SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED PHYSICS

Completely foldable electronics based
on homojunction polymer transistors and logics

Min Je Kim'", Hwa Sook Ryu”, Yoon Young Choi', Dong Hae Ho', Yoonjoo Lee?,
Ayushi TripathiZ, Jae Hoon Son?, Yeran Lee?, Seunghan Kim?, Moon Sung Kang®*,

Han Young Woo?*, Jeong Ho Cho'*

An increase in the demand for completely foldable electronics has motivated efforts for the development of
conducting polymer electrodes having extraordinary mechanical stability. However, weak physical adhesion at
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intrinsic heterojunctions has been a challenge in foldable electronics. This paper reports the completely foldable
polymer thin-film transistors (PTFTs) and logic gate arrays. Homojunction-based PTFTs were fabricated by selec-
tively doping p-type diketopyrrolopyrrole-based semiconducting polymer films with FeCl; to form source/drain
electrodes. The doping process caused a gradual work function change with depth, which promoted charge
injection to semiconducting regions and provided a low contact resistance. In addition, the interfacial adhesion
inthe PTFTs was improved by interfacial cross-linking between adjacent component layers. The electrical perform-
ance of the resulting PTFTs was maintained without noticeable degradation even after extreme folding, sug-
gesting that the proposed fabrication strategy can further be applied to various semiconducting polymers for the

realization of foldable electronics.

INTRODUCTION

The past decade has witnessed unprecedented advances in deform-
able electronics—from rudimentary flexible devices to bendable,
rollable, and foldable devices—aimed at the satisfaction of increasing
demands for device portability and usability (I-12). Because fold-
able electronics are required to have exceptionally high mechanical
stability, the development of electrical components that can with-
stand extreme environments has become a critical task. Conventional
metallic electrodes, such as copper, aluminum, silver, and gold elec-
trodes, exhibit excellent electrical conductivity, but their rigidity and
brittleness cause the device to be susceptible to interfacial delamination
between device component layers (13-15); this problem hampers their
application to foldable electronics. Conducting polymers, such as
polypyrrole, polyaniline, and poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), have been proposed and widely
used as alternatives to conventional metallic electrodes because of
their mechanical robustness (4, 7, 16, 17). These conducting poly-
mers have several advantages over conducting metals, such as
chemical versatility, flexibility, corrosion resistance, and adjustable
conductivity (4, 7, 17-20). Although conducting polymers are an
excellent platform for foldable electronics, achieving the requisite
mechanical stability of the structure of an electronic device remains
a challenging task. In general, an electronic device is composed of
component layers, i.e., an electrode, semiconductor, and insulator,
stacked on a substrate (21). The adhesion at the interfaces between
these layers is affected by the repeated folding and unfolding of the
device (16, 22, 23). The electrode/semiconductor interface has re-
ceived more attention than the other interfaces because charge
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transport occurs across these layers (24, 25). Therefore, it is crucial
to improve the mechanical stability of the electrode/semiconductor
interface under physical deformation. However, studies conducted
thus far for enhancing this mechanical stability have reached a dead
end. This limitation on further improvement of mechanical stability
is attributed to the widely known intrinsic drawback of the hetero-
junction interface between the electrode layer and the semiconduc-
tor layer (26, 27), whereby the quality of the interface itself depends
solely on the strength of the physical adhesion. From this viewpoint,
a homojunction is highly advantageous in that it makes the inter-
face more stable and, consequently, more durable under extreme
strain conditions such as folding (28, 29).

Here, we present a simple fabrication method for homojunction-
based completely foldable polymer thin-film transistors (PTFTs) and
logic gate arrays. The properties of the interface between the electri-
cal components of a device should be improved to ensure durability
of the device under extreme strain (e.g., folding) conditions. Here,
the selective doping of the semiconducting polymer layer enables the
successful formation of a homojunction between the semiconductor
and the electrode as an alternative to existing heterojunction-based
devices; this homojunction consequently improves the mechanical
stability of the PTFTs. In addition, work function changes (with depth)
in the doped regions as induced by the sequential doping promote
efficient charge injection to (or from) the semiconducting region,
and consequently, the contact resistance of the fabricated doped-
semiconductor-based PTFTs is comparable to that of Au-electrode-
based PTFTs, although the electrical conductivity and work function
of the former are lower than those of the latter. Poor adhesion at the
various component layer interfaces (e.g., the semiconductor/substrate
and semiconductor/dielectric interfaces) is also remarkably improved
by the interfacial cross-linking that occurs alongside the cross-linking
within each layer, as is confirmed from the unchanged key parame-
ters of the homojunction PTFTs; specifically, the carrier mobility,
on-off current ratio, and turn-on voltage all show negligible degra-
dation even after 2000 cycles of extreme bending strain. We believe
that these foldable PTFTs and logic gates will drive innovation in
industries related to foldable electronics.
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RESULTS

