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ABSTRACT

We demonstrate that arrays of nanowires of conjugated polymers can be easily produced by a simple embossing protocol, compatible with

very large scale integration technology. The embossing process is shown to have the supplementary virtue to increase the internal degree of

order of the nanowires, significantly enhancing their performance. This is applied to the fabrication of nanowire-based devices consisting of

a liquid crystalline light-emitting polymer, of a liquid crystalline semiconducting polymer, and of an amorphous conducting polymer, illustratin g
the versatility and wide applicability of the method.

Nanowires of conducting and semiconducting materials have optical or electrical performance. This is demonstrated for
been gaining interest owing to their potential use in sensing materials belonging to three different classes of liquid
devices! miniaturized light source%? and integrated elec-  crystalline or amorphous conjugated polymers, giving rise
tronic nanodevice$ Although there are several methods to to conducting, semiconducting, or light-emitting organic
produce, align, and position nanowires of inorganic materials nanowires on different substrates, including glass and silicon.
such as silicon or carbon, the development of appropriate The solution processability of conjugated polymers allows
methodologies to fabricate and position nanowires of organic one to easily prepare uniform thin filfisito which a random
materials has been lagging behind. Here, we show how arraysi- or tridimensional orientation of polymer chains and/or
of nanowires of conjugated polymers can be obtained by acrystals is usually obtained. However, the optical and
fast and inexpensive embossing process compatible with veryelectronic properties of conjugated polymers are intrinsically
large scale integration technology, simultaneously involving anisotropic because of the delocalizationrelectrons along
the preferential alignment of chains perpendicular or parallel their backbonesand of the interchain electronic-coupling
to the nanowire axis, resulting in significantly improved anisotropy’ Therefore, to optimize performance it is critical
" . — : to align the molecular or crystalline components of these
Tﬁﬁﬁgstfé’”gg;%igﬂ;hoéi Ei_ngz‘llli\irﬁli?nclijggaa?ul:(s:logélﬂ%g(elsOLY), materials in specific directions, which was attempted by
Universitecatholique de Louvain. methods such as self-assemblgpplication of external
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Figure 1. Fabrication of arrays of nanowires of conjugated polymers with internal preferential internal alignment. (a) Schematic outline
of the process. (bd) AFM topography images of nanowire arrays of PFO (b), PQT (c), and PPy (d). The chemical structures of the
polymers are shown on the right-hand side.

In addition to the required preferential alignment in two- state), followed by the subsequent crystallization of the
dimensional architectures, the fabrication of nanowires of embossed polymer by cooling or solvent evaporation. The
(semi)conducting polymers is even more desirable becausesubstrate here is a silicon wafer or a glass slide, although it
this would enable the fabrication of miniaturized (opto)- might be any (in)organic material whose surface is planar
electronic devices or sensors of improved sensitivity, as enough to allow conformal contact with the hard mold. The
already demonstrated for inorganic semiconductors. Nano-initial thickness of the film is selected with respect to the
wires of conjugated polymers have been fabricated by depth and period of the nanotrenches defined on the mold
lithography*15or templating method¥:’ Lithography offers ~ to obtain a contact between the protrusions of the mold and
limited resolution or requires elaborate and expensive the substrate, which results in the formation of parallel
processing steps and often involves etching techniques thaisolated nanowires if the interaction between polymer and
decrease the performance of conjugated polyrifeds. for substrate is sufficiently weak. This is in marked contrast
templating methods, their development has been thwartedwith previous reports on the nanoimprint of films of
by difficulties in patterning and integrating the produced conjugated polymers that did not produce nanowires but only
nanowires?® Significantly, few of the reported approaches imprinted features standing out above a continuous Fi#4.
are capable of controlling the internal order of the nanowires. A related technique, “microcutting”, was previously used to

Embossing is a rapid and low-cost method allowing to pattern polymer-supported metal fifnand to produce
transfer in an initially flat polymer film the topographical vertical-channel polymer field-effect transist®rey emboss-
features of a mold with the assistance of temperatuoe ing in the solid state. Although crystallizable polymers were
solvent vaporg? Also known as “nanoimprint lithography?, used in these microcutting techniques, a positive effect on
it is used to shape the surface of polymer films for the orientation of polymer crystals was not demonstrated
lithographic purposes. Here, we focus on amorphous andbecause the embossing was performed below the melting
liquid crystalline conjugated polymers and use embossing point of the semicrystalline polymers.
to fabricate arrays of nanowires of improved internal structure  Examples of atomic force microscopy (AFM) topography
with chains preferentially aligned parallel or perpendicular images of arrays of nanowires of photo- and electrolumi-
to the nanowire axis, resulting in a significant improvement nescent poly(9,9-dioctyl-2,7-fluorene) (PFO), semicon-
of performance of devices such as transistors. ducting poly(3,3'-didodecyl-quaterthiophene) (PQT), and

