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The Importance of Bridging Points for Charge Transport
in Webs of Conjugated Polymer Nanofibers

Jean-Christophe Bolsée, Wibren D. Oosterbaan, Laurence Lutsen, Dirk Vanderzande,

and Jean Manca*

Electrical characterizations on webs of highly ordered semiconducting
polymer nanofibers (NFs) are often performed with large electrodes devices
(millimeter scale) for which the carrier transport is an average between trans-

port within isolated NFs and transport at the intersection of two or more NFs.

In order to assess the nanoscale electrical properties of the NFs, a field-effect
transistor based on conductive atomic force microscopy is introduced that
allows the visualization of the current distribution at the nanometer scale
within a web of poly(3-butylthiophene) NFs. The contact resistance is evalu-
ated to be =4 kQ cm, which does not limit the charge transport process, and
the mobility in one single NF is tiys = 0.07 £ 0.03 cm? V™' s™'. One NF can
carry a current density of 20 kA cm~2 without being destroyed. Moreover, by
observing the current maps in detail, it is found that the electrical resistance
associated with the bridging of two or more individual NFs does not reduce
the charge transport inside the web of NFs. Finally, different kinds of bridging

famous representative is poly(3-hexylth-
iophene) (P3HT) with six carbon atoms,
followed by poly(3-butylthiophene) (P3BT)
with four carbon atoms on the alkyl side
chain. The crystal structure of a P3BT NF
is sketched in Figure 1. They consist of
folded or extended polymer chains stacked
along the fiber length by m—r interaction
and two to three layers of the polymer
stacks separated by the butyl side chain
along the alkyl stacking direction.!

In addition to their future applications,
these highly ordered NFs offer an ideal
tool for investigating charge transport
phenomena in field-effect transistor struc-
tures.”1% Webs of P3AT NFs have been
intensively studied and mobility values
in the range 0.04 + 0.02 cm? V™! s7! were

862 wileyonlinelibrary.com

geometries are shown and the role of tie molecules is discussed.

1. Introduction

Recently, much attention has been directed towards the syn-
thesis and characterization of one-dimensional (1D) nanostruc-
tures fabricated from conjugated polymers and small organic
molecules. Their unique properties, such as high aspect ratios
and chemical and mechanical stability, make them candidates
for high performance components for future organic devices
such as solar cells,!?l photodetectors,?! and transistors.*

A typical example of these 1D nanostructures are the
nanofibers (NFs) of regioregular poly(3-alkylthiophene)s (RR-
P3ATs), which crystallize in solution.”® Processing NFs from
fiber dispersions offers good control of the film morphology.
P3ATs denote a class of conjugated polymers where the number
of carbon atoms in the alkyl side chain can vary. By far, the most
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reported by different groups.%1%1l How-
ever, the employed organic field-effect
transistors (OFET) devices have much
larger dimensions (channel width W (mm) and channel length
L~ 10 um) than the dimensions of a typical NF (width 20 nm,
length (um)).®l Consequently, charge transport in an OFET
device involves transport through two processes: within indi-
vidual NFs and interfiber transport at the intersection of two or
more NFs. The impact of these bridging points on the effective
transport is unknown and subject to discussion.[101213]

In order to address these questions, we introduce a tran-
sistor where one of the electrodes is the mobile conductive
atomic force microscopy (CAFM) tip. It enables one to resolve
the current distribution at the nanometer scale within a web of
P3BT NFs and to evaluate the role of bridging points in charge
transport within a web of NFs. The CAFM-transistor is applied
on polymer NFs but we consider that this can be used on every
electrically active nanostructures for which electrical characteri-
zations at the nanoscale are needed.

2. Results and Discussion

CAFM is a current sensing AFM technique where a metal-coated
tip scans the sample and measures simultaneously sample con-
ductivity and topography under a certain voltage.'**) CAFM
can be used in two modes: the first mode, called imaging mode,
consists in applying a constant voltage to the sample while the
tip is scanning. The topography and current images are simul-
taneously recorded and allow correlating the highly conducting
regions with the topographical features. In the second mode,
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Figure 1. Schematic of the CAFM field-effect transistor with one electrode being the mobile

CAFM tip. Schematic of a P3BT nanofiber.?!

called spectroscopic mode, the tip is fixed at one point and the
sample voltage is swept across a certain range giving an cur-
rent/voltage (I/V) characteristic.

