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Ultrahigh Mobility in an Organic Semiconductor by Vertical

Chain Alignment

Vasyl Skrypnychuk, Gert-jan A. H. Wetzelaer, Pavlo I. Gordiichuk, Stefan C. B. Mannsfeld,
Andreas Herrmann, Michael F. Toney, and David R. Barbero*

Conjugated polymers with high mobilities are paramount for
developing more efficient organic electronic devices such as
organic field-effect transistors (OFETs), organic photovoltaics
(OPVs), and organic light-emitting diodes (OLEDs). Polythio-
phene polymers, e.g., poly(3-hexylthiophene) (P3HT), have
been among the most studied materials for OPVs due to their
strong optical absorbance and ease of processing from solution.
However, the out-of-plane (vertical) charge carrier mobility of
P3HT, which is required for fast charge transport in OPVs and
OLEDs, is typically much too low (=0.001 cm? V! s71) for pro-
ducing efficient devices. Here, we demonstrate highly efficient
long range out-of-plane charge transport in P3HT reaching
record high average mobilities above 3.1 cm? V! s7L. This large
enhancement in charge transport is achieved by controlled ori-
entation of the polymer crystallites enabling the most efficient
and fastest charge transport along the chain backbones and
across multiple chains. These results open up the route to pro-
ducing high mobility conjugated polymer films without chem-
ical modification of the polymer, and they may also help better
design more efficient electronic devices with vertical charge
transport, e.g., OLEDs and OPVs.

Conjugated, or conducting, polymers possess the unique
ability to absorb light, create charges, and transport them in a
bulk heterojunction solar cell.'-3] Moreover, due to their ease of
processing into a thin solid film from solution, conducting poly-
mers have long promised to enable the production of low-cost
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and high performance printed electronics and flexible photovol-
taic solar cells.! Due to its excellent optoelectronic properties,
regio-regular P3HT (rr-P3HT; Figure 1a) has been one of the
most studied conducting polymers for plastic electronics.~1%
However, its relatively low charge-carrier mobility compared to
silicon and other inorganic materials!! has limited its potential
for use in commercial applications.

Charge transport in conjugated polymers occurs either in the
direction of w7 stacking, through interchain electronic orbital
overlap, or along the chain backbone which is the fastest trans-
port direction inside a crystalline aggregate. Terahertz experi-
ments have shown that high mobility can be achieved on very
short distances, along the chain backbone, in undoped P3HT.[2
However, the mobility quickly drops as charges must hop from
one crystalline domain to another in order to be transported
over larger distances. Structural disorder, defects and poor
interconnectivity have been shown to trap charges and reduce
mobility in conjugated polymers.'3]

Enhanced crystallinity and charge—carrier mobility in P3HT
have previously been achieved by temperature annealing,!!*!8]
increased degree of regio-regularity,'” or higher molecular
weight.2 However, mobility strongly depends on the orien-
tation of crystalline domains, which also influence the direc-
tion of charge transport. In the horizontal OFET configuration,
charges are transported in the plane of the film, with crystalline
lamellae mainly parallel to the substrate (edge-on, Figure 1b).
However, some applications (OPVs,*'-3l OLEDs,**?"] vertical
OFETs?83Y) require charge transport in the vertical direction
(normal to the plane of the film). For these, vertical orientation of
either the 7 stacking (face-on), or of the chain backbone (chain-
on, Figure 1b), the latter being the fastest charge transport route,
is needed to efficiently direct charges in the out-of-plane direc-
tion. Partial vertical alignment of P3HT chains has been reported
in silicon nanogrooves infiltrated with a P3HT:PCBM blend,?
and in P3HT infiltrated into alumina nanopores.}334 The
highest vertical (out-of-plane) charge-carrier mobility reported
to date in P3HT is 6 x 107 cm? V! 5711331 By comparison, in-
plane OFET mobilities of 0.2-0.4 cm? V! s7! have been reported
in P3HT.?>3% Previous work has shown partial vertical align-
ment in nanogratings (nanoscale lines), which was assigned to
hydrophobic interactions between a silicon mold coated with
1H,1H,2H,2H-per-fluorodecyltrichlorosilane (FDTS) molecules
and the hexyl side chains of P3HT.2"*"] However, charge trans-
port in the vertical direction was not measured, and no conclu-
sion was drawn between vertical chain alignment and mobility in
the vertical direction.”] In organic optoelectronic devices, an effi-
cient and balanced charge transport in the vertical direction helps

wileyonlinelibrary.com 2359

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201503422

=
o
=
-4
—
=
=
=
=
o
v

2360  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

Mk

www.MaterialsViews.com

Z
X Face-on Chain-on
\

A

S\ n W e 7.;.;;;//% T
P3HT
C .

