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We present results obtained by applying the nanorubbing process to improve the electrical
performance of regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) thin films. Essentially,
we use a scanning atomic force microscope tip to induce a controlled deformation on the
surface consisting of parallel grooves with a period imposed by the scanning parameters.
The optical characterization of the rubbed zones highlights an orientation of P3HT chains

along the scanning direction. When the nanorubbing process is orienting the polymer
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chains within the channel of a field-effect transistor, we observe that the charge carrier
mobility increases (decreases) when the tip scans parallel (perpendicular) to the source-
drain axis. This difference likely stems from the polymer chains orientation induced by
the alignment process.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among conjugated polymers, regioregular poly(3-
hexylthiophene-2,5-diyl) (P3HT), which combines high
field-effect mobility (up to 0.18 cm?/V's) [1] and good solu-
tion-processability, is stimulating much interest as active
electronic element in various thin film devices. Since the
charge transport properties are intimately related to the
long-range order [2], it is therefore essential to enhance
the degree of structural order in conjugated polymer thin
films for improved device performance. Conjugated poly-
mer films have complex microstructures, where uncorre-
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lated microcrystalline domains are embedded in an
amorphous matrix limiting the charge mobility [3]; the
presence of disorder implies that charge transport is best
described by hopping models [4]. Strong - intermolecu-
lar interactions, combined to the crystallization of the alkyl
side groups, induce better structural order, which leads to
optimal charge transport. In this context, it is of prime
importance to control the crystallinity, the chain orienta-
tion and the morphology of the polymer layer.

Various methods can be used to impart order to conju-
gated polymer films: stretching [5], Langmuir-Blodgett
deposition [6] or the “friction-transfer” technique [7]. Re-
cently, we have shown that rubbing thin polythiophene
films with a velvet cloth leads to the orientation of the
chains at the polymer surface parallel to the rubbing direc-
tion [8]. Interestingly, this type of surface modification can
also be achieved at microscopic lengthscales, with precise
control of the size and the localization of the rubbed areas,
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by using a small-size rubbing device. The nanorubbing pro-
cess, which consists in the deformation of a polymer thin
film by scanning an Atomic Force Microscopy (AFM) tip
operating in contact mode, has been first used to align
polyimide layers. The structural anisotropy resulting from
nanorubbing was demonstrated to be sufficiently strong
to induce efficient liquid crystal orientation even at a mod-
erate load force [9,10].

In this paper, we report on the application of the nano-
rubbing technique to P3HT thin films. Our aim is to study
the effect of chain orientation on the field-effect transistor
(FET) properties by nanorubbing P3HT thin deposits that
constitute the active layer in the FET channel. It has been
shown previously that charge transport in polymer FETs
is highly dependent on the orientation of the crystalline
domains relative to the carrier transport direction (from
source to drain) [11]. We critically test the nanorubbing
technique and find that, indeed, FETs display different
properties, depending on the orientation of the alignment
process [12].

2. Experimental section
2.1. Thin film preparation

RR-P3HT with a regioregularity of 99.8% was obtained
from Aldrich. P3HT thin films were prepared by dip-coating
clean silicon substrates into chloroform solutions (5 mg/ml)
of RR-P3HT; the substrate is immersed one time and stays
30s in the polymer solution; the retracting speed is
70 mm/min. Typical film thicknesses are in the 5-10 nm
range, as determined by ellipsometry and AFM. The FETs
are designed in the bottom-gate bottom-contact configura-
tion. The devices were fabricated from a doped silicon sub-
strate, which plays the role of the gate supporting a 100 nm
thick SiO, dielectric. The SiO, layer capacitance C; was mea-
sured to be 33 nF/cm?. The source and drain electrodes were
deposited by electron-beam evaporation of 70 nm Pd with a
1 nm thick Ti adhesion layer. Typical channel width (W)
dimensions are 25- and 100-pm with corresponding chan-
nel length (L) sizes of 1- and 30-pum. The P3HT active layers
were formed by dipping those structures in chloroform
solutions, following the above described protocol.