In a first step, a qualitative description of our CAFM
field-effect transistor is given of samples obtained from a
high concentration dispersion (0.005 wt%). Its capability
to resolve the current distribution at the nm scale and the
appearance of the transistor effect (increase of NFs conduc-
tivity by a negative Vi) will be demonstrated. In a second
step, we focus on samples obtained from a lower concentra-
tion dispersion (0.001 wt%) and measure the contact resist-
ance Rc and NF in-plane mobility, uyp. Finally, in a third
step, we evaluate the role of bridging points between NFs on
charge transport.

2.1. Transistor with CAFM Tip Electrode: Proof of Concept

To study charge transport along the NFs,
a transistor structure like the one depicted
in Figure 1 is used. It consists of a highly
n-doped Si gate electrode with a SiO, gate
dielectric (gate capacitance per unit area
C,=16.9nF cm™?). Aself-assembled monolayer
of hexamethyldisilazane (HMDS) is used to
passivate SiO,. Using conventional photo-
lithography, a thin drain electrode (10 nm
Pt layer on top of a 2 nm Ti adhesion layer)
is patterned. The electrode is made as thin
as possible to improve electrode connection
and to avoid the disruption of the NFs since
their thickness is close to 4 nm. Compared
to a standard FET device with two fixed elec-
trodes, our set-up has one mobile electrode,
which is the CAFM tip. While scanning
across the sample, the current flowing from
the CAFM tip to the Pt drain electrode via
the NFs is measured. Two voltage sources
and associated current meters were used: one
was internal to the atomic force microscope
and one was external (Keithley 2400 source-
meter). Both power supplies were grounded
on the tip potential. To determine the tran-
sistor transfer characteristics for which the
gate voltage, Vi, was swept at a fixed drain
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voltage, Vp, the AFM source was connected
to V¢ and the external one to Vp. While to
determine the output characteristics for
which Vp was swept at different fixed V,
both power supplies were switched.

The NFs are randomly drop-cast on the
substrate. Due to their high surface coverage,
they form a 2D web connected to the drain

o electrode even at a distance of hundreds of
- micrometers from the electrode. Figure 2
shows three typical CAFM measurements
in the imaging mode. In the first zone, the
correlation between the topography image
(panel A) and the current image (panel B) is
excellent: the current is zero when the tip is not touching any
NFs and becomes positive as soon as a NF is reached. Some
NFs, such as the ones circled in panel A, are not connected to
the drain electrode and consequently the associated current in
B is zero. The correlation is also outstanding for zone 2 (com-
pare panels C and D) and zone 3 (compare panels E and F). In
other words, it is possible to measure the current distribution
with nanometer resolution and in particular through isolated
NFs.

A second key point shown in Figure 2 is the conductivity
enhancement of the NFs when the V. is decreased as this is
expected for p-type semiconductors. On D, V is progressively
decreased from 0 V to —12 V leading to a current increase by
a factor 10 while on F the NFs are alternately switched from
insulating to conducting by changing the gate voltage between
0Vand-10 V.

CURRENT

Figure 2. Topography and corresponding current images obtained on P3BT NFs on SiO, at
various Vp and V¢ conditions. A,B) Zone 1: Vp =2V and V; =-4V are fixed. C,D) Zone 2: the
fibers conductivity is increased as V( is decreased progressively from top to bottom with Vp
fixed at 4 V. E,F) Zone 3: as V is changed from =10 V to 0 V, the NFs are switched from on to
off states with V, fixed at 4 V.
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An important question for current trans- A
port through nanofibers is to know whether 0.0
the measurements are destructive or not for
the NFs. To address this point, we image two
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times the same area at fixed Vp and V¢ and 250“0
compare the two current maps. By changing D1 ox10°