Fabrication of completely foldable homojunction PTFTs
Figure 1A shows a schematic illustration of the concept of com-
pletely foldable PTFTs. For a foldable device to be able to operate
stably over its expected lifetime of 5 years, it must endure 200,000
folding cycles (30); this requirement necessitates a completely fold-
able transistor backplane. The photographic image in the bottom-
left corner of Fig. 1A shows the fabricated foldable transistor array.
The factor that most severely hampers the achievement of this level
of mechanical stability is the poor adhesion at the interfaces be-
tween the electrical components (the semiconductor, dielectric, and
source/drain and gate electrodes) constituting the foldable transis-
tor (16, 23, 27). The enhancement of the adhesion strength at inter-
faces is a great challenge to the realization of completely foldable
electronic devices. Interfacial adhesion can be enhanced by the
selective doping of the organic semiconductor (OSC) layer to in-
duce the semiconductor-to-conductor transition for the realization
of the source/drain polymer electrodes, which form a homojunc-
tion with the semiconducting channel in a PTFT architecture. In-
terfacial adhesion can be enhanced by the following two strategies,
also illustrated in Fig. 1B. One is the selective doping of the OSC
layer to form a homojunction between the semiconducting channel
and the source/drain electrodes in a PTFT. In addition to forming
the homojunction, this strategy induces a gradual change in the
work function with depth, thereby promoting charge injection
between the semiconducting layer and the source/drain electrode
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layer; this is discussed in detail later in the paper. The other strategy
for achieving the desirable mechanical properties of foldable electron-
ics is interfacial cross-linking. The fabrication procedure of a com-
pletely foldable PTFT on a 12-um-thick polyethylene terephthalate
(PET) substrate is illustrated in Fig. 1C. First, a semiconductor film
based on poly[2,5-(2-decyltetradecyl)-3,6-diketopyrrolopyrrole-alt-5,
5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] (PDPPT-TT) was
patterned on a PET substrate using ethylene 1,2-bis(4-azido-2,3,5,6-
tetrafluorobenzoate) as a photocrosslinker (chemical structure as
shown in fig. S1A) (3, 31); this film functioned as both the semicon-
ducting channel and the source/drain electrodes. Specifically, a
mixture solution of PDPPT-TT and azide cross-linker in chloro-
benzene (CB) was spin-coated onto the substrate and then selec-
tively exposed to 254-nm ultraviolet (UV) light through a shadow
mask. The cross-linking reaction in the presence of the azide cross-
linker was confirmed by Fourier transform infrared spectroscopy;
the characteristic vibration peak of the azide group (2125 cm™") dis-
appeared completely after UV exposure, as shown in fig. S1B. The
unexposed area was then removed by rinsing with CB solvent, which
yielded a photopatterned PDPPT-TT layer. In the second step, the gate
dielectric layer was formed via the photopatterning of a poly(methyl
methacrylate) (PMMA) layer onto the patterned PDPPT-TT layer
using azide cross-linker by the above-described method. Subse-
quently, the PDPPT-TT:azide cross-linker film was spin-coated and
photopatterned onto the PMMA pattern. The detailed fabrica-
tion procedures of the completely foldable PTFTs are described in
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Fig. 1. Concept and fabrication of completely foldable homojunction PTFTs. (A) Schematic illustration and photographic image of completely foldable PTFT. (B) Two
strategies for fabrication of completely foldable PTFTs. S/D/G, source/drain/gate. (C) Fabrication procedure of homojunction PTFTs.
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Materials and Methods. Azide cross-linker not only induced a cross-
linking reaction within the semiconducting or dielectric layer but
also notably improved the interfacial adhesion by inducing inter-
facial cross-linking reactions between adjacent layers, i.e., at the
substrate/OSC, OSC/PMMA, and PMMA/OSC interfaces (details
provided below). Sequential doping was performed by coating FeCl;
solution (in acetonitrile) onto the patterned PET/OSC/PMMA/OSC
multilayer structure to selectively p-dope the PDPPT-TT source,
drain, and gate electrode regions simultaneously (32, 33). It should
be noted that the capacitive property of the cross-linked PMMA
was not affected by exposure to FeCls, presumably because the
overcoated PDPPT-TT layer minimized the diffusion of FeCl; into
the underlying PMMA layer (fig. S2). In addition, 10 weight % (wt %)
azide cross-linker was used to pattern PMMA, which is twice the
amount used for cross-linking the polymer semiconductor (5 wt %).
This reduced the free volume of the cross-linked PMMA layer and
prevented the penetration of the dopant into the PMMA layer.
The described patterning and FeCl; doping processes enabled the
successful fabrication of all three electrodes (source, drain, and gate
electrodes) simultaneously. Optical microscopy (OM) images of
the PTFT in each fabrication step are shown in the lower panel
of Fig. 1C.