Spin-coating _
—_—

Pressure

Figure 1. Chain orientation in rr—P3HT crystallites, and sample patterning. a) Chemical structure of P3HT. b) From left to right: Edge-on lamellae with
m—7 stacking in the plane of the film; face-on lamellae with - stacking perpendicular to the plane of the film; chain-on orientation with the P3HT
chain backbone vertically oriented along the z axis, which enables more efficient vertical charge transport. c) The film is spun from solution onto a
substrate, and imprinted with a PDMS mold to form micropatterns in the rr-P3HT film. d) SEM image of the resulting micropatterns in P3HT. Scale

barin (d) is 10 pm.

reduce recombination, and achieve higher efficiency (e.g., OPVs)
and higher brightness (e.g., OLEDs). However the low mobility
of most organic semiconductors has been a major hurdle to
increase device performance. In order to increase the efficiency
of organic electronic devices that require vertical charge trans-
port, and make them competitive with other non-organic tech-
nologies, higher charge-carrier mobilities in the vertical direction
must be achieved. Moreover, the ability to experimentally direct
charges along the fastest transport route (chain backbone) on
relatively long distances (10s to 100s of chain lengths) is of high
fundamental importance because previously high mobilities
above 10 cm? V! s7112 had only been observed in highly ordered
domains and on very short distances in P3HT.

In this letter, we demonstrate 3 orders of magnitude
enhancement in out-of-plane charge-carrier mobility in an
undoped P3HT film.3334 A combination of nanoscale electrical
measurements, synchrotron X-ray diffraction and polarized
microscopy revealed that these unprecedented high mobilities
are due to charge transport along the vertically reoriented pol-
ymer chains and crystallites (chain-on), enabled by the vertical
nanoscale flow of the viscous polymer during nanopatterning.
These mobilities rival that of inorganic materials,*® and may
open up the possibility to produce more efficient organic elec-
tronic devices with vertical charge transport. Moreover, vertical
chain alignment by this method is very versatile due to the pos-
sibility to change the processing parameters (pressure, temper-
ature, time, mold's material, etc) over a large range of experi-
mental conditions, and to optimize these for a specific polymer,
structure, and application.

As shown in Figure 1c, the thin films were prepared
by spin-coating a dilute solution of rr-P3HT (rr: 98%,
Mw =32 000 g mol!) onto a silicon substrate, and nanoimprinting

of the film with a flexible poly-dimethylsiloxane (PDMS) mold
at a temperature of 200 °C for 5 min.’?>*! The film was then
cooled down to room temperature at which point the mold
was removed. This process produced an array of periodic and
well defined micropatterns (Figure 1d) with dimensions iden-
tical to that of the mold (diameter = 4 pm; periodicity = 6 pm;
height = 1 pm). For reference, a smooth rr-P3HT film was
also prepared by spinning and annealing/cooling in the same
conditions in inert atmosphere. Nanoimprinting is a powerful
method which has been used to form well defined micro- and
nanoscale domains in polymers, and which has resulted in
improved electrical properties in polymer nonvolatile memo-
ries,* and in solar cells.?)l The charge-carrier mobility of
micropatterned P3HT has, however, never been measured in
the vertical (diode) direction. Previously, nanopatterning of
P3HT has resulted in improved crystallinity and partial vertical
chain orientation in line nanogratings (width 65 nm, perio-
dicity 200 nm), but the vertical charge transport was not inves-
tigated in those structures and no correlation between chain
alignment and vertical mobility was proposed.?'3”] Moreover,
it is important to realize that confinement effects due to size
(nano vs micro) and shape (line vs dot) can greatly influence
both crystalline orientation and electrical properties. Therefore,
one cannot simply assume that a particular chain alignment
measured, e.g., in a nanostructure (either lines grating or dots),
will result in the same chain orientation and crystallinity as in
a micropillar. For the same reason, the electrical properties of
these two different geometries and sizes will most likely be dif-
ferent. Moreover, the flow of the material under pressure, as
well as the timescale under which this occurs, are important
parameters which will determine crystalline orientation, and
mobility in a given type of structure. Processing conditions