Vp and Vg, the mean value of the current

map can be tuned. It is found that for mean .
current up to 4 nA, the second map keeps )

the same signature as the first one but with o

a slight current reduction. This hysteresis
is a well-known phenomenon in organic
transistors where hole trapping causes the
transistor current to continuously decrease
under constant bias conditions.'®! There-
fore, the observed current reduction is not
attributed to NFs destruction. On the other hand, for current
approaching 5 nA, a current drop to 0 A is inevitably observed.
Consequently, the maximum current is 4 nA, which leads to
current density Jmax = 22 = 20 kA cm with W = 20 nm
one fiber width and h = 1 nm the thickness of the accumula-
tion layer. This is widely accepted and reported that in OFETs
conduction mainly occurs in the first nanometer of the semi-
conducting layer from the dielectric interface.l'” '8l The reasons
are that both the charge carrier density and field-effect mobility
are significantly reduced at 1 nm depth perpendicular from the
interface compared to interface values.l'”] Since the conductivity
is proportional to the product of the mobility and the carrier
concentration, it explains that conduction occurs in the first
nanometer. This result is valid for undoped semiconductors
placed in field-effect devices operating in the linear regime and
does not depend on the lateral dimensions of the investigated
structure and, thus, is also applicable for the nanofibers.

All the measurements shown in Figure 2 are for positive
drain voltage where the holes are emitted from the drain elec-
trode and collected at the tip. There is no hole injection bar-
rier from the Pt drain electrode (work function =5.6 eV) into
the polymer highest occupied molecular orbital (HOMO) level
(=5.2 eV). For negative drain voltage, less stable and reproduc-
ible results were obtained probably because of the high work
function of the drain electrode, which hampers hole collec-
tion, or due to a high contact resistance at the tip NFs junc-
tion, which limits holes injection. Therefore, most of the data
presented here are made with positive drain voltage. We are
aware that the denominations “drain” and “source” electrodes
as sketched in Figure 1 could be controversial because for posi-
tive Vp holes are emitted from the side electrode and collected
at the tip electrode. However, this nomenclature is kept because
our source electrode is grounded as this is usually the case.

In the spectroscopic mode, an output characteristic can be
performed at a fixed tip position (Figure 3A). In order to deplete
the channel at the drain side and thus visualize the saturation
regime, it is necessary to sweep Vp within negative values.
The obtained curves are those of a p-type semiconductor with
current amplification for negative Vi, which confirms once
again that a transistor with one mobile electrode has been
constructed.

It is observed in almost all the current maps that the “electric
width” (defined as the width of one NF measured in the current

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. A) Output characteristic for a fixed CAFM tip position on a P3BT NF showing the
expected linear and saturation behaviors for a p-type semiconductor working in accumulation
mode. B) Field lines in the vicinity of the CAFM tip.

map) is larger than the “geometric width’ (as measured in the
topography map), which is also larger than the true NF width
due to tip broadening.l') The typical deviation between electric
and geometric width is 6-8 nm (3—4 nm on each side). It corre-
sponds to a situation where current is detected while the CAFM
tip is still pressing on the substrate, as is sketched in Figure 3B.
A tunneling current is expected to occur for a tip—NF distance
less than 1 nm. This is one contribution to the difference
between geometric and electric width. The second occurs when
the tip touches one NF and indents it along a certain lateral
distance until the force exerted on the tip is high enough to be
detected. At this moment, the AFM controller lifts the tip and
the geometric width is detected.

2.2. Estimation of the Contact Resistance (Rc)

Due to the limited contact size at the tip contact (contact radius
=2 nm, see Experimental Section) and the short length of the
NFs, the question of contact resistance effect is relevant.[2023]
Before trying to extract any mobility values from our data, we
have to prove that the measurements are not contact limited.
The total resistance R, is the sum of the contact resistance R¢
and the channel resistance: Ry = Rc + Raamna = Rc + ”VLh
where L is the channel length (length of the NF in this section),
W is the channel width (width of the NF), and p is the resis-
tivity of the NFs. Since a current map displays the current in
the NFs as a function of the length of the NFs, it is possible to
estimate R as the value of R, at zero length. Figure 4 explains
the strategy to determine the contact resistance Rc. First, topog-
raphy and current maps are taken close to the drain electrode
(panels A and B) but without reaching it to avoid instabilities.
Then, the drain electrode is partially imaged to measure the
channel length (panel C). Finally, we zoom in on the NFs to be
studied (panels D and E). Panels F and G show the current pro-
file along top and bottom NFs where the extrapolation to zero
length gives Rc = 1 GQ * 1 GQ. Considering the worst case
Rc = 2 GQ, this gives ReW = 4 kQ cm, which is of the same
order of magnitude as the reported values for standard organic
transistors.?!l Although R seems huge, the worst case value
is only 5% of R, when we measure 100 pA at V, = 4 V, which
is typical for CAFM measurements. It is worth noting that
the same behavior was observed on many different samples.