Characterization of FeCl;-doped semiconducting polymers

High mobility and high electrical conductivity should be the key
considerations in the selection of an OSC material for the fabrica-
tion of homojunction PTFTs because these factors play a crucial
role in the performance of the semiconducting channel and the
source/drain electrodes (3, 34, 35). Diketopyrrolopyrrole (DPP)-
based polymers are promising candidates for this purpose because
of their high charge carrier mobility; specifically, the highly planar
structure of a bicyclic lactam ring results in good molecular order-
ing with efficient charge transport (1, 5, 36, 37). DPP-based poly-
mers have been reported to show high hole mobilities exceeding
1cm® V™' s and an interconnected nanofibrillar morphology with
an edge-on orientation (36-38). Furthermore, high electrical con-
ductivity can be achieved when provided with sufficient charge car-
rier concentration together with high carrier mobility. DPP-based
polymers have been reported to show an electrical conductivity of
50 to 100 S cm™ upon doping (19, 39). To take advantage of such
excellent electrical properties, we selected a p-type m-conjugated
polymer, PDPPT-TT, to prepare the semiconducting layer and the
source/drain electrodes of the homojunction PTFTs. Figure 2A
shows the molecular structure of PDPPT-TT. It was synthesized with
a number-average molecular weight of 100 kDa by a modified ver-
sion of a previously reported synthesis procedure (36, 40). In the
doping process, PDPPT-TT (~50 nm thick) films were prepared on
glass substrates via spin-coating from chloroform solutions (5 mg ml™).
Then, the pristine PDPPT-TT films were preannealed at 100°C for
10 min before doping. FeCls; dopant solution in acetonitrile was
coated onto the polymer film by spin-coating. Acetonitrile is a se-
miorthogonal solvent in which a precast polymer film does not dis-
solve but rather expands, which enables the dopant to penetrate the
film without disturbing the ordered polymer packing. The doping
level was fine-tuned by optimizing the dopant concentration (0 to
50 mM). Upon doping, FeCl; removed electrons from the semicon-
ducting polymer to generate positive charge carriers (i.e., positive
polarons and bipolarons) along the polymer backbone, which
caused the electrical conductivity to improve by several orders of
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magnitude (fig. S3) (32, 33, 41). The doping process was confirmed
by the acquisition of UV-Vis absorption spectra of the PDPPT-TT film
under variation of the concentration of the dopant solution (Fig. 2B).
The absorption at A, = 811 nm corresponding to a bandgap tran-
sition decreased gradually as the dopant concentration increased
from 0 to 50 mM. Simultaneously, a broad peak corresponding
to mid-gap transitions appeared in the near-infrared (NIR) range
over 900 nm, which indicated the generation of polaronic and bipo-
laronic species. The UV-Vis data therefore demonstrate that the
doping level and the resulting conductivity can be controlled by the
adjustment of the FeCl; concentration. The electrical conductivity
of the p-doped PDPPT-TT as a function of [FeCl;] was measured by
the four-point probe method, as shown in Fig. 2C. As the dopant
concentration increased, the electrical conductivity increased from
2.2 x 107° (before doping) to 97.0 (£3.8) S cm™! at [FeCls] of 50 mM.
This increase in electrical conductivity via doping was also reflected
in the electrical properties of the PTFTs: Transfer characteristics
(fig. S4A), hole mobility (fig. S4B), and output characteristics were
improved as dopant concentration increased (fig. S5).

The doped PDPPT-TT films with various concentrations of the
dopant (FeCls) were additionally analyzed by grazing-incidence
wide-angle x-ray scattering (GIWAXS) and atomic force microscopy
(AFM) to investigate their morphological changes. Sequential dop-
ing has a great advantage over typical dopant mixing in that it min-
imizes the disruption of the structure of a crystalline film (42, 43).
Figure 2D and fig. S6 present the GIWAXS images of PDPPT-TT
films doped with various concentrations of FeCl; {i.e., [FeCl3] = 0
(pristine), 10, 30, and 50 mM}. The GIWAXS patterns of all the
films showed ordered lamellar peaks in the out-of-plane (OOP)
direction and a m-n stacking peak in the in-plane (IP) direction,
which indicates that the PDPPT-TT film had an edge-on orienta-
tion. Figure 2E shows Gaussian-fitted line-cut profiles of the doped
PDPPT-TT films. The lamellar spacing and n-r stacking distances
did not show any noticeable changes with an increase in [FeCl3] up
to 30 mM. This suggests that the dopant mainly penetrated into the
amorphous region, and the resulting dopant anions (FeCl,") were
located mainly near the alkyl side chains; that is, the dopant did not
disturb the crystalline polymer packing (fig. S7). At [FeCl;] = 50 mM,
slight increases in the lamellar spacing (from 23.92 to 24.54 A) and
n-m stacking distance (from 3.76 to 3.85 A) were observed (Fig. 2F), but
the strong packing structure of the films was still maintained. The
detailed packing parameters of the films as extracted from the
GIWAXS measurements are listed in table S1. The morphology of
the polymer films at various dopant concentrations was visualized
by AFM, as shown in fig. S8. The AFM images indicated that an
increase in the dopant concentration did not affect the morphology
of the films much.