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2016, 28, 2359-2366



ADVANCED
MATERIALS

'a\
M"h\‘liir’&

www.MaterialsViews.com

www.advmat.de

Electrode 2
A B |7
CU) P3HT ‘ Electrode 2 | U
T
[ Electrode 1 |
Electrode 1 L |
c - D 10 " E 6
10° |-Micropattern e Micropattern
10* / = 10° ~
w 7
-g 10° > N> 102 > . :
& 10° . £ g : l { {
= - = LITTTITITITITTIII
10* |- Smooth / o Smooth =2 P
o 1
10 .-
10" 10° 0 -
0.1 1 10 15 2.0 25 3.0 15 2.0 25 3.0
u(v) u (V) u(w

Figure 2. Macroscopic electrical properties of the rr—P3HT films. a) 3D schematics of the macroscopic measurement, where a potential difference U
is applied between the conductive substrate and an electrode lying on top of the film, and the current flowing vertically through the film is measured.
b) Cross-section view of the schematics of the macroscopic measurement. ¢) Log—Log plots of macroscopic vertical current density J in a smooth film,
and in a micropatterned film, showing space-charge limited transport in both samples (slope = 2.0). d) Vertical charge-carrier mobility in a smooth,
and in a micropatterned film (log scale). e) Vertical charge-carrier mobility in a micropatterned film by both Mott—-Gurney and drift-diffusion models

(linear scale).

(temperature, pressure, time, etc.) therefore need to be opti-
mized for each polymer and structure to obtain the desired
result. It is therefore of great importance to investigate the crys-
tallinity and electrical properties of various sizes and shapes of
patterns in the diode (vertical) configuration.

The vertical current flow perpendicular to the film's surface
was measured by two different and complementary methods.
In the first method, a potential difference was applied between
the flat top surface of the P3HT patterns and the conductive
silicon substrate (resistivity = 0.002-0.005 Q cm; electrode 1,
Figure 2a,b), and the resulting macroscopic current density was
measured across the film thickness by dividing the current by
the total surface area at the top of the pillars. Good conformal
contact between the top electrode (electrode 2, Figure 2a,b) and
the top of the pillars was ensured by the use of a semiflexible
electrode made of an elastomeric/Ag composite material (see
the Supporting Information for experimental details). Charac-
terization by electron microscopy confirmed that the electrode
made good contact with the top of the micropillars and did not
bend nor directly contact the thin residual layer in between the
pillars (see Figure S1, Supporting Information), eliminating the
possibility of creating an electrical short. Redoing the same J-V
electrical measurement with insulating polystyrene micropat-
terns resulted in negligible background currents (10 orders
of magnitude lower than in the P3HT micropatterns) thereby
proving that no leakage current was present during the meas-
urements (see the Supporting Information) and that the two
electrodes did not contact each other.

As shown in Figure 2c the current density across the pat-
terned film was about 4-5 orders of magnitude higher than in
the smooth unpatterned film at the same bias. The macroscopic
mobilities (shown in Figure 2d,e) were extracted by fitting the
J-V characteristics with: (1) the classical drift-only descrip-
tion of the space—charge-limited current by Mott and Gurney
(M-G), see Equation (1); (2) an analytical drift-diffusion (D-D)
model (see Equation (2)),*** which improves the analysis

Adv. Mater. 2016, 28, 2359-2366
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with respect to the classical drift-only equation at low volt-
ages.] The equations of mobility, derived for a planar metal-
semiconductor—metal junction,*4l are

2

Mott-Gurney: [ = %E[J —

5 )