Adv. Funct. Mater. 2013, 23, 862—-869
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zero as expected for an ideal transistor. Based
on this good matching, we can conclude that
our NFs do not suffer from oxygen and water
contamination (as expected from our home-
S~ _ sl made glove box), which are known to move
] : um A Vi towards positive V, and that the NFs are
& " T ' ' i hole and electron traps free since hole and
Drain u 400 600 800 electron traps would move Vy toward nega-
C LnE (nm)

electrode tive and positive V¢, respectively.®]
: . : . Finally, the mobility is obtained by fitting
UNF = #OVD . ‘”D from the slope of the
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transfer charactenstlc. The measurement
J0x10%] was repeated on about ten different isolated
3 NFs and led to a mean value of uyg = 0.07

R
o
o
X
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BOTTOM
0.35um

£0.03cm? Vis

CAFM was already applied to P3HT mes-
owires synthesized by template wetting.>*| The
authors found a mobility =2 x 10 cm? V-1 g7!
Figure 4. Estimation of contact resistance from current images at fixed bias for P3BT NFs on  and a contact resistance =10 GQ, which is

SiO,. A) Topography and B) corresponding current images for Vg = -4 V and Vp = 2 V. The high enough to limit the transport. Although
drain electrode is out of the i‘mage on‘the. left. C). Topography image ofa part of A with the dra!n applied on the same class of polymers, these
electrode on the left extremity. No bias is applied when imaging the drain electrode to avoid . . .

. L ) ) ) results are in contradiction with our data.
instabilities. D) Zoomed topography and E) corresponding current images of (C) showing two The di . lained by the ab

NFs. The drain electrode is 80 nm on the left of the image. F,G) Current profiles along both indi- € discrepancy 1s explamned by the absence
vidual NFs where it is clear that the current increases as the tip approaches the drain electrode. of gate electrode in the set-up of ref. [23],
Lyr denotes the length of the NF starting from the drain electrode. From the extrapolation of ~ which changes all the transport processes
Riot to Lyr =0, we obtain Rc =1 GQ 1 GQ. (lower u and higher contact resistance) since

the carrier concentration is much smaller.**

LNF (nm)

Therefore, we can conclude that the meas- A Drain e| ectrode

urements are not contact limited.

2.3. Hole Mobility in one Single NF (LiyF)

One of the main goals of our mobile elec-

trode transistor is to measure the longitudinal
mobility in one isolated NF (uyg). Figure 5

shows the followed strategy. In a first step,

the target NF has to be imaged up to the B
electrode. This is done in panel A without
voltage bias to avoid any instabilities which 8x10
would be caused by the metal-metal contact.

Then, once the target NF is identified the tip

is positioned at the desired location and Vg 6x10"°
is swept to give the transfer characteristic in
panel B. Vp is chosen small enough such that
the transistor operates in the linear regime.
Before extracting [iyp, two important points
can be discussed. It can be seen in panel B 16
that the transfer characteristic does not suffer 2x10
from contact resistance effects. If it was the

case, then the absolute slope on the linear 0. NNF=0-090m2V'1 5'1
scale “’—I’l) would decrease at high negative
Vi, which is not the case in Figure 5. Another — T
transistor parameter commonly reported is 12 -9 -6 -3 0 3

the threshold voltage V7, defined as the inter- Va(V)

section of the transfer characteristic with G

zero current. From Figure 5, we obtain a Figure 5. Mobility measurement on one single P3BT NF. A) Topography map showing one

value of -2 V£ 1 V which has to be corrected  isolated NF connected to the drain electrode at the left extremity. B) Transfer characteristic from
to —4 V = 1 V.22 These results are close to  which the mobility is fitted on the point labeled X in (A).
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2.4. Influence of Bridging Points on Charge Transport

The main benefit of the CAFM based transistor is that one can
visualize the current distribution at the nm scale and, as will be
demonstrated, it allows us to evaluate the electrical resistance
of bridging points of NFs.

For each pixel of a current map a current I(x,y) is obtained,
which can be converted into an equivalent electrical resistance
using the relation

Req (%, y) = W/ I(x, y) 1)

An important question is to know what influences Req(x.y).
When flowing from the tip, fixed on point P, to the drain elec-
trode, the current is split at each bridging point (defined as the
intersection of two or more NFs) and follows different percolation
pathways until the drain electrode is reached. The electrically
active web between the tip and the drain electrode is composed
of n bridging points each having a resistance Ry, and m NF seg-
ments of length | with a length-dependent intrinsic resistance
Ryg(l). Req at point P is influenced by all these elements:

Regp = f(n, Rup, m, Rxe(l), Re) 2)

The electrical resistance of a bridging point, Ry, can be esti-
mated by comparing the CAFM currents at the different sides
of a bridging point.