The effect of p-doping on the PDPPT-TT film was further con-
firmed via the measurement of the surface potential (Vcpp) of the
semiconducting polymer films with various dopant concentrations
by Kelvin probe force microscopy (KPFM). Vcpp of the doped
PDPPT-TT films gradually decreased with increasing [FeCls], as
indicated by the gradual darkening of the KPFM mapping images in
the upper panel of Fig. 2G. In detail, the Gaussian-fitted distribu-
tion of the Vcpp values (lower panel of Fig. 2G) revealed that Vpp
of the pristine film was —0.04 V whereas that of the doped film
([FeCls] = 50 mM) was —0.38 V. Figure 2H shows the work function
of the PDPPT-TT films as a function of [FeCl;]. The work function
(Wppppr.T) Of the doped films as calculated using the equation
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Fig. 2. Characterization of FeCl;-doped PDPPT-TT. (A) Chemical structure of PDPPT-TT. (B) UV-Vis absorption spectra of PDPPT-TT films at various [FeCls]. a.u., arbitrary
units. (C) Electrical conductivity of doped PDPPT-TT films as a function of [FeCls]. (D) GIWAXS patterns of PDPPT-TT films doped with various concentrations of FeCls.
(E) Line-cut profiles of doped PDPPT-TT films along the OOP and IP directions as a function of [FeCls]. (F) Lamellar spacing determined from OOP (300) peak and - stacking
distance determined from IP (010) peak for PDPPT-TT films as a function of doping concentration. (G) KPFM images and histograms of surface potentials for PDPPT-TT
films doped with various concentrations of FeCls. (H) Work function of surface of doped PDPPT-TT film as a function of [FeCls] (extracted from Vcpp). (I) TOF-SIMS three-
dimensional tomography images of doped PDPPT-TT films at various doping concentrations. (J) TOF-SIMS depth profiles (ratio of FeCl, ™ ions to C” ions) of PDPPT-TT films
with various dopant concentrations as a function of sputtering time. (K) Schematic illustration of gradient injection of carriers for selectively doped PDPPT-TT films.

eVepp = Wprobe — Wepppr-TT, Where Wb is the work function of
the probe tip, showed a notable increase of 0.34 eV (i.e., from
4.84 to 5.18 eV) with an increase in [FeCl3] from 0 to 50 mM. The
diffusion of the FeCl; dopant into the PDPPT-TT film was investi-
gated by time-of-flight secondary ion mass spectrometry (TOF-SIMS).
As illustrated in Fig. 21 and fig. S9, at a low FeCl; concentration, its
ions were unevenly distributed throughout the entire polymer film,
and they remained mainly near the surface; in contrast, when the
FeCl3 concentration was high, its ions diffused into the polymer
film to a sufficient depth and reached its inner part. The TOF-SIMS
depth profile was quantitatively illustrated by plotting the ratio of
FeCl, to C ions at various dopant concentrations as a function of
the sputtering time, as shown in Fig. 2J. The ion ratio on the surface
of the PDPPT-TT film doped with 1 mM FeCl; was almost identical
to that at the bottom of the film doped with 50 mM FeCls, which
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indicates that the work function of the latter film gradually de-
creased from 5.18 to 4.84 eV with an increase in its depth. The gradual
change in the work function with the depth in the doped PDPPT-
TT film indicates that the highest occupied molecular orbital (HOMO)
level bent gradually to align the Fermi level of the upper layer of the
electrode with the Fermi level of the semiconductor region (fig. S10).
The HOMO level at a sufficient depth in the doped region eventu-
ally reached that of the undoped semiconductor region (-5.38 eV,
as shown in fig. S11); this consequently caused an enhancement in
the efficiency of hole injection into the semiconductor (Fig. 2K).
These analysis results suggest that by inducing a gradual change in
the work function via the simple sequential doping process, we can
fabricate an electrode whose performance is comparable to that of
the conventional Au electrode, although its electrical conductivity
and work function are lower than that of Au.
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Electrical properties of completely foldable homojunction
PTFTs and logic circuits