2.2. Nanorubbing

The nanorubbing process was performed with a Nano-
scope Illa AFM microscope working in contact mode. The
tips are made of antimony-doped silicon with a spring con-
stant of 2 £ 0.5 N/m. [13] Typically 10 consecutive rubbing
scans were carried out with the AFM tip in order to induce
a sufficient deformation on the P3HT deposits. The loading
force applied by the tip on the film during nanorubbing is
approximately 200 nN, as calculated from the approach-
retract curves.

2.3. AFM imaging

The AFM imaging was performed in “Tapping-mode”
(TMAFM). In this mode, the cantilever holding the probe

tip oscillates close to the resonance frequency (ca.
300 kHz) above the sample surface so that the tip is in
intermittent contact with the surface at the lower end of
the oscillation. Since no lateral force is applied by the tip
on the surface during TMAFM operation, no further surface
modification is expected to occur in those conditions. The
phase of the oscillating tip is very sensitive to the nature
of the interaction with the surface. It has been shown that
the phase lag is related to the mechanical response of the
material when the amplitude is only slightly damped upon
contact with the surface. [14-16] Therefore, simultaneous
acquisition of the phase and the height image provides a
map of the local mechanical response. The AFM images
were recorded with a Nanoscope Illa microscope operated
at room temperature in air using commercial cantilevers
made of antimony-doped silicon with a spring constant
of 30 N/m. The images were digitally sampled at the max-
imum number of pixels (512) in each direction, and the
Nanoscope image processing software was used for image
analysis. Unless otherwise stated, image treatment was
limited to a “flattening” operation, whereby a first-order
surface representing height variations related to a possible
tilt of the sample is subtracted from the original image.

2.4. FET characterization

The drain current I4 vs. drain bias Vq4 (output) and Iq4 vs.
gate bias V, (transfer) characteristics have been collected
in ambient conditions with an Agilent 4156C Precision
Semiconductor Parameter Analyzer.

3. Results and discussion

In a typical experiment, we have unidirectionally
rubbed, with the AFM tip in contact mode, a (10 x
10) um? area on a P3HT film prepared by dip-coating.
Afterwards, the morphology of the rubbed regions was
investigated by TMAFM. Fig. 1a shows height and phase
images in an area across the modified region. The rubbed
area is barely visible in the height image (left) and appears
more clearly in the phase image (right). This phase contrast
originates from local differences in tip-sample interactions,
which indicates that the nanorubbing process induces a
modification in the polymer mechanical response. Since
rubbing favors polymer crystallization via chain alignment
[17] and we observe a clear optical signature of P3HT chain
alignment in the rubbed areas (see below), it is most likely
the change in TMAFM phase signal over the rubbed areas is
due a local increase in stiffness, as a result of P3HT chain
ordering.

Upon closer inspection, we observe that the rubbed area
presents, both in the height and phase images, a regular
pattern made of grooves parallel to the rubbing direction
(Fig. 1b). From the Fourier transform of the height image
(see inset), the period of the pattern is found to be about
40 nm. This value is directly related to the experimental
conditions of the rubbing process. The (10 x 10) um? area
was scanned by 256 parallel lines and the lateral shift be-
tween two lines is therefore (10,000 (nm)/256 = 39 (nm)),
which corresponds to the period of the pattern formed in
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Fig. 1. (a) (10 x 10) um? and (b) (2.5 x 2.5) um? TMAFM height (left) and phase (right) images of a nanorubbed area. The vertical gray scale is 10 nm and
20° for the height and phase image, respectively. Inset: Fourier transform of the height image.

the rubbed zone. Under the conditions used here (10 rub-
bing scans with a load of 200 nN), the vertical amplitude
of the pattern is 1.5 + 0.5 nm.

Based on these observations, it therefore becomes pos-
sible to generate patterns with a well-defined periodicity,
by selecting the size of the rubbed area and the resolution
of the scanning during the rubbing operation. Two exam-
ples are shown in Fig. 2. In image Fig. 2a, a square of
(5 x 5) um? was rubbed with a resolution of 32 lines/scan.
Accordingly, the grooves period is around 150 nm
(5000 (nm)/32 =156 (nm)). A closer look reveals that the
lines are not perfectly parallel, but correspond to a very
tight zig-zag pattern. This is even clearer upon further
reducing the resolution to 16 lines/scan (Fig. 2b). This re-
flects the actual tip displacement during the rubbing: the
tip scans back and forth in the fast scan direction while
slowly moving in the orthogonal direction (Fig. 2c), giving
rise to the zig-zag pattern. Nevertheless, for more realistic
rubbing conditions (256 lines/scan) used for FET character-
ization, the lines can be considered to be parallel.