If the tip—electrode distance is large (more than 10 um) and
the NFs concentration is high (as in Figure 2), then n and m can
be as high as 10* and 10°. These numbers are so large that even
if the transport was limited by bridging points, no current varia-
tion would be detected. On the other hand, measurements taken
at low concentration and close to the drain electrode bring quan-
titative information. In Figure 6 the currents at the four poles
(points 1, 2, 3, and 4) of a typical bridging point are compared:
I, =430 pA, I, =420 pA, I3 =430 pA, and I, = 395 pA. The four
equivalent resistances of the four poles are deduced by looking at
the topographical image. For instance, when the tip is on point 1,
Req1 is the parallel association of four different pathways (the

Req2= Ryr (300nm)+R,,
Req3= Rur (300nm)+R,,
Req,a= Ry (300nm)+Ry,,

Current

Figure 6. Electrical resistance evaluation of the bridging point of two NFs. A) Topography
image of some NFs touching the drain electrode. B) Zoomed-in image of (A), the equivalent
electrical circuit is shown. C,D) topography and current images of a part of (A) from which the

four current values are extracted (Vg=—4Vand Vp=2V).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ones going through 2, 3, 4, and the one to the drain electrode).
It is clear that the resistance of the short pathway to the drain
electrode is much smaller than the three others pathways hence
Req1 = Ryp(300 nm) with 300 nm the length between point
1 and the drain electrode, as deduced from the topography map.
A similar reasoning holds for point 2, 3, and 4 for which the
bridging point contribution has to be added: Req; = Req3 = Reqs
= Ryp(300 nm) + Ry,,. Using Equation (1) for the four poles, it is
possible to calculate Ryr(300 nm) = 4.6 GQ and Ry, = 0.4 GQ.
In other words, the electrical resistance of the bridging point is
much smaller than the one of a segment of NF.

To gain more confidence in this result, the analysis has been
repeated many times on other samples, Figure 7 and Table 1.
The mathematical expressions for R.y; have been obtained from
the careful reading of the large scale topography images (left
column Figure 7). On these images, no bias voltage is applied
because the metal-metal contact (tip-drain electrode) would
cause instabilities. The current values are extracted from the
current maps.

We note that as expected for p-type semiconductors Ryg(})
and Ry, are reduced at negative V. Table 1 confirms the obser-
vation made in Figure 6 and allows us to write the following
equation

Ryp < 0.1 Rz 3)

It means that the electrical resistance associated with the
bridging of two (or more) individual NFs can be neglected with
respect to the intrinsic resistance of the NFs. As complemen-
tary proof, we have measured the mobility of a web of P3BT
NFs using the standard macroscopic OFET devices (channel
length: 40 um and channel width: 10 mm) in such a way that
the extracted mobility is influenced by the transport within indi-
vidual NFs but also by the bridging of NFs. We have measured a
web mobility of Uy = 0.05 + 0.01 cm? V-1 571, remarkably close
to the literature values 0.04 £ 0.02 cm? V! g7161011] 3nd more
importantly, comparable to our measurement on one single
NF pyg = 0.07 £ 0.03 cm? V7! s7L. This is a second proof that
transport at the intersection of several NFs
does not reduce or limit the charge transport
process in a NFs network.

2.5. Structure of Bridging Points

Based on Equation (3) and on the thicknesses
of bridging points of NFs, some information
about how the NFs intersect can be deduced.
1nA Because of its higher resolution and softer
contact than CAFM, tapping mode AFM has
been extensively used to measure the thick-
nesses of NFs bridging points. Two kinds of
intersections are observed: 1) the vast majority
have four arms (noted here as X intersection)
with a thickness between 6.5 and 8 nm and
2) the rest have three arms (noted here as T
intersection) with a thickness of 4 nm. For the
X intersection, since the intersection height
is higher than 4 nm (height of one single NF)
it means that the two NFs stack on each other

Adv. Funct. Mater. 2013, 23, 862—-869
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Case 4