The electrical characteristics of the homojunction p-doped PTFT
fabricated as described above were investigated to confirm its func-
tion as an electrode. Figure 3A shows representative transfer
characteristics [drain current (Ip) versus gate voltage (V)] of the
PTFT at a fixed drain voltage (Vp) of —60 V. The device exhibited
hole-dominant transport behavior. Moreover, negligible current
hysteresis was observed between the forward and reverse sweeps
because of low charge trap densities at the PDPPT-TT/PMMA in-
terface. Figure 3B shows representative output characteristics (Ip-
Vp) of the PTFT at various V. The device showed reasonable gate
modulation in both the linear regime (at low Vp) and the saturation
regime (at high Vp). The electrical properties, i.e., hole mobility (),
on-off current ratio (Ion/Iofr), and turn-on voltage (V,y), of a total of
36 PTFTs are summarized in Fig. 3C. The p value of the PTFTs

was calculated in the saturation regime according to the equation
Ip = Cspu-W-(V — VTH)Z/ZL (44, 45), where Cs is the specific capac-
itance of the cross-linked PMMA gate dielectric (5 nF cm™2), Vg is
the threshold voltage, W is the channel width (1000 um), and L
is the channel length (100 pm). The average p value was 0.71 (+0.12)
cm? Vsl the average Vo, was +10.1 (£2.0) V, and the average
Ion/Logt was 6.5 (+1.1) x 10°. It should be noted that the electrical
properties of the homojunction PTFTs were comparable to those of
PTFTs with a Au contact (fig. S12).

The contact properties of the PDPPT-TT TFTs were investigat-
ed by measuring their channel length-dependent resistance by the
transmission line method (46). Figure 3D shows a schematic of a
PTFT with a Au metal contact (top) and a PTFT with a FeCl;-doped
polymer contact (bottom). The channel length was varied from
30 to 180 um, whereas the channel width was fixed at 1000 um.
Figure 3E shows a comparison of the width-normalized total resistance
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Fig. 3. Electrical properties of homojunction PTFTs. (A) Transfer characteristics and (B) output characteristics of homojunction PDPPT-TT TFTs. (C) Histograms of hole
mobility (top), turn-on voltage (middle), and on-off current ratio (bottom) of total 36 PDPPT-TT TFTs. (D) Schematic illustration of device structure of PTFTs with conven-
tional Au contact (top) and FeCls;-doped polymer contact (bottom). (E) Comparison of width-normalized total resistance (RfW) of Au contact and FeCls-doped polymer
contact in the Vg range of —10 to —50 V. (F) Width-normalized contact resistance (RcW) as a function of V. (G) Ambient stability of PTFTs as a function of exposure time.
(H) Electrical conductivity of various semiconducting polymers doped with 10 to 50 mM FeCls.

Kim et al., Sci. Adv. 2021; 7 : eabg8169 18 August 2021

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

(RTW) of the Au contact and the FeCls;-doped polymer contact
measured in the Vg range of —10 to —50 V. The contact resistance
(Rc) values were determined from the zero-length intersection of
the linear fit of Ry W, which can be expressed as RcyL + RcW (where
Rt is the total resistance and Rcy is the resistance of the semicon-
ducting channel). The width-normalized contact resistance (RcW)
was plotted as a function of Vg, as shown in Fig. 3F. As V increased
from —10 to —50 V, the RcW of the PTFTs decreased from 38.4 to
0.7 kilohm cm. It should be noted that in the same Vg range, these
values were comparable to those of a typical Au-contact transistor.
This comparable contact resistance of the PDPPT-TT electrode, de-
spite its conductivity and work function being lower than those of
the Au electrode, is ascribed to the promoted charge injection from
the source/drain electrodes to the semiconducting channel result-
ing from the change in the work function with depth (in the doped
PDPPT-TT electrode), as discussed earlier. The ambient stability of
the PTFTs was also evaluated. As shown in Fig. 3G, both the u and
the Ion/Iof showed a negligible change even after 1000 hours of ex-
posure to air; this result confirms the stability of the devices in the
ambient environment. We presume that the high stability of the de-
vices is probably due to the hindered diffusion of oxygen and water
molecules in the cross-linked polymer films and the geometry of
PTFTs that encapsulates the semiconducting channel areas. The
formation of high-performance electrodes through selective doping
could further be extended to various polymer semiconductors (see
figs. S13 to S15 and table S2) (33, 41, 47). Figure 3H shows the elec-
trical conductivity of various semiconducting polymers doped with
10 to 50 mM FeCls. All five polymers showed electrical conductivity
in the range of 15 to 119 S cm ™. Figures S16 and S17 show the rep-
resentative transfer curves and output curves, respectively, of the
homojunction PTFTs with the semiconducting polymers at a fixed
Vp of =60 V. Table 1 summarizes their corresponding electrical
properties. It can be concluded from these results that the approach
of selective doping for forming a homojunction is generally applica-
ble to various polymer semiconductors.