The process, shown schematically in Figure 1a, consistsconducting polypyrrole (PPy) fabricated by the above process
of pressing a hard mold bearing nanotrenches into a thinare shown in Figure 1b-d. The nanowires are uniform in their
film of a conjugated polymer in a fluid state (a liquid or heights, widths, and lengths. In the case of PFO and PQT,
liquid crystalline phase, or a solvent-swollen plasticized embossing was performed in the liquid crystalline page,
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followed by crystallization upon cooling or annealing (see [g]
Supporting Information for experimental details). In both
cases, the initial thickness of the films spin-coated on silicon
was about 60 nm. The width (from 800 to 80 nm) and length
(100 um) of the nanowires precisely replicates the dimen-
sions of the nanotrenches defined on the print mold, whereas
their height is close to the depth of the nanotrenches of the
mold (100 nm). The approach is not limited to liquid
crystalline conjugated polymers and was applied to PPy, a
conducting conjugated polymer of high glass transition \
temperature usually reported to be amorphous (Figure 1d).
In this case, embossing was performed at room temperature
taking advantage of the lowered glass transition of the film
resulting from the presence of residual solvent just after spin-
coating.

The complete isolation of the nanowires fabricated by our
method was confirmed by scanning electron microscopy
(Supporting Information) and transmission electron micros-
copy (TEM) images (Figure 2a,c), which show only faint or
even no traces of crystals in the regions between the
nanowires. The high degree of preferential orientation of [e]
lamellar crystals and/or polymer chains within the nanowires
was confirmed by selected area electron diffraction (ED) and
polarized optical microscopy (POM). The ED patterns of

i f == Experimental data
—&— Orientation effect
124 —a— Grating effect

regions shown in Figure 2a,c, present very well-oriented,
single-crystal-like reflections, confirming the high degree of
structural order of the chain packing in the nanowires. In
the case of PFO, all reflections can be indexed to thé (0
reciprocal lattice section of the' form (orthorhombic unit Figure 2. Preferential alignment of crystals and polymer chains
cell with a = 2.56 nm,b = 2.38 nm,c = 3.32 nm)?® The within the nanowire_s. (a,c) TEM ir_nage of PFO and PQT nanowires,
(00)) reflections lie along the long axis direction of the respectively, shoyvlng that no residual p_olymer layer is left between
. . . . the (dark) nanowires. (b,d) Corresponding selected area ED pattern
nanowwes, showing that the Crystallograpmw_(ls, which of PFO and PQT, respectively, showing preferential crystallographic
is parallel to the PFO polymer backbone, is aligned parallel orientation. For PFO, the chain axis-€xis) is parallel to the
to the long axis of the nanowires. In the case of PQT (Figure nanowire axis. For PQT, the-stacking directionlg-axis) is aligned
2d), the reflections in the ED patterns can be indexed to the along the nanowire axis. (¢) POM image of PPy nanowires (true

(hko) section (orthorhombic unit cell with = 1.72 nm,b colors), with the long axis of nanowires aligned~at5° with respect

. . to the crossed-polarizing filters. Every bright region in the image
_ — 27,28
= 0.37 nm,c=1.21 nm); indicating that the PQT chain is an array of parallel PPy nanowires, whose widths range from

backbones are perpendicular to the substrate and to theso to 130 nm. The birefringence is enhanced for nanowires of
nanowire axis. The (D) reflections, which are in the smaller width. (f) Ratio of the intensity reflected in POM by arrays

n-stacking direction of PQT, are aligned along the long axis of PPy nanowires to the intensity reflected for PPy nanowires of
of the nanowires, which should favor high charge mobility 820 ™M width vs the width of the PPy nanowires. We present the
. . e . experimental data, an upper bound of the reflected intensity arising
along this axis. The transmission electron microscopy (TEM) - from subwavelength-grating effects only and the complementary
experiments were performed on PFO nanowires 6f 300 contribution to the birefringence due to the orientation of polymer
nm width and on PQT nanowires of 9450 nm width. chains.
Similar single-crystal-like ED patterns showing the same
general orientation were observed for different locations The different preferential alignment of PFO and PQT
along nanowires in a given array (over a total length of 100 chains, which are respectively parallel and perpendicular to
um) and also for nanowires of differing widths (from 80 to the nanowire axes, can be rationalized by considering the
200 nm; see Supporting Information), showing how repro- different microscopic structures of their liquid crystalline
ducible the method is. We have also obtained TEM images phases. PQT, which adopts an inverse comblike liquid
and ED patterns of the nonembossed regions of the samplesgrystalline phase, forms like many poly(alkyl-thiophene)’s
where either diffraction spots with different orientations were nanometer-sized rodlike structures consisting of extended
observed depending on location, or even diffraction rings chains packed with their-stacking direction along the rod
and arcs when the domain size becomes smaller than theaxis?” During embossing in the liquid crystalline phase, these
electron beam size (Supporting Information), confirming that rodlike elements align along the grooves; upon cooling, their
the nanoconfined geometry provided by the nanotrenches inorientation is preserved, leading to a perpendicular alignment
the mold is crucial for preferential orientation. of the chain axis. In contrast, at the embossing temperature
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PFO is a nematic liquid crystal whose director is aligned
with the chain axis direction. In the liquid crystalline phase,
the chains thus align parallel to the groove axis, resulting in
a final crystalline morphology where the chain axis is parallel