Figure 7. Four additional case studies to evaluate Ryg(l) and Ry, Left column is a large scale image including the drain electrode on the left extremity.
Middle and right columns are a zoomed-in region of the left column. See Table 1 for numerical analysis.

and that the 8 nm X intersections correspond to a NFs superpo-
sition without interpenetration of the two NFs, as illustrated in
Figure 8. In this configuration, their poor electrically conducting
alkyl side chains touch each other leading to a high transport
barrier for a hole going from NF1 to NF2 (or vice versa). This is
in contradiction with Equation (3). Many papers in the literature
have discussed the importance of tie molecules for conduction
in conjugated polymers.2’I27l The tie molecules are molecular
segments, which start in one crystalline domain and are con-
nected to another crystalline domain. The edges of the P3BT
NFs are expected to contain a lot of these loose polymer stands.
The first reason is that the polydispersity of the NFs is not 1
but 2.18 and therefore there is a large variation in the length of
the polymer chains, the longest ones being the tie molecules.

Adv. Funct. Mater. 2013, 23, 862-869
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The second argument for the presence of tie molecules comes
from a paper of Zhang et. al.?8] They monitored the width of
P3HT nanofibers as a function of the weight average molecular
weight M,,. They found a linear trend for M,, < 10 kg mol™,
which means that the width of one NF is proportional to the
length of the polymer chain. On the other hand, for M,, > 10 kg
mol, they observed a constant width (at around 30 nm like our
NFs) independent of M,,, which means that the polymer chains
are folded inside the NFs or that some chains extend out of the
NFs. The M,, of our NFs is largely above the threshold value of
10 kg mol™ and this suggests that our NFs are composed of
folded polymer chains and tie molecules. Thus, when the NFs
are stacked on each other, the loose polymer strands can connect
two different polymer chains and create conduction pathways

wileyonlinelibrary.com 867
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(- Table 1. Bias conditions, expressions for equivalent electrical resistance, measured currents and calculated Ryg, Ry, values for the configurations of
"] Figure 7. Case of Figure 6 is rewritten for convenience.
(- B
E Case Bias Req ] Vb= Reg1h = Reqal 2= Req3l3= Req 4l
- 1 V=2V Req1 = Re(600 nm) Iy =380 pA Ry (600 nm) = 5.3 GQ
5 Vo=—4V Req2 = Rne(600 nm) + Ry, 1, =350 pA Rep = 0.4 GQ
(T8 Reqs = Ryr(600 nm) + Ry I =350 pA
Reqa = Ry (600 nm) + Ry I, =380 pA
2 Vo=2V Reqn = Rye(1.5 um) I, =221 pA Rne(1.5 um) = 9.0 GQ
Ve=-6V Reqz = Rye(1.5 um) + R, I, =205 pA Rep=0.7 GQ
Reqs = Rye(1.5 um) + R, I =220 pA
3 Vo=2V Req = Re(1.6 m) I, =18 pA Rne(1.6 um) =111.1 GQ
Ve=-1V Req2 = R (1.6 im) + Ry, I,=17 pA Ryp = 6.5 GQ
Reqs = Rue (1.6 m) + Ry, ;=18 pA
4 Vo=4V Req1 = Rur (500 nm) =13 pA Rne (500 nm) =307.6 GQ
Ve=0V Req2 = Rye(500 nm) + Ry =12 pA Rop = 25.6 GQ
Req3 = Rnp(500 nm) + Ry, I;=12pA
Figure 6 Vo=2V Req1 = Rr(300 nm) I =430 pA Rnr(300 nm) = 4.6 GQ
Ve=-4V Req2 = Rnr(300 nm) + Ry, I, =420 pA Rep = 0.4 GO
Reqs = Rnr(300 nm) + Ry, I =430 pA
Reqs = Rne(300 nm) + Ry, I, =395 pA

(Figure 8). In this way, the charge transport

o~ between both NFs is fast and Equation (3) is
o - verified. For the 6.5 nm X intersections, there

is presumably an interpenetrating distance of

about 1.5 nm, which means that the highest

polymer chain of the bottom NF is facing

the lowest polymer chain of the top NF and

holes can easily hop from one NF to the other

Top View
~ Lo, < : \ )
P70 — without having to travel the alkyl side chains,
— thus the transfer is fast.
] . . N . N
——— 21111 ]]] For the T-intersections, the situation is much
A
\,