The electrical characteristics of the PDPPT-TT-based TFT ar-
rays under extreme bending conditions are shown in Fig. 4, which
demonstrate their excellent mechanical stability under these condi-
tions. Specifically, Fig. 4A shows a series of transfer characteristics
of a PTFT under different bending strains. The negligible variation
in the transfer curves indicates the excellent mechanical stability of
the device even after bending at the minimum bending radius of
0.01 mm (the minimum bending radius was confirmed by scanning
electron microscopy analysis, as shown in fig. S18). Representative
device parameters of the PTFTs, including 1, Vop, and Ion/ILog, were
extracted from the transfer curves and plotted as a function of the

bending radius (Fig. 4B). All three parameters remained almost in-
variant under extreme bending conditions (bending radius = 0.01 mm):
Under the bending conditions, g was 0.78 cem? Vs Ton/ Lo
was 3.2 x 10°, and V,, was +13.4 V (compared to the values of
0.81 cm®* V1571, 3.3 x 10%, and + 9.8 V, respectively, under the un-
bent condition). Figure 4C shows photographic images of a PTFT
folded parallelly and perpendicularly with respect to the semicon-
ducting channel. The Ip-Vg curves of the device were almost the
same for both the folding directions (Fig. 4D). A folding cycle test
was also performed to confirm the durability of the PTFTSs. As seen
in Fig. 4E, there was no noticeable degradation in the electrical
properties of the PTFTs up to 2000 folding cycles (the bending radius
was 0.01 mm in both folding directions). On the other hand, in the
cases of PEDOT:PSS and Au electrode-based PTFTs that have
heterojunction interfaces, notable degradations in electrical proper-
ties were observed under the same folding conditions, as shown in
fig. S19.

From the above discussion, we hypothesized that this excellent
mechanical stability of the devices was attributable to a combination
of formation of the homojunction at the electrode/semiconductor
interface and the enhanced interfacial adhesion resulting from
azide cross-linking. To verify this hypothesis, we performed strain-
stress measurements of various polymer films by the film-on-water
(FOW) method and a peel test (48-50). Figure 4F and fig. S20 show
the setup of the FOW test, which enables determining the stress-
strain relationship of a pseudo-freestanding polymer thin film floated
onto water with high surface tension. Three different samples were
tested by this method: (i) a PDPPT-TT film doped with FeCl;
(which contained the homojunction included in the PTFT arrays),
(ii) a PDPPT-TT film deposited with Au (which contained the hetero-
junction included in a typical PTFT with metal electrodes), and
(iii) a PDPPT-TT film deposited with a PEDOT:PSS layer to form a
polymer-polymer heterojunction. In all three samples, the thick-
ness of the PDPPT-TT layer was fixed at 200 nm. Figure 4G shows
the stress-strain relationships of these films measured at a strain
rate of 0.5 mm min~". The tensile modulus of the doped PDPPT-TT
film as estimated from the slope of the curve was around 17 times
smaller than that of the Au-deposited PDPPT-TT film, which is
preferred for deformable devices. The elastic limit and tensile mod-
ulus of the films are plotted in Fig. 4H. The elastic limit of the doped
PDPPT-TT film could be extended up to a strain of 6.4%, which is
higher than the fracture limit of the Au-deposited film (strain of
2.0%; this film was brittle, and no clear transition from the elastic
region to the plastic region under tensile stress was observed). These
results support the potential of the approach of forming a homo-
junction between an electrode and a semiconductor for the reliable

Table 1. Summary of electrical characteristics of homojunction PTFTs.

Semiconductor n(em?v's™)

Von (V)

0.71 (x0.12)

+10.1 (+2.0)

PPDT2FBT
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0.33 (+0.08) 1.2 (£0.4)x 10°

+39.8 (+8.1)
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Fig. 4. Mechanical stability of homojunction PTFTs. (A) Transfer characteristics of PTFTs at various bending radii (flat, 10, 7, 5, 3, 1, 0.1, and 0.01 mm). (B) Electrical
parameters of PTFTs as a function of bending radius. (C) Photographic images of PTFT folded parallelly and perpendicularly with respect to semiconducting channel.
Photo credit: M. J. Kim (Department of Chemical and Biomolecular Engineering, Yonsei University). (D) Transfer characteristics of PTFTs folded in parallel and perpendicular
directions. (E) Hole mobility of PTFTs as a function of folding cycles. (F) Schematic illustration of FOW test. (G) Stress-strain curves and (H) elastic limit and tensile modulus
of three different film samples with homojunction and heterojunction contacts. (I) Schematic illustration of peel test of cross-linked and un-cross-linked polymer films on

PET substrates. (J) OM images of surface of each polymer film after removal of Pl tape.