Drift-Diffusion: J= euLU—3[4ﬂ2 kT + EUJ ()
q

8

with p the charge—carrier mobility, | the current density, L
the film thickness, € the permittivity, U the voltage, k the
Boltzmann constant, T the temperature, and q the elemen-
tary charge. Average macroscopic out-of-plane mobilities of
=3.1£0.7cm? Vs and =2.6 + 0.6 cm? V! s7! were measured
in air in the micropatterned sample using the M-G and the D-D
models respectively, and are summarized in Table 1. By com-
parison, mobilities of =107 + 0.4 x 10~* cm? V™! 57! were meas-
ured in a smooth film spun and annealed in the same condi-
tions. In both samples the current exhibited a quadratic voltage
dependence (Figure 2c) at higher voltages (slope = 2.0), typical
for a space—charge-limited drift current and characteristic of
charge transport through an intrinsic semiconductor. At lower

Table 1. Mobility values of the micropatterned P3HT film measured by
macroscopic and c-AFM methods. For the macroscopic measurements,
the mobility was calculated using both the classical Mott-Gurney model
(M-G), and the drift—diffusion model (D-D).

Micropatterned sample plem? Vs

Whole pillar Pillar edge  Pillar center
Macroscopic mobility (D-D model) 2.6+0.6 - -
Macroscopic mobility (M-G model) 3.1+07 - -
c-AFM mobility - 10.6 £4.6 23£1.0
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voltages, the deviation between the two models (Figure 2d.e)
is due to the diffusion component of the current which is not
taken into account in the M-G model. The charge transport
therefore followed more accurately the D-D model at lower volt-
ages, and the patterned film was consequently well described
by a space—charge-limited current (with a diffusion and drift
component) through an undoped semiconductor. Additional
details of the macroscopic electrical characterization are given
in the Supporting Information.

A second electrical characterization method was performed
on the patterned film using a conductive atomic force micro-
scope (c-AFM, Figure 3). Here we measured a local nanoscale
current by applying a potential difference between the conduc-
tive tip of an AFM and the substrate, and measuring the current
flowing though an individual pillar. This method therefore ena-
bled a measure of the local nanoscale electrical properties of the
film. The local I-V characteristics were treated with an analytical
model derived for a conductive AFM experiment on an intrinsic
semiconductor.*l The hole mobility injected from the plane was
extracted from the J-V data using the following equation

7=3¢ v 3
e G
where the current density (J) was extracted by calculating the
contact area between the AFM tip and the surface of the sample
using the Johnson, Kendall, and Roberts (JKR) theory of elastic
deformation (see the Supporting Information for details). As
predicted by the equation, the experimentally measured cur-
rent had a quadratic dependence on voltage, characteristic of
a space—charge-limited current through an undoped semicon-
ductor (see Figure S2, Supporting Information).
The c-AFM current map in Figure 3b revealed that the pat-
terned film is composed of highly conductive 3D pillars and

s
Mo N
www.MaterialsViews.com

of very weakly conductive smooth regions in between the pil-
lars, which correspond to a very thin (=6-8 nm) residual layer.
The average mobility in the top central part of the pillars corre-
sponds to =2.3 £ 1.0 cm? V! 571, which is close to the mobility
measured by the macroscopic method described above. More-
over, the cross-section current mapping of the micropillars
(Figure 3c) shows that the edges at the top of the pillars are even
more conductive than in the center, with an average mobility
~10.6 + 4.6 cm? V! s7L. It should be noted that although these
values agree well with the macroscopic measurements of the
mobility, which gives an averaged value over the whole sur-
face at the top of the pillars (see Table 1), one should consider
the order of magnitude (1-10 cm? V! s71) obtained by c-AFM
as a confirmation of the high mobility measured rather than as
an exact value. The reason is due to the difficulty to know pre-
cisely the contact area between the tip and the surface, which
cannot be measured directly. Our calculation however assumed
an upper bound of the contact area, which gave a lower value of
the mobility (see the Supporting Information for details).
Polarized microscopy performed on the patterned samples
showed a clear molecular anisotropy at the periphery of the pil-
lars (Figure 3d-f), where bright rings were observed at all rota-
tion angles, whereas other parts of the sample remained mostly
dark. This indicates a vertical chain orientation at the edges
of the pillars (see the Supporting Information). It is moreover
well known that crystallinity and crystalline orientation strongly
affects charge transport in thin conjugated films, and in order
to understand the large difference in the charge-carrier mobili-
ties between the smooth and patterned films, one must look in
detail at the crystallinity and chain orientation of each film.
The crystallinity and microstructure of the patterned P3HT
films were characterized by 2D synchrotron grazing incidence
X-ray diffraction (2D GIXD) (BL 11-3), and by out of plane spec-
ular diffraction with a point detector (BL 2-1) at the Stanford