to the groove axis (crystalline lamellae being thus aligned = ¢

perpendicular to the grooves). This mechanism differs
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substantially from the one acting for crystalline polymers
nanoimprinted in the liquid phase, which were previously
shown by us to crystallize grapho-epitaxially in nano-
grooves?®

Alignment is however not restricted to liquid crystalline
systems, as could be demonstrated for the nanowires ofg
amorphous PPy. In this case, TEM images and ED patterns™
could not be obtained because sample preparation involves
floating off the nanostructures on a water solution, which is
not compatible with the water solubility of PPy. Therefore,
the orientation of PPy nanowires was investigated by POM
in reflection. The imprinted samples were positioned between
crossed linear-polarizing filters with the long axis direction Figure 3. Photoluminescence of PFO nanowires of 650 nm width
of nanowires aligned at an angéewith respect to one of  embossed on cover glass slips. (a,b) Intensity emitted upon
the filters. An example of POM image takenate 45° is excitation by light of linear polarization parallel to the nanowires;
shown n Figure 26 Thebight birefingentreions are made [ S50 e w5 poziand s S0 b
Of arrays of PPy_ nanowires of Vary'r_]g width. We pr_esent _m uponpex%itation by light of linear polarizatio.n p,erpendicul)altr to the
Figure 2f the ratio between the maximum reflected intensity nanowires; the emission is recorded through a polarizing filter set
and the maximum intensity recorded for nanowires of 650 parallel (c) and perpendicular (d) to the nanowire axis. Note the
nm width, versus the width of the nanowires. The recorded difference of color scale between a and-dh (e) Excitation
birefringence may be caused by preferential orientation of anisotropy R®, computed from (a) and (c). (f) Emission anisotropy,

L . Rem computed from (a) and (b). Both emission and excitation are
the chains in the nanowires and/or result from the fact that strongly anisotropic, revealing preferential alignment of the chains,

the optical properties of a subwavelength grating are equiv- resulting in polarized photoluminescence of the nanowires.
alent to those of a uniaxial filrff An upper bound for the

contribution from the grating effect was estimated (Support- their photoluminescence (PL) with a home-built laser scan-

ing Information) and is shown in Figure 2f, together with ning confocal microscope. The nanowires were excited by
the complementary contribution from the internal preferential linearly polarized laser light ai = 380 nm with the

orientation. The contribution due to the subwavelength
grating is minor and of decreasing relative importance with
decreasing nanowire width, confirming that preferential (Figure 3a,l,,) or perpendicular (Figure 3H,0) to the
orientation of chains is the dominant factor explaining the nanowires. fhen, the nanowires were excited with light
observed birefringence. In the present case, alignment reSUIt?JoIarized perpendicular to the nanowires, and the PL images
from the rigidity of the conjugated chains that upon emboss- e again recorded with the analyzer parallel (Figure 3d,
ing tend to orient parallel to the groove axis. This indicates Iy or perpendicular (Figure 3dk,0) to the nanowires. The
that our alignment method is quite general and is not ahisotropy of excitation (Figuré 36 = (I — loy)/
restricted to crystalline or liquid crystalline polymers. (I + 215,)) and of emission (Figure 3Re™ = (I, — 1)/

The preferential internal alignment of nanowires fabricated (j,, + 21,)) was then computed from these images. The
by the embossing method can be attributed to the confine-average anisotropy of excitation is 0.65, whereas it is 0.70
ment provided by the vertical walls of the nanogrooves in in emission, indicating a high degree of chain alignment and
the mold. As can be seen in Figure 2f, a maximum width of strong polarization of the emitted light.
about 400 nm was found to be needed to align the PPy The electronic properties of PQT nanowires were evaluated
chains. For the liquid crystalline systems such as PFO andyithin a field-effect transistor (FET) configuration (Sup-
PQT, a maximum width of similar order of magnitude was porting Information). Gold source and drain electrodes were
found by optical microscopy to be required to align the deposited on top of the nanowires using TEM grids as
polymer chains and/or lamellar crystals, although this value shadow masks (Figure 4a). The channel length wasr5
may vary according to the selected crystallization conditions. whereas the width of the electrodes Ws& = 85 m. Drain
Further research on the dependence of maximum groovecyrrent (49 versus drain-source voltag¥y) relationships
width with respect to crystallization conditions will be at various gate Vo|tages/&’) show typica| accumulation
performed in the future. mode p-channel transistor behavior (Figure 4b), typified by