In order to highlight a possible orientation of the poly-
mer chains within the rubbed zone, the samples were ana-
lyzed with optical microscopy between crossed polars. As

an example, two P3HT films with four (10 x 10) um?
rubbed square areas are shown in Fig. 3; all the nanorub-
bed domains appear with a high birefringence. In addition,
complete extinction of these squares is observed when
the polars are oriented either parallel or perpendicular
to the rubbing direction. These observations clearly testify
the orientation of the polymer chains induced by the rub-
bing process.

When using a single polar, we observe that the rubbed
areas appear darker when it is oriented parallel to the rub-
bing direction while they are brighter when the orientation
is perpendicular to the rubbing direction. This difference in
the light absorption indicates that the chains are oriented
along the rubbing direction, since it is well known that
the first optical transition in conjugated polymers is polar-
ized along the chain axis [18]. The polymer chains orienta-
tion is most probably due to the combination of the shear
stress induced by the tip displacement and the ability of
the regioregular polymer to crystallize.

Since regioregular P3HT is partly crystalline [19], we
propose that the anisotropy appearing upon rubbing is
due to the alignment of preexisting crystalline domains
and/or to the stretching and crystallization of chains in
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Fast scan
direction

Slow scan
direction

Fig. 2. (a) (10 x 10) um? TMAFM phase image of a nanorubbed P3HT film with a resolution of 32 lines/scan. The vertical gray scale is 30°. (b) (4 x 4) pm?
TMAFM phase image of a nanorubbed P3HT film with a resolution of 16 lines/scan. The vertical gray scale is 15°. (c) Scheme of the tip scan pattern. The dark
regions in images (a) and (b) correspond to the zones where the tip has rubbed the film surface.

10 pm

Fig. 3. Optical micrographs between crossed polars for P3HT films with four (10 x 10) um? rubbed squares. The crossed polars are oriented as shown by the

white arrows.

the amorphous regions. In a control experiment, nano-
rubbing has been carried out on thin films of regio-
random P3HT, which cannot crystallize due to the
random arrangement of the hexyl side groups. In that case,
neither changes in the surface morphology nor birefrin-
gence are observed, which is consistent with the absence
of polymer chain orientation. In the regiorandom system,
the polymer chains that are stretched by the tip displace-
ment most probably relax back to the coiled state very
quickly afterwards.

In order to study the effect of chain orientation on the
device electrical properties, we applied the nanorubbing
technique to P3HT thin films defining the channel of FETs.
The rubbed area includes the P3HT channel and a part of
the electrodes, because the polymer layer, deposited by
dip-coating, covers the devices entirely. The TMAFM height
image (top left) in Fig. 4a shows the P3HT channel as the
dark horizontal region comprised between the source and
drain electrodes, which appear in gray. The corresponding
phase image (top right) shows no contrast between the
channel and the electrodes, consistent with the fact that
the whole device surface is covered with P3HT. The pattern
generated by the rubbing is clearly observed in the close-

ups (Fig. 4b); it is very similar to that obtained on the ‘free’
P3HT films.

Fig. 5 displays optical micrographs of a P3HT FET with a
nanorubbed zone across the channel. Rubbing has been
performed over a (25 x 25) um? area, with the scan direc-
tion along the electrodes, as indicated by the arrow in the
right micrograph. Between crossed polars, the electrodes
appear in pale blue and the rubbed area is very bright (yel-
low over SiO, and blue over Pd source and drain elec-
trodes) when the rubbing direction is at 45° with respect
to the polars (left image), which indicates that also in this
system the rubbed polymer is birefringent. Consistently, a
complete extinction of the rubbed square is observed when
the rubbing direction is either parallel or perpendicular to
the polarization directions, testifying to the polymer chain
orientation within the rubbed domain and so within the
P3HT channel.