mechanical deformation of electronic devices vis-a-vis the mechan-
ical deformation achievable for devices containing the conventional
metal-polymer heterojunction. The values of the tensile modulus
and elastic limit achieved for the doped PDPPT-TT film with the
homojunction are more suitable for obtaining reliable deformation
than those achieved for the PDPPT-TT film deposited with the
PEDOT:PSS layer to form a polymer-polymer heterojunction (data
in red). Overall, we conclude that the formation of a homojunction
between the electrode and the semiconductor plays an important
role in enhancing device stability under mechanical deformation.
A peel test was also performed to verify the effect of cross-linking
on the interfacial adhesion. Figure 4I shows a schematic illustration
of the peel test, in which the adhesion of cross-linked and un-cross-
linked PDPPT-TT polymer films with azide cross-linker on PET
substrates was compared. To quantify adhesion property, universal
testing machine measurements were conducted while peeling off the
polymer film (14 mm x 30 mm) prepared on a PET substrate at an

Kim et al., Sci. Adv. 2021; 7 : eabg8169 18 August 2021

extension rate of 0.5 mm s (fig. S21). The un-cross-linked poly-
mer film started to peel completely from the PET substrate at a peel
strength of 0.8 N/14 mm. On the other hand, the cross-linked poly-
mer film did not peel even at the peel strength of 1.57 N/14 mm,
which corresponds to the maximum peeling extension (30 mm) in
our measurement system. Figure 4] shows OM images of the sur-
face of each polymer film after removal of the polyimide (PI) tape.
As can be seen from the images, the un-cross-linked polymer film
was entirely removed when the PI tape was peeled off, whereas the
cross-linked polymer film remained on the substrate because of the
strong adhesion at the interface. These results visually demonstrate
that the adhesion between the adjacent layers is enhanced via inter-
facial cross-linking, which is expected to be another important factor
enhancing the mechanical stability and durability of foldable devices
under bending.

Figure 5 shows various logic gates (NOT, NAND, and NOR)
fabricated using the homojunction PTFTs. Figure 5A shows an OM
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Fig. 5. Electrical characteristics of logic circuits. (A) OM image and corresponding schematic circuit diagram of logic circuit for NOT logic gate. GND, ground. (B) Voltage
transfer curves (left) and signal inverter gain (right) of NOT gate. (C) OM image and corresponding schematic circuit diagrams of logic circuits for NAND and NOR
logic gates. (D) Four possible logic combinations: (0, 0), (1, 0), (0, 1), and (1, 1). (E) Output voltages of NAND and NOR gates for the four logic combinations in (D).

image and the corresponding schematic circuit diagram of the logic
circuit for the NOT logic gate, which is composed of two PTFTSs in
series and has a shared output terminal. Figure 5B shows the voltage
transfer characteristics of the NOT logic gate at various applied voltages
(Vpp = 10, 20, 30, 40, and 50 V). The NOT gate showed a typical
signal inversion, yielding the logic state “1” for Vour (Vour = Vop)
when the input voltage was in the logic state “0” (Viy = 0 V). Con-
versely, the NOT gate yielded the logic state “0” at a higher Vix. The
right panel of Fig. 5B shows the calculated signal inverter gain of the
NOT logic gate, which is defined as |dVour/dVin|. The signal in-
verter gain of the NOT logic gate was determined to be approxi-
mately 7.59 at Vpp = 50 V. OM images and the corresponding
schematic circuit diagrams of the logic circuits for the NAND and
NOR logic gates composed of PTFTs are shown in Fig. 5C. The NAND
logic gate is composed of three PTFTs in series, and the NOR logic
gate is composed of three PTFTs, two of which are in parallel and
connected with the third one in series. Figure 5D shows four possi-
ble input logic combinations [(0,0), (1,0), (0,1), and (1,1)] of the two
input signals applied to the NAND and NOR logic gates to induce a
logic function. The two input voltages (Vin: Va and V3) were
switched from 0 to 50 V at Vpp =50 V. Figure 5E shows Vour of the
NAND and NOR logic gates for the four different logic combina-
tions applied using the two Viy values. The NAND logic gate yielded
the logic state “0” for the input logic combination (1,1) and the log-
ic state “1” for the other three input logic combinations [(0,0), (1,0),
and (0,1)]. In contrast, the NOR logic gate yielded the logic state “1”
for the input logic combination (0,0) and the logic state “0” for the
other three input logic combinations [(1,0), (0,1), and (1,1)]. In ad-
dition, the electrical properties of logic circuits were also measured
under repeated folding conditions (figs. S22 and S23). No recogniz-
able degradation in the device performance was measured even
after up to 2000 folding cycles at an extreme bending radius of
0.01 mm. These experimental results clearly confirm that the NOT,
NAND, and NOR logic gates could yield appropriate logic states
corresponding to the applied input voltages not only under an un-
folded condition but also after repeated foldings.
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DISCUSSION