The anisotropic optical properties of the nanowires of PFO, 4 increasing linearly withvgs at low Vgs and saturating at
which is an attractive material for light-emitting diodes owing higherVgys The field-effect mobilityu;i, was computed from
to its efficient blue emission, were assessed by recordingthe lgs versusVyg characteristics (displaying a negligible

polarization set parallel to the nanowires, and the PL images
were recorded with a polarizing filter (analyzer) set parallel

3642 Nano Lett, Vol. 7, No. 12, 2007



B —— s pasalel The electrical conductivity at room temperature of 275
=— Homogeneous film . . . .
nm wide PPy nanowires was also evaluated in the device

Vs (V)

8001 [ e . . . . .
E ool 2 oof = shown in Figure 4c, using Au electrodes. In the direction
3 § o0 — perpendicular to the nanowires, we could not detect any
§ o R current flow within the experimental accuracy of the method,

200 V=TV further indicating the complete isolation of the PPy nano-
- wires. Along the nanowires, the currentoltage (—V)

-30 20 10 0 characteristic is ohmic. The resistivity was obtained from

Vg (V) the (d/dV)~! values at zero bias. The resistivity is 259

140Jd ] s parate Q-m, 1.7 times lower than the one found for the similarly
E 1204 T N Seendear processed isotropic film. Because the nanowire arrays have
= ' a higher surface-to-volume ratio than PPy films, PPy nano-
E 2 wires are expected to be more sensitive to extrinsic effects
E 0l and, hence, display a higher resistivity. This is not the case
3 2 because of the increased internal orientation of the chains

0 in the nanowires, which is confirmed by the factor of about

10um 00 o0’ 2010° 30610’ 2 decrease in resistivity.

Fietd strengh (Vim) Summing up, we have demonstrated that the residue-free

Figure 4. Charge transport properties of PQT and PPy nanowire €mbossing of liquid crystalline and amorphous conjugated
arrays. (a) POM image of a FET prototype made of PQT nanowires polymers provides a new simple but versatile approach to
(~320 nm in width). The channel consists of about 90 PQT the massive fabrication of arrays of organic nanowires of
nanowires perpendicular to the gold source and drain. The electrodeshigmy controlled internal degree of order. This improved

were slightly damaged by the contacting pins during measurement. . . .
(b) Width-normalized drain current4/W) vs gate voltage\(,) at degree of order translates into desirable properties, such as

drain-source voltag¥ss= —7 V for the nanowire-based FET (red) higher conductivity and carrier mobility, or polarized lumi-
and a FET based on an identically processed homogeneous PQThescence. Other properties such as mechanical properties are

film (black). The inset shows the normalized drain currénf\) expected to be improved as well, although this was not the
vs Vgs at variousVypg. The mobility of this specific nanowire FET purpose of the present paper. Considering the extreme

is larger by a factor of 1.6 compared to the FET based on the ". licity of th the | f substrat
homogeneous film processed in a strictly identical fashion. (c) POM Simplicity o € process, e large range or substrates

image of an array of PPy nanowires contacted for conductivity compatible with it, and the benefits brought by the improved
measurements. (d) Current density vs field strength for PPy degree of internal order, we expect the method to find

nanowires (measured in the perpendicular and parallel directions)widespread use for the fabrication of cheap plastic-based

and for an identically processed homogeneous PPy film. The para"elnanodevices including not only those suggested by the

conductivity of the nanowire array is larger by a factor of 1.7 '

compared to the one of the homogeneous PPy film. systems reported .here bu_t glso o_thers such as.feedbacl_<.la@sers,
photodetectors, light-emitting diodes, and high-sensitivity

hysteresis) according thys = uiin*Ci*WIL*(Vbg — Vin)*Vas, SENsors.

whereC; = 33 nF/cni is the gate dielectric capacitandés,

is the threshold voltage, and/ is the active width of the
device, that is, the widthA®! of the electrodes for the
homogeneous film, or the product between nanowire width
and number of probed nanowires. The mobility in the
embossed regions was found to be consistently larger by
factor of 1.7+ 0.1 compared to the mobility found in
homogeneous regions of the same film (average value
obtained from 10 different measurements on 5 different
samples with a standard deviation of 0.35) with the mobility
being typically in the 10°~10* cn¥/V-s range depending
on details of the processing. These values are somewhatst
below previously published valuéSsuggesting that further and of uniform thin films, and opto-electrical measurements.

mpr_oyen_went of the carner mop|l|ty is possible by proper This material is available free of charge via the Internet at
modification of the gate dielectric surface as well as control http://pubs.acs.org
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