4. FETs properties

The typical output (a) and transfer (b) characteristics
of P3HT FETs fabricated with W=25um, L=1 um and
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| Sotirce

Fig. 4. (a) (35 x 35) um? and (b) (15 x 15) um? TMAFM height (left) and phase (right) images of a channel-rubbed field-effect transistor. Images (b)
correspond to green squared areas in images (a). The vertical gray scale is 7 nm for height images and 25° for phase images.

direction

10 pm

Fig. 5. Optical micrographs between crossed polars of a P3HT field-effect transistor with the channel structured by nanorubbing. The crossed polars are
oriented as shown by the white arrows.

pristine SiO, dielectrics [20,21] are given in Fig. 6. These pinch-off. We have consequently determined the field-ef-
transistors display short channel effects [22,23], in other fect mobility at both low and high drain voltages, as
words inability of the drain current to saturate above the shown hereafter. The on/off current ratio of our FETs is
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Fig. 6. Output (a) and transfer (b) characteristics of P3HT FETs with W =25 um, L = 1 pm and pristine SiO, dielectrics. (c) and (d) Transfer behavior of P3HT
FETs with W =100 um, L=30 um and hexamethyldisilazane-treated SiO, dielectrics. Insets display their respective output response. Before rubbing

(continuous curves) and after rubbing (dashed curves).

below 1000, similar to previous reports, which affirmed
unintentional doping of the P3HT when processed in
ambient conditions [24,25]. This unfortunately precludes
the extraction of certain parameters, such as maximum
transconductance and cut-off frequency, i.e.,, a more in-
depth analysis of the electrical changes induced by the
nanorubbing process. Note that the transfer characteris-
tics (Fig. 6b) show a pronounced hysteresis, typical of
thick SiO, dielectrics, which indicates a relatively high
density of traps at the organic/dielectric interface and
within the dielectric [26]. As proper treatment of the
dielectric reduces the hysteresis, we have also tested de-
vices with W =100 pum, L=30 um, and hexamethyldisi-
lazane-coated 100-nm-thick SiO, dielectrics. Their
corresponding current-voltage characteristics are given
in panels (c) and (d) of Fig. 6. Indeed, they display lower
hysteresis with respect to pristine SiO, devices together
with a well-defined saturation of the I — Vg4 curves (see
insets).

Table 1

To quantify the impact of nanorubbing process on the
FET characteristics, we have determined the linear mobil-
ity tuin using the equation Iq = W/L«Cixhiin*(Vg — Vin)xVaq,
where the threshold voltage V., has been extracted from
plots of I4/g}? vs. V. Here gy, = 0l4/0V, is the transconduc-
tance. Given the presence of superlinearities at low V; in
the output characteristics of the L=1 um FETs, the ex-
tracted values for the linear mobility might be question-
able. We therefore provide the field-effect mobility also
at high gate voltages, using the equation Iq=W/
2LxCittsarv(Vg — Vin sar)®- The Vi sae has been extracted
from plots of 1(11/2 vs. V. Table 1 compares all these param-
eters for the homogeneous and nanorubbed devices (along
the electrode direction). We observe two times or higher
mobilities for the nanorubbed FETs, comparable with pub-
lished data for standard bottom-contact P3HT devices [27].
From the transfer plots we have also extracted the source-
drain series resistance (Ryq), using the technique detailed
by Rhayem and collaborators [28] and found values in

Electrical properties of the homogeneous and nanorubbed P3HT FETs (along the electrode direction)

Device Vin (V) in (cm?/V's) Rsq (MQ) Vin sat (V) Hsar (cm?|V s)

W=25umL=1pm Homogeneous 12 2.6 x1073 5 —4 7x1073
Nanorubbing// 7 6.4 x 103 1 2 20 x 1073

W=100 um L =30 pm Homogeneous -6 2.0x 1073 50 0 1x1073
Nanorubbing// -10 3.0x 1073 35 0 2x1073
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Nanorubbing //

Nanorubbing L

Fig. 7. Schematic representation of the P3HT chain arrangement when the nanorubbing is performed parallel (left) and perpendicular (right) to the source—
drain axis. The polymer chains and the electrodes are not to scale. The double arrows indicate the rubbing direction.

the MQ range, consistent with previous reports on P3HT
films deposited by spin coating [29,30]. This indicates that
the nanorubbing process provides a gentle modification of
the metal/polymer charge-injection interface. Finally, we
have checked that the mobility value does not depend on
the direction of the dip-coating operation, i.e., either paral-
lel or perpendicular to the electrodes. In other words, in
the conditions we used, the dip-coating does not induce
significant orientation of the P3HT film.

