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Towards a unified description of the charge transport
mechanisms in conductive atomic force microscopy
studies of semiconducting polymers

D. Moerman,*” N. Sebaihi,” S. E. Kaviyil,® P. Leclére,” R. Lazzaroni®’
0. Douhéret,

In this work, conductive atomic force microscopy (C-AFM) is used to study the local electrical
properties in thin films of self-organized fibrillate poly(3-hexylthiophene) (P3HT), as a
reference polymer semiconductor. Depending on the geometrical confinement in the transport
channel, the C-AFM current is shown to be governed either by the charge transport in the film
or by the carrier injection at the tip-sample contact, leading to either bulk or local electrical
characterization of the semiconducting polymer, respectively. Local I-V profiles allow to
discriminate the different dominating electrical mechanisms, i.e., resistive in the transport
regime and space charge limited (SCLC) in the local regime. A modified Mott-Gurney law is
analytically derived for the contact regime, taking into account the point-probe geometry of the
contact and the radial injection of carriers. Within the SCLC regime, the probed depth is shown
to remain below 12 nm with a lateral electrical resolution below 5 nm. This confirms that high
resolution is reached in those C-AFM measurements, which therefore allows for the analysis of
single organic semiconducting nanostructures. The carrier density and mobility in the volume
probed under the tip in steady-state conditions are also determined in the SCLC regime.

Conductive atomic force microscopy (C-AFM) and related
methods have been successfully applied to analyse the local

Within the last decade, novel electronic components based on
organic semiconductors have emerged, driven by the prospect
of fabricating devices on large-area substrates at low cost'. A
steady increase in the performances relies on the tailoring of the
material properties, combined with a thorough understanding of
the physical mechanisms at play in the devices, in particular
charge generation/injection and charge transport.

Because the microscopic morphology of the active
layers strongly influences those physical processes, high-
resolution scanning probe techniques are of prime importance
for further material and device improvement, especially in
organic photovoltaic cells (OPV), where intimate contact, large
density of interfaces and efficient percolation paths are required
for efficient exciton dissociation and charge transport.
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electrical properties of the materials and structures composing
the OPV photoactive layers’'®. Combining non-destructive
analysis (with contact forces in the nanoNewton range) and
high spatial resolution (< 10 nm), these methods exhibit
sufficiently high current sensitivity (< 100 fA) to access the
typical electrical response of organic semiconductors upon
moderate dc bias (a few V).

Specific C-AFM studies of semiconducting polymer films
have brought major understanding on the transport properties
through local space charge limited current (SCLC) behaviors
recorded by local I-V profiles™®'>. C-AFM measurements are
carried out either in top (or diode, out-of-plane) configuration with
the back electrode located hundreds of nm beneath the scanned area,
or in lateral (or in-plane) configuration with the back electrode
hundreds of pm far from the tip. For instance Ginger’s group has
been the first to extract reliable values of charge carrier mobility
from the C-AFM measurements®. This was achieved by correlating
macroscopic SCLC measurements (in diode configuration) with C-
AFM I-V profiles (where the C-AFM tip replaces one of the two
macroscopic electrodes), supported by finite element simulations.
They proposed a modified Mott-Gurney law with semi-empirical
scaling factors and took into account the point probe geometry for
the injection electrode and the thickness of the film (the distance
between the C-AFM tip and the back contact electrode).
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Figure 1: Schematic representation of the side scanning C-AFM configuration, highlighting the two major mechanisms involved in the measurement: the hole
injection occurring at the tip-sample contact (right part) and the charge transport through the semiconducting layer to the cathode.

Desbief et al.® have qualitatively studied similar
semiconducting films but in a lateral configuration (cf. Fig. 1
left). C-AFM I-V profiles also exhibit a SCLC-like behaviour
but, unlike Ginger’s observations, the C-AFM current intensity
was shown to be independent on the distance to the back
contact electrode, demonstrating the local character of the C-
AFM measurements in this specific experimental configuration.
Bolsée et al.”, and Sengupta et al.'* independently studied the
electrical properties of isolated semiconducting organic
nanofibres, in the lateral configuration. Unlike Desbief et al.,
the electrical response was shown to depend on the back
contact distance.