100+

50+

1 (pA)

90°

Figure 3. Nanoscale electrical properties, and polarized microscopy, of the patterned films. a) Schematic of the c-AFM measurement where a potential
difference U is applied between the substrate and the conductive AFM tip. b) 2D plot of the vertical current measured in conductive AFM mode. Notice
the highly conductive region in the outer part of the patterns. Dark regions are weakly conducting, bright regions are more conductive. c) Cross section
of the micropillars in conductive mode (broken line in (b)) showing highly conductive regions at the periphery of the patterns, and less conductive
regions in the center. d—f) Cross polarized microscopy at three different rotation angles, showing a strong anisotropy and alignment of chain backbones
at the periphery of the micropillars (bright rings).
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Figure 4. Crystalline structure of a smooth and a micropatterned P3HT film. a) Geometry of the specular X-ray diffraction set-up with a point detector.
b) Specular diffraction of a smooth and micropatterned film, showing very weak vertical 7 stacking (g, = 1.65 A™') in the micropatterned film. c) 2D
GIXD patterns of a smooth film, and d) of a micropatterned film showing strong in-plane (100) diffraction arcs (inset) which are only present in the
micropatterned film. e) Geometry of the grazing incidence GIXD with a 2D planar detector. f) In-plane X-ray diffraction intensity cross sections for
the micropatterned (red line), and the smooth (black line) films. A strong (100) peak (g, = 0.38 A7) is clearly visible only in the micropatterned film.

National Accelerator Laboratory (SLAC, Stanford, USA). The
resulting diffraction data (Figure 4) show the family of (h00)
diffraction planes near the out of plane direction (z axis) which
are clearly visible in both patterned and nonpatterned films and
are characteristic of edge-on lamellae. One clear difference how-
ever is the well-defined diffraction ring at (100) in the patterned
sample, and the two intense arcs of intensity along the (xy) plane
near g, = 0, which shows the presence of crystallites with either
vertical 7 stacking or vertical chain alignment in the patterned
film. This is clearly seen by the intense diffraction spot in the
magnified excerpt in Figure 4d, and the strong (100) peak in
the micropattern in Figure 4f. By contrast, only very weak (100)
diffraction along (xy) (=10 times less intense) is visible in the
smooth film (Figure 4f; see also Figure S4, Supporting Infor-
mation). The smooth film therefore consists mainly of edge-
on lamellae, which is consistent with previous reports on spun
P3HT films.*’l The diffraction patterns shown in Figure 4c—f
were recorded on a planar area detector (Figure 4e), which limits
slightly the polar angles accessible at large g due to the curvature
of the Ewald sphere. In order to determine accurately whether
the intense (100) in-plane diffraction peaks come from vertical

Adv. Mater. 2016, 28, 2359-2366
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m—m stacking or vertical chain alignment, we also performed
specular X-ray diffraction (BL 2-1) (Figure 4a,b). This method
enabled an accurate estimate of the (010) diffracted intensity
indicative of vertical n—x stacking. The out-of-plane diffraction
data (Figure 4b) showed no (010) peak (g, = 1.65 A) above the
noise level (with counts =100 times less than the (100) peak).
This means that vertical 7—r stacking is very weak, if any, in the
patterned films, which consist mainly of edge-on and chain-on
crystallites, and of a mosaic of crystallites with their 7 stacking
randomly oriented away from the z axis, as shown by the ring at
the (100) position which extends from in-plane (y = 90°) to out-
of-plane angles (x = 2°) in Figure 4d.