After rubbing the P3HT channel along the electrode
direction (i.e., as indicated in Fig. 5), the transistors oper-
ate nicely, with improved parameters (see Table 1). In
contrast, when the nanorubbing is performed perpendic-
ular to the electrode direction, the mobility has consis-
tently been found lower and approaching 10~% cm?/V s.
This contrast in mobility is most probably related to
the difference in chain orientation induced by the rub-
bing. It has been shown previously [8] that rubbing
P3HT films leads to a global orientation of the chains at
the surface, with the (100) plane perpendicular to the
polymer layer. This means that the plane of individual
polymer molecules is parallel to the surface. Let us note
that such arrangement is not the most favorable for
charge transport in the plane of the polymer film (a
‘edge-on’ organization has been shown to lead to the
highest mobilities) [11]. When rubbing is carried out per-
pendicular to the source-drain axis, the chains are there-
fore arranged flat on the surface and perpendicular to the
transport direction (Fig. 7, right). In such configuration,
charge transport in the source-drain direction implies
chain-to-chain hopping over a large distance (because
of the presence of the alkyl groups), which is consistent
with the low mobility observed. In contrast, when nano-
rubbing is performed parallel to the source-drain axis,
the chains are oriented parallel to the transport direction
(Fig. 7, left). Intramolecular transport is favoured and
only a few inter-chain hopping events are necessary for
charges to cross the channel. This is consistent with the
twofold increase in mobility with respect to the homoge-
neous layer, in which the chain orientation is random.
This behavior is similar to that recently observed when
the chain orientation is promoted in poly(3,3"’-didode-
cyl-quaterthiophene) by embossing the polymer layer in
the liquid-crystalline state [31]. Finally, we note that
additional mechanisms could affect the mobilities of
nanorubbed transistors. Precisely, the surface roughness
induced to the polymer films constituting the FET chan-
nel by the rubbing process is likely to induce a nonuni-
formity in the electric field and, hence, a modification

of their respective field-effect mobilities. This side effect
cannot be ruled out and might play a role in our exper-
iments. Yet, we believe that it should be strongly related
to the magnitude of the corrugation (depth of the nanog-
rooves) as well as the periodicity of the surface deforma-
tion, and this has been not observed in the experiments.

5. Conclusions

We have applied the nanorubbing process, which uses
an AFM tip operating in contact mode, to structure regio-
regular P3HT thin films. Rubbing induces a slight deforma-
tion on the surface, showing up as grooves to the fast scan
direction, along with a modification of the mechanical re-
sponse corresponding most probably to shear-induced ori-
entation of crystalline domains. Polarized optical
microscopy clearly indicates that the P3HT chains are ori-
ented along the rubbing direction. Consistently, thin films
of regiorandom P3HT, which cannot crystallize, show no
morphological modifications and no optical anisotropy
upon nanorubbing.

In order to study the effect of chain orientation on the
electrical properties of P3HT devices, we applied the nano-
rubbing technique to structure the P3HT film deposited in
the channel of FETs. When nanorubbing is carried out par-
allel to the source-drain axis, the electrical performances
of the devices (such as the linear and saturation mobilities)
are improved with respect to FETs employing isotropic
P3HT films. In contrast, when nanorubbing is performed
perpendicular to the source-drain direction, the mobility
decreases. These effects are related to the polymer chain
orientation: in the latter case, the chains are perpendicular
to the transport direction and the charge transport implies
chain-to-chain hopping over large distance, which leads to
low mobilities. When the nanorubbing is performed paral-
lel to the source-drain axis, the chains are parallel to the
transport direction, intramolecular transport is favored,
leading to higher mobilities.
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