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and limited applications because of rela-
tively large optical bandgaps and moderate 
level of charge mobility. Low bandgap 
polymers[8–13] based on donor–acceptor 
monomers, such as poly([2,6′-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,3-b]
dithiophene]{3-fluoro-2[(2-ethylhexyl)
carbonyl]thieno[3,4-b]thiophenediyl}) 
(PTB7-th) and poly[N-9′-heptadecanyl-2,7-
carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT), showed 
remarkable device performance through 
their broad absorption wavelength. How-
ever, their inferior charge mobility due to 
amorphous properties is a limiting factor 
for applications. In order to broaden the 
application of organic electronics espe-
cially for photodetectors and organic pho-
tovoltaics, new approaches, rather than 
synthesizing new materials, for inducing 
polymeric films having high charge 
mobility as well as wide range of absorp-
tion wavelength are highly required.

Several approaches were suggested 
to resolve these issues such as using 

additives,[14] UV irradiation,[15,16] solution aging[17] to induce 
polymer aggregates in solution states or thermal,[18] solvent[19] 
annealing in film states to increase crystallinity of polymers. 
In addition to such conventional approaches, meniscus-guided 
deposition[20–24] of polymers showed a high degree of morpho-
logical control based on directed assembly and evaporation con-
trol of polymers in solution states. However, all the approaches 
are mostly effective for in-plane charge transport, i.e., charge 

The morphology of conjugated polymers has critical influences on electronic 
and optical properties of optoelectronic devices. Even though lots of techniques 
and methods are suggested to control the morphology of polymers, very 
few studies have been performed inducing high charge transport along 
out-of-plane direction. In this study, the self-assembly of homo- and blended 
conjugated polymers which are confined in nanostructures is utilized. The 
resulting structures lead to high charge mobility along vertical direction 
for both homo- and blended conjugated polymers. Both semicrystalline 
and amorphous polymers show highly increased population of face-on 
crystallite despite intrinsic crystallinity of polymers. They result in more than 
two orders of magnitude enhanced charge mobility along vertical direction 
revealed by nanoscale conductive scanning force microscopy and macroscale 
IV characteristic measurements. Moreover, blends of semicrystalline and 
amorphous polymers, which are known to show inferior optical and electrical 
properties due to their structural incompatibility, are formed into harmonious 
states by this approach. Assembly of blends of semicrystalline and amorphous 
polymers under nanoconfinement shows charge mobility in out-of-plane 
direction of 0.73 cm2 V−1 s−1 with wide range of absorption wavelength from 
300 to 750 nm demonstrating the synergistic effects of two different polymers.
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Development of organic electronics was led by synthesizing 
new materials having various electrical, optical, and structural 
properties from the polythiophenes to donor–acceptor mon-
omer based low bandgap polymers. Polythiophens,[1–7] most 
widely studied materials, have shown enormous possibilities 
and various application due to their ease of processing and 
relatively higher charge mobility based on their semicrystalline 
properties. However, they suffer from low device performances 
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transport parallel to the substrate. There is a lack of versatile 
and effective methods to control morphology for out-of-plane 
charge transport, i.e., charge transport vertical to the substrate.

Anodized aluminum oxide (AAO)[25–30] or silicon[31–37] tem-
plates based nanostructuring of poly(3-hexylthiophene-2,5-diyl) 
(P3HT) showed enhanced charge transport along vertical direction 
due to an alignment of polymers provided by capillary forces and/
or their interaction with the walls of the template nanostructures. 
However, often high temperature or pressure is required to infil-
trate polymers into nanostructures under rubbery or melted states. 
In addition, strong acid or base treatments are needed to remove 
the nanotemplate. Therefore, it is difficult to apply the Si or AAO 
template based nanostructuring approach to a variety of materials.

Guided self-assembly of polymers via nanostructures is a new 
way to control the morphology of conjugated polymers. In this 
study, we demonstrate a versatile approach to control the crys-
tallinity and compatibility of conjugated polymers through the 
evaporation-induced self-assembly under nanoconfinement. 
Nanostructures are fabricated by transferring assembled films 
to target substrates after evaporation of solutions on polyfluo-
ropolyether (PFPE) based nanostructures which is available at 
mild conditions. Increasing crystallinity as the confining sizes 
become smaller for semicrystalline and amorphous low bandgap 
polymers are demonstrated using grazing incidence X-ray dif-
fraction (GIXD) measurements. Accordingly, they show about 
two magnitudes higher charge mobility along vertical direc-
tion inferred by nanoscale conductive scanning force micro-
scopy (cSFM) and macroscale IV characteristics experiments,  
0.96 cm2 V−1 s−1 for P3HT and 0.036 cm2 V−1 s−1 for PTB7-th.