Typically, vertical charge transport is assumed to be along 7
stacking (face-on) in P3HT, however this is not the fastest charge
transport route, and the highest experimentally reported mobility
in highly face-on oriented P3HT films is =3 orders of magnitude
lower than the mobilities measured here.*®#1 Moreover, only a
negligible amount of face-on oriented lamellae were measured
in our samples (see Figure 4b), therefore ruling out the possi-
bility that face-on lamellae could be responsible for the high
mobility measured. Instead, the chain-on crystalline orientations
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Table 2. Highest average mobilities reported in the literature for P3HT,

and compared to the results of this study.

Measurement type plem? Vs Reference
Horizontal — FET 0.2-0.4 [35,36]
Vertical — diode 0.006 [33]
Vertical — micropattern 3.1-10.6 (This work)
Terahertz spectroscopy 30-40 [12]
Theoretical calculation 31 [55]

and vertical chain alignment measured in the micropatterned
sample can help us understand the high charge carrier-mobility.
The difference in processing conditions between the smooth
and the patterned films is critical in determining the final crys-
tallinity and charge transport properties of each type of sample.
In the smooth film, the polymer chains were mainly oriented in
the plane of the film by the spin-coating process. This resulted
in mainly edge-on crystallites, which conduct charges poorly
in the out-of-plane direction. However, in the patterned film
the P3HT chains were sheared and reoriented vertically during
imprinting due to the directed nanoscale flow of the viscous
melted polymer along the side walls of the mold under pres-
sure. This is supported by the chain-on orientation observed by
GIXD in the patterned sample, which is indicative of vertically
aligned chains. This vertical alignment enables a fast and effi-
cient charge transport along the chains backbone, which is the
fastest transport direction inside chain-on crystalline aggregates.
Long range transport is then likely provided by vertically aligned
tie-chains connecting aggregates and crystallites, and results in
the high mobilities measured in the vertical direction inside the
patterns. We estimated that vertical charge transport occurred on
a distance which represents =16 to 48 chains connected to each
other in the vertical direction (see calculation
in the Supporting Information).

It is useful to notice that partial chain
alignment in nanostructures was previously
assigned to  hydrophobic interactions
between a silicon mold coated with FDTS
molecules and the side chains of P3HT
molecules.!l However, in our case we used
a different mold material (an elastomer
PDMS), and we did not add any adsorbed
molecules or coating on our molds, therefore
the alignment observed likely does not have
the same origin as in these works. The high
hole mobility and the crystalline structure
of the micropillars can instead be explained
by the shearing imposed on the viscous
P3HT melt along the mold's cavity during
nanoimprinting P% which produces vertical
chain alignment. The strongest shearing
occurs next to the surface of the mold, >~
and therefore stronger vertical chain align-
ment is likely to occur at the periphery
of the micropatterns, as supported by the
polarized microscopy data (Figure 3d-f).
This resulted in a higher vertical mobility of
10.6 cm? V=1 57! at the edges of the pillars as

Smooth
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measured by c-AFM, and is the highest ever reported mobility
measured experimentally in undoped P3HT. This value comes
close to the mobility estimated by density functional theory and
by an acoustic deformation potential model, and also to that
measured along the backbone of a chain by terahertz-probe
spectroscopy.'>> Values of the mobility reported in the litera-
ture by various methods are summarized in Table 2, and com-
pared to our results. Even, if one considers a large error in the
tip-surface contact area by c-AFM, the order of magnitude of the
vertical mobility is still much higher than previously reported,
and of the same order at that measured with a flat electrode.
It should also be noted that terahertz spectroscopy probes only
short range transport along the backbone of a chain. Our sam-
ples were however much thicker, with micropillars = 1050 nm
high, and the charge transport was measured over relatively
large distances. This means that nanoimprinting can produce
ordered alignment and vertical orientation of chains over rel-
atively large distances. The high mobility obtained here in an
organic semiconductor could be beneficial for several optoelec-
tronic applications. For example, OLEDs with microstructures
have shown increased brightness compared to nanostructured
ones.[?! Therefore, microstructures with enhanced mobility
could help further increase OLEDs performance thanks to
faster charge transport and better charge balance.

