 bending
cycles, the mobility remains 81% of the pristine mobility value.

As a typical example for future potential application, Fig. 6h shows the
ultraflexible transistor adhered to the artificial hand that serves as the driver
of a commercial organic light-emitting diode (OLED). With the changed
gate voltage from —1 to —4 V, the OLED could be well controlled from the
dark state to the lightened states with adjustable brightness. These results
powerfully show the adherence capability of the QPSU dielectric OFETs,
their driver capability in control circuits, and their outstanding advantages
in safe operation and low-power consumption towards long-term imper-
ceptible wearable electronics®.

Discussion

In summary, we propose a novel method to simultaneously achieve low-
voltage operation and high filed-effect mobility of the solution-processed
ultraflexible organic transistor, by introducing a flexible quaternary
ammonium side chain into PSU. The polar side chain is favorable to
enhance the orientation polarization, and the methyl groups surrounding
the nitrogen atom can produce the shielding effect to weaken the surface
polarity. After the side chain incorporation in PSU, the operational voltage
of organic transistor with QPSU dielectric decreases from —40to —3 V,asa
result of the increased dielectric constant from 3.9 to 18.8. The mobility is as
high as 8.28 cm® V™' s at 1 Hz due to the weakened surface polarity by the
increased methyl groups, which is the highest mobility of the reported C8-
BTBT OFETs so far. The thickness of the fabricated QPSU dielectric OFET
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can be as low as 135 nm, which is also in a class of the thinnest thickness of
the reported OFETs. The mass is only ~0.5 g/m’, which is about one order of
magnitude lighter than that of a damselfly wing. The high transistor per-
formance with low-voltage operation, high carrier mobility, good cyclic and
long-term operation stability, combined with its ultrathin and ultralight
characteristics, shows the promising potential of the QPSU dielectric
transistor for the future low-power skin-like wearable electronics. Our
results also open up a strategy for dielectric design of low-voltage, high-
mobility organic transistor devices.

Methods

Materials

Polysulfone (PSU) (Mn = 80,000 g/mol) and C8-BTBT (>99% purity) were
provided by Sigma Aldrich. MeOPSU, MelPSU, Me2PSU, and Me3PSU
(QPSU) were synthesized in our laboratory, and the synthesize routine is
illustrated in the supplementary synthetic methods. PEDOT:PSS solution
(Clevios PH1000) was purchased from Heraeus. Ethylene glycol (EG) and
surface-active agent (Capstone FS-30) were purchased from Sigma Aldrich
and DuPont, respectively. Chlorobenzene, acetone, and N,N-dimethylfor-
mamide were obtained from Beijing Chemical Reagent Co., Ltd. without
further purification.

Fabrication of solution-processed QPSU dielectric OFETs

The Si substrate was cleaned in acetone and isopropanol by sonication for
10 min and subsequently dried by nitrogen. Then, the OTS treatment
proceeded by dipping the Si wafers into OTS solution (OTS: heptane =
1:1000 by volume). Then, the PEDOT:PSS was spin-coated on the OTS-
modified Si substrate at the spinning rate of 6000 rpm for 40 s and heated in
the oven for 30 min to remove the residual water. The obtained PEDOT:PSS
was dipped in the HNO; solution to improve the conductivity for 3 min and
washed by deionized water. 1.28 g QPSU was dissolved in 17 mL N,N-
Dimethylformamide with a solution concentration of 7 wt%. Then, the
mixed solution of QPSU was stirred overnight to form uniform solution.
The solution was spin-coated through a PVDF filter with a diameter of
0.2 um on the PEDOT:PSS film. The QPSU thin film was placed in the
150 °C oven for 2 h to remove the residual solvent. After that, C8-BTBT was
dissolved in chlorobenzene (5mg/mL) at the spinning speeds from
6000 rpm for 40 s on the QPSU dielectric. Finally, 30 nm Au source and
drain electrodes were thermally deposited by vacuum deposition (0.1 A s ™).
The whole flexible polymer dielectric QPSU-based organic transistor was
easily peeled off from Si wafer with the help of 3 M tape. The Me,PSU,
Me,PSU and Me,PSU dielectrics OFETs were also in the same device
fabrication.

ESP of DFT calculation

The quantum chemical calculations were performed using the Gaussian 09
program package. Geometry optimizations for the molecules were modeled
by the Density Function Theory (DFT) code B3LYP with the 6-31 G (d,p)
basis set.

Lithography-compatibility 2-inch transistor

PEDOT:PSS solution was spin-coated on OTS/Si wafer and dipped in
HNO:; solution to improve its conductivity. After that, QPSU solution was
spin-coated on PEDOT:PSS layer and placed in the 150 °C oven for 2 h to
remove the residual solvent. Photoresist AZ5200N] was spin-coated on
QPSU dielectric and exposed to the 365 nm UV light. After that, the pho-
toresist was developed in diluted AZ400K and evaporation Au electrode.
Finally, the residual photoresist was removed by dissolving in acetone
solution, and the C8-BTBT solution was spin-coated on the patterned Au
electrode. The bottom-gate bottom-contact lithography 2-inch transistor
was obtained.

Characterization
Optical microscopy investigation was performed with an Olympus BX51
microscope and a Keyence VHX-5000 (Keyence, Japan). AFM

measurements were performed in the air with a Bruker Dimension Icon
instrument (Bruker, Berlin, Germany). FTIR spectra were obtained by the
Nicolet iS10 (Thermo Scientific). "H NMR spectra were obtained from
Bruker Avance 500 MHz NMR and the deuterated dimethyl sulfoxide
(DMSO-dg) as the solvents. The capacitance of QPSU dielectric was mea-
sured by the IM3590 chemical impedance analyzer (Hioki Electric Co., Ltd)
from 1 Hz to 200 KHz. The out-of-plane and in-plane grazing incidence
X-ray diffraction (GIXRD) was conducted on Rigaku Smart Lab with Cu Ka
source (\ = 1.54056 A) in air.

The electrical characteristics of OFET devices were recorded with a
Keithley 4200 SCS and a Cascade M150 probe station at room temperature
in the air. All the field-effect parameters are calculated with the standard
equation in the saturation regime. The standard equation is

I _.”WCi
6= o

(Vo — V) (1)

Where W (W =100 pm) and L (L = 3500 um) are the channel width and
channel length, respectively. Ci is the capacitance per unit area of QPSU,
which is 185 nF/cm’ at 1 Hz, Ipg is the drain current, and Vs is the gate
voltage. The transfer curves of the QPSU dielectric were measured within
2 seconds, which is consistent with the frequency of the dielectric capaci-
tance, leading to highly reliable mobility results.

Data availability
Additional data related to this paper may be requested from the corre-
sponding authors upon reasonable request.
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