This work aims at overcoming this apparent
discrepancy in the results, by providing a global description of
the mechanisms ruling the charge transport in semiconducting
polymers, when studied with C-AFM. It is based on the
analysis of the effects of geometrical confinement of the
transport on the electrical properties in thin films of a
prototypical polymer semiconductor, poly(3-hexylthiophene)
(P3HT). This material is widely used in OPVs, as the electron-
donating, hole-transporting component. The nanoscale fibrillate
organization of P3HT in thin films (see Supporting Information
(SI) 1) is shown to yield high carrier mobility (0.3 and 0.7 cm?
Vs in OFET configuration'’) endowed by m-stacking of the
polymer chains'®!'". By measuring the C-AFM response along
transport channels with a well-defined geometry, different
charge transport mechanisms are identified in this work. In the
so called contact-dominating regime, the space charge limited
current is described analytically taking into account the specific
geometry of the point contact. This leads to high-resolution
characterization of the electrical properties, including the
mobility and the carrier density.

2 Experimental

The P3HT thin films were first obtained by drop casting from
dilute solutions in chlorobenzene (0.2 mg.mL-1) on patterned
glass/ITO substrates (Ro=15 Q.o), followed by slow solvent
evaporation to favour the self-organization of the polymer
chains into fibres. The concentration is set to yield partial
coverage of the substrate by the P3HT deposit. In a second step,
the protocol was modified to favour self-organization of the
polymer chains in the solution, in order to fabricate fully
fibrillate P3HT deposits with a uniform thickness, using spin-
coating®'®. The C-AFM measurements were carried out in air
using a Bruker Multimode microscope equipped with a
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Nanoscope V controller and an Extended TUNA external
module for current detection. A Ptlrs conductive coating on
etched Si probes ensured good electrical contact at the tip-
sample contact, while low spring constant and deflection set-
point guaranteed low contact forces, preventing mechanical or
electrical damage upon scanning. This also allowed the
determination of the radius of the mechanical contact, as
discussed below. The work- function of ITO @;r¢ is around 4.7
eV and that of the Ptlrs tip Qrip is ~5.2 eV, @rip can vary with
the experimental environment (gas adsorption, pillow effect...).
Yet considering the low threshold voltages for hole injection,
these variations can be ignored. In the electrical measurements,
the tip is therefore the anode and ITO is the cathode. Since the
HOMO of P3HT lies around 5.1 eV?!', the C-AFM current
originates only from the transport of holes. The high value of
@rip also ensures that no injection barrier is in principle present
at the tip-P3HT interface. Yet the C-AFM measurements have
to be performed applying a negative dc sample bias above a
threshold voltage (~300-500 mV®?®), which is likely to ensure
appropriate band bending for the transport of holes injected
from the probe into the sample and collected at the ITO
cathode. Finally, a lateral scanning configuration is chosen, i.e.,
the tip scans the organic film over the bare glass substrate while
the ITO back contact lies sideways, microns away from the
analysed area, as presented in Figure 1. This configuration
implies that two major mechanisms are likely to contribute to
the C-AFM current: the injection of holes at the tip-sample
contact and their transport throughout the mesh of P3HT fibres
to the back electrode, as in Figure 1.

3 Results and discussion

Figures 2 (a) and (b) show typical height and current C-AFM
images, respectively, of a dense mesh of P3HT fibres deposited
on glass and electrically connected laterally to the ITO cathode.
Bare glass regions (i.e., the lower part of the image) expectedly
exhibit zero current, as is also the case for individual P3HT
clusters that are not connected to the ITO. Current in the pico
ampere range is measured not only on the whole mesh of fibres,
but also along the isolated fibres protruding from the mesh, as
highlighted in Figure 2 (c). Two different behaviours can be
distinguished: (i) in the mesh, the value of the C-AFM current
is almost constant, irrespective of the tip-ITO distance (see
Figure 2 (d)), i.e., irrespective of the length of the path travelled
by the carriers in the semiconductor. Here the maximum tip-
ITO distance is 15 pm; similar observations of a constant