In summary, we successfully fabricated completely foldable homo-
junction PTFTs by selectively doping a semiconducting polymer film
and inducing interfacial cross-linking between adjacent electrical
layers. The selective doping process enabled the formation of a
homojunction between the semiconducting channel and the source/
drain electrodes and therefore enhanced the mechanical stability of
the device. The induced cross-linking reaction at the interfaces
further improved the mechanical stability. The selective doping also
induced a gradual change in the work function with the depth in the
electrode region, which contributed to effective charge injection into
the semiconductor region. No noticeable degradation in the electrical
performance of the resulting PTFT's was observed even after 2000 fold-
ing cycles, and superior mechanical stability was confirmed by the
FOW and peel tests, compared to conventional PTFTs with metal
electrodes. Last, the operation of NOT, NAND, and NOR logic gates
composed of the homojunction PTFTs was successfully demon-
strated. The concept of doped semiconducting polymer-based homo-
junction devices presented in this paper is expected to open up new
avenues in completely foldable electronics.

MATERIALS AND METHODS

Fabrication of completely foldable PTFTs array

A cleaned 12-um-thick PET film (Teijin DuPont Films, Mylar 800)
by ultrasonication in acetone, isopropanol, and deionized water in
sequence for 10 min each was used as a substrate. A glass substrate
coated with a 100-um-thick poly(dimethylsiloxane) (PDMS) (Dow
Corning, Sylgard 184) film was used as a supporting carrier sub-
strate for easy handling of the PET substrate. Azide cross-linker
(5 wt %) was added to the PDPPT-TT solution, which was prepared
by dissolving PDPPT-TT in anhydrous CB at a concentration of
5 mg ml™". The bottom layer (semiconductor and electrode area) was
deposited by spin-coating the mixture solution of PDPPT-TT and
azide cross-linker onto the PET substrate at 1000 rpm for 30 s inside
a glovebox. The thickness of the resulting polymer film was 52 nm.
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Then, the polymer film was exposed to a UV light (wavelength, 254 nm;
power, 1000 W cm™") for 30 s through a shadow mask. After cross-
linking, the un—cross-linked area was removed by rinsing with CB
solvent, and then the cross-linked polymer film was stored in a
glovebox for 4 hours to remove residual solvent. To form a gate
dielectric, a mixture solution of PMMA (M,: 120 kDa; Sigma-
Aldrich):azide cross-linker (90:10 wt % in n-butyl acetate, 70 mg ml™")
was spin-coated at 1000 rpm for 1 min followed by sintering in a
vacuum oven at 80°C for 6 hours. The thickness of the cross-linked
PMMA film was 492 nm. Then, the polymer gate electrode was fabri-
cated by spin-coating the mixture solution of PDPPT-TT and azide
onto the cross-linked PMMA layer. The cross-linking of gate dielectric
and gate electrode was performed by following the same cross-linking
method as described above. Subsequently, a sequential doping of
FeCl; was performed by spin-coating a 50 mM FeCls solution in
acetonitrile at 2500 rpm for 30 s. Last, the polymer film was dried in
a glovebox at 80°C for 1 min. The electrical properties of the PTFT's
were measured at room temperature in the dark using a Keithley
4200 semiconductor characterization system.

Characterization

The specific capacitance of the polymer gate dielectric was measured
using the Agilent E-4980a inductance-capacitance-resistance (LCR)
meter in the frequency range of 100 Hz to 1 MHz. UV-Vis absorption
spectra were recorded using the JASCO V-630 spectrophotometer
and Cary 6000i UV-Vis-NIR bundle (G9826A). Cyclic voltammetry
was obtained using a VersaSTAT3 with a three-electrode cell (plat-
inum electrode coated with an OSC film as a working electrode, plat-
inum wire as a counter electrode, and Ag/Ag" electrode as a reference
electrode) in 0.1 M tetrabutylammonium tetrafluoroborate in ace-
tonitrile at a scan rate of 0.05 V s™'. The electrical conductivity of the
doped polymer films was measured by the four-point probe method
(Keithley 2634B). The distribution of FeCl; in the PDPPT-TT film
was confirmed by TOF-SIMS (ION-TOF, Germany). Bi** (30 keV)
was used as the primary ion source in TOF-SIMS. The analysis area
was 100 pm x 100 pm. Sputter etching of the FeCl;-doped PDPPT-
TT film was performed using an Ar gas cluster ion beam with an
accelerating voltage of 2.5 keV. KPFM and tapping-mode AFM mea-
surements were performed using the Park Systems NX10 atomic force
microscope under ambient conditions. The packing structure of the semi-
conducting polymer films was investigated by GIWAXS at the 9A beam-
line at the Pohang Light Source II, Republic of Korea. The stress-strain
curves of the films were obtained by the FOW method using a force gauge
(M5-012, Mark-10, USA) and a force measurement test stand (ESM303,
Mark-10, USA) at a strain rate of 0.5 mm min . An adhesive PDMS
layer was exploited to hold the film while applying tensile stress.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabg8169/DC1
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