Our novel approach is also applicable and beneficial for 
polymer blends which are structurally incompatible. Lots of 
studies have been performed to use blends of multidonor mate-
rials to use wide range of light absorption by blending low-
bandgap and middle-bandgap polymers.[38–43] However, only a 
few combinations of polymers were available because structural 
and solvent compatibility between polymers is required. Blends 
of P3HT and PTB7-th show disrupted morphology having less 
crystalline structures due to their different chemical structures 
and chain orientation in the film states.[41–43] However, our 
novel approach allows to process blends regardless of their 
compositions. Blends of P3HT and PTB7-th are formed into 
compatible states, showing highly enhanced crystallinity. The 
nanostructured blended samples show charge mobility along 
out-of-plane direction about 0.73 cm2 V−1 s−1 with a wide range 
of absorption wavelength from 300 to 750 nm. More impor-
tantly, our work provides a novel avenue for overcoming struc-
tural incompatibility between polymers.

Nanostructures for confined geometry were fabricated based 
on AAO templates. Varied feature sizes and geometries of 
AAO templates were fabricated by changing anodization con-
ditions of AAO templates as shown in Figure S1 and Table S1 
(Supporting Information). PFPE replica molds with hexagonal 
nanoholes were prepared using a two-step replication process 
from an AAO template; from AAO to polyurethane acrylate 
(PUA) as first step and from PUA to PFPE as second step. For 
each step, more than 20–25 replicas could be fabricated, where 
resulting in more than 500 duplicated PFPE replicas from 
single AAO template. Detailed process is described in Figure S2 
(Supporting Information). Semiconducting polymers dissolved 

in chloroform were self-assembled under nanoconfined geom-
etry by spin-coating of polymer solution on nanostructured sur-
faces. The spin-coating process typically occurs in four steps: 
i) deposition, ii) spin-up, iii) spin-off, and iv) evaporation.[44,45] 
Centrifugal lateral forces and shear forces by air dominantly 
affect evaporation of solutions and final morphology of poly-
mers in film states at the stage of spin-off and evaporation. 
However, in our method, centrifugal and shear forces during 
spin-coating process were hindered by nanostructures, which  
lead to slow evaporation of solvent under the nanostructures 
resulting preferential interaction with walls of nanostructures 
as shown in Figure 1b. Moreover, lowered vapor pressure of 
solvents under nanoporous media will lead to slower evapora-
tion of solvents expected from the Kelvin equation.[46,47] Higher 
degree of self-assembly is expected as the diameters of nano-
pores become smaller due to the lowered vapor pressure of 
solvents under porous media. Various size and geometry of 
nanostructures were transferred to a target substrate after 
filling up the nanopores of PFPE replica molds with conjugated 
polymer solutions by spin-casting as shown in Figure 1a and 
Figure S2 (Supporting Information). Nanopillars with diameters 
from 40 to 170 nm, as well as nanocone structures were fabri-
cated through this procedure as shown in Figure 1 and Figure 
S2 (Supporting Information). Compared to previous demanding 
soft lithography requiring harsh condition such as high pressure 
and temperature along with polymers with low glass transition 
or melting temperatures such as P3HT, our approach is avail-
able at low temperature (40–50 °C) and low pressure (≈4 bar) 
because of low surface energy properties of PFPE molds. More-
over, more than 500 replicas could be fabricated from single 
AAO template. The uniform size of nanostructures in large area 
was verified by the scanning electron microscopy (SEM) image 
and grazing incidence small angle X-ray scattering (GISAXS) 
results as shown in Figure S3 (Supporting Information).