Xintersection: Side View
6.5nm<height<8nm

different. Here, the two NFs are at the same

‘\—

level and, as shown on Figure 8, all the polymer

# // #\{\ 2 I\élFl NFZ backbones are facing each other leading
Ry to a fast hole transport between the NFs. How-
# /1 #-- ever, we still expect tie molecules to be present

and to reinforce the conduction mechanism.
// #
NF1

NF2 3. Conclusion
Tipterﬂ Side View «0.38nm TOPVIGW s In order to assess the nanoscale electrical
height4nm o — - properties of P3BT NFs, we have developed
1.22nml ~= "Il“ a transistor where one of the electrodes is the
#‘ ..... r————— mobile CAFM tip. The contact resistance is
=r’=\ ! e.sti.rnated to be =4 kQ cm, which does not
gy v limit the charge transport process and allows
TY8nm NF1 NF2 us to measure the mobility in one single NF:
NF1 NF2 Uxr = 0.07 + 0.03 cm? V7! 571, A maximum

. - .
Figure 8. Schematics showing the structure of NFs bridging points for a X intersection (inter- Curr.ent density of.20 kA cm™ in one single
section with four arms) and a T intersection (intersection with three arms). Dashed line refers ~ NF is measured without fiber destruction. By
to tie molecules. observing and analyzing the current images

868  wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 862-869



s
Met oS
www.MaterialsViews.com

in detail, we have found out that the bridging of two or more
NFs does not reduce the charge transport process in a web of
P3BT NFs (Ry, < 0.1Ryg). Therefore the hole mobility of one
NF puyg is very similar to the mobility for a web of NFs tiygsp.
For the 8 nm thick X intersections, this is explained by the pres-
ence of tie molecules. We consider that this technique can be
extended to every electrically active nanostructure for which
electrical characterization is needed.

4. Experimental Section

All the measurements were done on P3BT NFs as synthesized in ref. [8].
They result from the self-assembly of regioregular-P3BT chains. The
number-average molecular weights (M,) value [in kg mol™'] as obtained
by gel permeation chromatography versus polystyrene standards in
chlorobenzene at 60 °Cis (PDl in parentheses) 19.5 (2.29). Regioregularity
as obtained by "H-NMR is 96.5. Nanofiber dispersions were prepared by
slow cooling of hot, filtered (0.45 m) solution of well-dissolved polymer
to room temperature in o-chlorotoluene and conditions that have been
chosen to give over 75% fiber content while minimizing the formation of
non-fibrillar aggregates.®®l An equilibrium state was obtained after 2 to
=15 days after which the proportion of fibers to well-dissolved polymer
remained constant over time.lBl Typical fiber heights and widths are
4 nm and 20 nm, respectively. When deposited on a transistor structure
with appropriate high work function electrodes (such as Au or Pt), they
behave like p-type semiconductors.?’l A Veeco multimode atomic force
microscope equipped with the Nanoscope Illa controller, the quadrex
module, and the CAFM module was used. Two kinds of CAFM tips,
giving similar results, were used: Ptlrs coated tips from Nanosensors
(Ref. PPP-CONTPt) and Au coated tips from Nanosensors (Ref. PPP-
CONTAu), both with a spring constant of 0.2 N m™'. Signal to noise
ratio was optimized with a scan rate around 0.25 Hz. CAFM was carried
out in contact mode with a low contact force (=0.3 nN, deduced from
force-curve measurements) to avoid any degradation of the soft polymer
NFs. Assuming Young’s modulus of =1 GPa for P3BT,% a tip radius of
25 nm (typical for CAFM tip), and using the Hertz mechanic model,?'l a
contact radius of =2 nm was found. When taking current measurements,
two verifications were routinely done. Suppose that one measured a
stable positive current map for a positive V, and negative V. Firstly,
it was verified that the current became zero when turning Vj to zero
and keeping V¢ negative. If not, this meant that the measured current
was a leakage current reaching the gate electrode and the sample
was disregarded. Secondly, it was verified that the current increased
(decreased) when decreasing (increasing) V¢ and keeping Vp, constant.
If not, this meant that the gate electrode was not well contacted. All
the measurements were performed in a home-made glove box with an
oxygen concentration lower than 50 ppm and humidity concentration
lower than 10 ppm to avoid sample contamination and tip oxidation.
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