Moreover, the flow of the polymer which is responsible for
the chain alignment in the micropatterns should also result
in a similar alignment in smaller nanostructures, and could
also produce enhanced mobility in these. One should how-
ever notice that size effects and shearing in smaller structures
may not produce the same mobility values as in micropat-
terns. Nanostructured organic semiconductors with high ver-
tical mobility could help increase the hole charge transport
and the charge balance in the active layer of an OPV, and help

edge-on

— tie chains

Micropattern

Figure 5. Schematic of possible packing arrangement of crystalline regions in a 2D smooth film
and in a 3D micropatterned film. a) Edge-on lamellae with chain backbone and 7 stacking in the
plane of the film give poor vertical charge transport in the 2D smooth film. b) A combination of
chain-on and randomly oriented crystallites, with vertical chain alignment and tie-chains (red
lines) connecting crystallites vertically, promote a very efficient charge transport mechanism
and high hole mobility in the vertical direction inside the micropatterns.
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reduce recombination. We also would like to point out that the
high vertical charge—carrier mobilities measured here are in
good agreement with recent reports of high in-plane mobility
in a donor—acceptor copolymer which was attributed to charge
transport along horizontally aligned chain backbones % inside
nanogrooves in a OFET configuration. Notice that no signifi-
cant shearing occurred in this case, unlike in our experiments,
but these results nevertheless support the fact that chain align-
ment, either vertical or horizontal, can produce high mobilities
in organic semiconductors.

Finally, we propose in Figure 5 the possible crystalline
arrangement in both samples. In the first case (smooth planar
film, Figure 5a), the P3HT chains form a typical edge-on
lamellar structure with in-plane 7 stacking and chains oriented
principally in the horizontal plane. In the patterned film how-
ever (Figure 5b), the formation of the micropillars produces
an atypical composite morphology, with a mixture of edge-on,
randomly oriented lamellae and chain-on crystallites which are
interconnected by vertically oriented tie-chains induced by the
vertical flow of polymer during imprinting. Randomly oriented
and chain-on crystallites favor charge extraction in the vertical
direction. The effect of vertically oriented crystallites and tie-
chains is stronger at the edges of the pillars due to a stronger
shear flow near the edges of the mold. In this configuration,
charges can therefore be transported vertically, directly along
the chain backbones of vertically aligned chains, whereas inter-
chain transport can occur efficiently due to tie-chains bridging
the gap between individual crystallites.’”] This produces a very
efficient charge transport from the bottom to the top of the pil-
lars, and enables very high mobilities, without chemical modi-
fication of the polymer. The simplicity, and versatility of this
method makes it highly attractive for the development of low
cost thin film processed OPVs and OLEDs.

In conclusion, we have demonstrated that vertical chain
orientation in P3HT produces very high mobility through fast
charge transport along the chain backbones. We measured the
electrical properties of such films by two different and com-
plimentary methods which revealed an unusual composite
structure composed of a highly conductive region in the outer
rim of the patterns, and a less conductive region in the cen-
tral part of the top of the pattern. Vertical hole mobilities as
high as 10.6 cm? V! 57! were measured by c-AFM conductivity
measurements. These are the highest charge carrier mobilities
ever reported in undoped P3HT, and show that high mobilities
comparable to that of inorganic materials can be obtained over
relatively large distances in polymers by control of the polymer
chain orientation. It is expected that this work will find a wide
interest among scientists working in the fields of organic elec-
tronics, polymer physics, and photovoltaics.

Experimental Section

Materials and Sample Preparation: Poly-3-hexylthiophene (P3HT)
(American Dye Source, Inc) films were deposited by spin-coating from
a dilute solution onto clean silicon substrates. The films were either
annealed at 200 °C and slowly cooled down under inert atmosphere
(smooth films), or patterned with a soft microstructured mold at the
same temperature and slowly cooled down to room temperature. More
details can be found in the Supporting Information.
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Electrical Characterization: The vertical conductivity and mobility in the
P3HT samples was calculated by measuring the current flowing between
the bottom and the top of the film by two methods: macroscopic planar
electrodes, and by c-AFM as explained in the text. More details can be
found in the Supporting Information.

X-Ray Characterization: Grazing incidence synchrotron X-ray
diffraction (GIWAXD) measurements were performed at the Stanford
Synchrotron  Radiation Lightsource (SSRL). All the diffraction
experiments were performed in a helium-filled chamber in order to
reduce background scattering and to avoid sample damage by the beam.
Data analysis was performed with WxDiff software. More details can be
found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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