Systematic studies on the effects of nanoconfinement on 
structural properties of conjugated polymers were performed by 
changing diameter and geometry of nanopillars. The diameter 
sizes of 40, 65, 90, and 170 nm nanopillars made of PCDTBT, 
PTB7-th, and P3HT were used for this study (Figure 1). GIXD 
was performed to characterize crystalline structure and ori-
entation of polymers in nanopillars. Height of the nanopillars 
was fixed at 100 nm for a fair comparison in characterization 
of X-ray scattering and electrical properties. The aspect ratio of 
nanopillars has negligible effect on the morphology of polymer 
as shown in Figure S4 (Supporting Information) due to its lim-
ited values in the range of from 0.5 to 2.5.[35] As the degree of 
confinement becomes larger (diameters of nanopillars become 
smaller), the crystallinity of confined molecules was highly 
increased, which is indicated by the strong π–π staking peaks 
as shown in Figure 2a. Semicrystalline polymer (P3HT) as well 
as amorphous polymers (PCDTBT, PTB7-th) were strongly 
effected by nanoconfinement. Semicrystalline polymers, P3HT 
has shown dominant face-on orientation, changed from edge-
on orientation, as previously reported (Figure 2d) showing about 
40 times increased face-on crystalline population as shown in 
Figure S5 and Table S2 (Supporting Information), which were 
calculated from the integration of (010) peaks. In the case of 
amorphous low-bandgap polymer, PCDTBT and PTB7-th, their 
crystallinity corresponding to face-on orientation was highly 
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increased by nanoconfinement, more than eight times as shown 
in Figure S5 and Table S2 (Supporting Information). Moreover, 
PTB7-th nanocones having stronger confinement at the sharp 
tip part showed even more increased ratio of face-on orientation 
compared to that of nanopillars as explained in Figure S6 (Sup-
porting Information), which reveals strong effects of nanocon-
finement on the crystalline structures of conjugated polymers.

Significant effects of nanoconfinement on the blended semi-
conducting polymers were also demonstrated. It was known 

that blending of semicrystalline and amorphous polymers 
typically leads to worse structural and electrical properties 
than those of individual polymers because of their structural 
incompatibility, which originated from the different intrinsic 
chemical structures. Several studies have shown that adding ter-
nary components, P3HT, more than 10% into PTB7-th/PCBM  
blends lead to deteriorated performance because of their 
different intrinsic chemical structures and chain orientation in 
thin film states.[41–43] This structural incompatibility between 

Adv. Mater. 2020, 1908087

Figure 1. a) Schematic diagram of fabricating nanostructured semiconducting polymers onto target substrates, b) assembling of polymers by spin-
coating on nanostructured surfaces and resultant crystalline structures of P3HT and PTB7-th which are used in this study. c–f) SEM images of fabricated 
PTB7-th nanopillars having different diameters: 40, 65, 90, and 170 nm.
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two polymers could be overcome by our approach. The ratio of 
polymers in nanostructured state was controlled by changing the 
ratio of the polymers in solution states. Peak positions of (010) 
were gradually changed as the ratio of P3HT to PTB7-th was 
changed from 0:10 to 10:0 as shown in Figure 3d. This result 
implies that the ratio of polymers in nanostructured states was 
successfully controlled. In addition, blends of P3HT and PTB7-th 
self-assembled under nanoconfinement also showed highly 
increased intensities of (010) peak along out-of-plane direction 
as shown in Figure 3 and Figure S7 (Supporting Information). 
Even at 1:1 ratio of blends, more than 30 times increased inten-
sities of (010) peaks along out-of-plane direction were observed. 
Moreover, that value is higher than the sum of individually 
confined polymers. This result demonstrates that our approach 
allows overcoming structural incompatibility between polymers.

To elucidate the effect of nanoconfinement on electrical 
properties, we measured nanoscale electrical properties of 
nanopillars using cSFM. The cSFM is operated in the quantita-
tive imaging (QI) mode, where we measure the local conduct-
ance pixel-by-pixel.[48–51] The QI-mode minimizes lateral forces 
between the tip and the nanopillars (Figure S8, Supporting 
Information).[30,52,53] Thus, arrays of nanopillars with high den-
sity and aspect ratio can be measured without distortion or 
destruction of fragile sample features.

The conductance map of homopolymer nanopillars com-
posed of P3HT with diameters between 40 and 170 nm displays 
different conductance values for individual pillars (Figure 4a). 
By defining the apex area of the nanopillars, we are able to 
analyze the averaged conductance values through individual 
pillars (Figure S9 and Table S3, Supporting Information). For 
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Figure 2. a) 2D grazing-incidence X-ray diffraction (GIXD) patterns of conjugated polymers nanopillars depending on the diameter and composing 
polymers. b–d) 1D GIXD sptectra of PTB7-th, PCDTBT, and P3HT nanopillars along out-of-plane direction.
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simplicity, we analyzed the entire conductance value for the 
entire scan area (Figure 4b). In particular, the highest con-
ductance values coincide with the tip positions between the 
pillars. We attribute this to a higher contact area between the 
tip and its neighboring pillars, but the trends of peak posi-
tions of histograms correspond well with those of averaged 
conductance values of individual pillars (Figure 4b). The cSFM 
measurement revealed that the vertical conductance increases 
more than 50 times upon decreasing pillar diameter from 170 
to 40 nm. In other words, when the degree of confinement 
increases the conductance through nanopillars increases as 
well due to an enhanced crystallinity corresponding to face-on 
orientation. This behavior is identical for homopolymer nano-
pillars composed of P3HT or PTB7-th. Nanopillars composed 
of blends of P3HT and PTB7-th also show significant nanocon-
finement effects as expected from GIXD results. Flat samples 
prepared by spin-coating of blended solution showed poor con-
ductivity which is even lower than that of amorphous PTB7-th 
spin-coated sample. It is noteworthy that nanoconfinement on 
blended samples results in a significantly enhanced average 
conductance which is higher than the conductance of PTB7-th 
nanopillars and close to that of P3HT nanopillars.

Macroscale optical and electrical properties of samples were 
evaluated through UV–vis spectroscopy and IV characteristics 
measurements. As expected from GIXD results, about 10–20% 
increased absorption of homopolymers by nanoconfinement 
along with additional enhancement in blended polymer nano-
pillars (Figure 4c) verify the significance of our approach. 
Macro scopic vertical charge mobility of nanopillars was meas-
ured using gold-coated thin PET films to have good con-
formal contacts with the apex of pillars following the previous 
methods[33,54] and explained in Figure S10 (Supporting Infor-
mation). P3HT nanopillars show more than two magnitudes 
increased charge mobility of 0.96 cm2 V−1 s−1. Though the infil-
tration of melted P3HT into nanostructured molds could lead 

to higher charge mobility due to its preferential chain-on ori-
entation as shown in Table S4 (Supporting Information), it is 
inapplicable to typical low-bandgap polymers which do not have 
glass transition temperatures and melting temperatures. It is 
noteworthy that our approach is versatile and widely applicable. 
The vertical charge mobility of PTB7-th has been increased 
from 2.85 × 10−4 to 0.036 cm2 V−1 s−1 by our approach. More-
over, 1:1 blended nanopillars showed charge mobility of 
0.73 cm2 V−1 s−1 which is close to that of semicrystalline P3HT 
nanopillars corresponding well with GIXD and cSFM results.

In conclusion, nanoconfinements on the various conjugated 
polymers and their blends were demonstrated for the first time 
by employing our novel method. Systematic studies on the 
effect of nanoconfinements on structural and electrical proper-
ties of conjugated polymers show new possibilities in polymer 
electronics by overcoming intrinsic properties of conjugated 
polymers. GIXD studies on different feature sizes and geom-
etries of conjugated polymer nanostructures show the dramatic 
effect of nanoconfinements on crystalline structures of poly-
mers increasing about an order of magnitude higher popula-
tion of crystallites. In addition, blends composed of structural 
incompatible polymers were changed into compatible states by 
nanoconfinements showing higher crystallinity than the sum of 
each components. Those significantly enhanced crystallinity and 
compatibility lead to more than two magnitudes higher charge 
mobilities supported by nanoscale cSFM measurements and 
macroscale IV characteristics. We expect that our concept and 
the results are so encouraging to stimulate new breakthrough 
in organic electronics based on its versatility and effectiveness.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3. a) 2D grazing-incidence X-ray diffraction (GIXD) patterns of nanopillars composed of 1:1 ratio of P3HT/PTB7-th blends depending on the 
diameter of nanopillars. b,c) Out-of-plane line cuts to investigate effects of composing materials and diameter of nanopillars. d) Position and intensity 
of (010) peaks from out-of-plane direction according to fraction of composing polymers.
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