This journal is © The Royal Society of Chemistry 2012
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current have been reported over tens, even hundreds of microns
by Desbief et al.%; (ii) in contrast, along the single fibre the
current decreases with the distance between the tip and the
connection of the fibre with the mesh (see Figure 2 (e)). A
similar behaviour has been reported by Bolsée et al. for single
fibres individually connected to a metallic electrode in a
scanning gate configuration’. In our opinion, these two different
behaviours originate from the difference in the cross section of
the transport path for the carriers. In the mesh, many
conduction paths are available for the injected holes to the ITO,
whereas in a single fibre, the holes can only travel along a
narrow path until they reach the mesh. One can try to
understand the effect of this difference by analysing the
equivalent electrical circuit corresponding to the C-AFM
measurement. Assuming: (i) no injection barrier at the tip-
sample contact, (ii) an ohmic back contact at the ITO for hole
collection and (iii) a low resistance for the external circuit, the
resistances that set the current value can be restricted to: (i) the
resistance of transport Roygnspore in the semiconductor thin film
and (i1) the contact resistance Rconaee induced by the
constriction of current across the small-size tip-sample contact.
We stress that, here, the contact appellation refers to local bulk
electrical properties probed only underneath the tip sample
contact (see deep blue area depicted in Fig. 1, right part),
contrary to transport designation that indicates the contribution
of the whole film in the electrical response. In the equivalent
circuit, these two resistances are connected in series and the
highest resistance sets the current intensity measured at a given

dc bias. The transport resistance can be expressed as:
L

Wi (Eq. 1)
with ppim the resistivity of the film, L distance between the tip
and the ITO, t the thickness of the film and w the film width.
The contact resistance Rconmee Only depends on the local
electrical properties of the semiconductor and the size of the
tip-sample contact. In analogy with the spreading current
mechanism described across an ohmic point contact in classical
microelectronics®, we propose the following expression:

R _ PLocal
Contact —
ontac a.d

RTransport = PFilm

(Eq. 2)
with ppgca the resistivity of the film underneath the tip-sample
contact, d a dimensional factor taking into account the size of
the point probe contact, and o a dimensionless scalar related to
the sphere-plane geometry of the contact. The ratio between the
two resistances is given by:
RTransport _ Priim @. d.L Ea.3
Reontact Procal W-t (Eq. 3)
At a fixed dc sample bias, the resistivity ratio can be considered as
constant and variations of the resistance ratio can only be induced by
the geometrical and dimension-related parameters. If Rrrnspon
dominates Regpae, the C-AFM current is expected to hyperbolically
decrease with L. Conversely the current is not expected to be
affected by the length of the conduction path (i.e., the tip-electrode
distance) if Reonmer 1S the largest resistance. In the fiber mesh,
considering the many conduction paths, w corresponds to the width
of the ITO back contact, typically a few mm and Rrpangpor 1S thus
rather small; Rcgpae can therefore prevail and the current intensity is
independent of the tip-ITO distance (as observed in Figure 2 (d)). In
contrast, across a single fiber, w is the width of the fiber, i.c.
~30 nm, and Rrngpor can therefore increase by up to five orders of
magnitude compared to the mesh. It is therefore reasonable to expect
that Reypngpore i prevalent along the fiber, so that the measured
current gradually decreases when the tip is moved along the fiber,
away from the connection to the mesh, as illustrated in Figure 2 (e).

This journal is © The Royal Society of Chemistry 2012
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Figure 2 : (a) AFM height image obtained in contact mode on a fibrillate
P3HT deposit on a glass substrate; the ITO electrode is located on the right
side of the image. The corresponding C-AFM current image, obtained with a
dc sample bias of -0.5 V, is shown in (b). (¢c) Zoom from image (b). (d) and
(e) present the current profiles obtained along the yellow horizontal line in
image (a) and along the long-axis of the fiber in image (c) respectively. In
graph (d), the x-axis corresponds to the distance between the tip and the ITO
electrode; in graph (e), it is the distance between the tip and the connection of
the fiber to the continuous mesh.

To better determine the conditions in which either the
transport-dominating or the contact-dominating regime acts,
conducting channels with a well-defined width were generated in a
continuous fibrillate thin film of P3HT in contact with an ITO
electrode. This was done by scratching away the P3HT material
down to the glass substrate with a diamond-coated AFM tip mounted
on a stiff cantilever. Trenches were thus generated to separate P3HT
zones of a selected width; constant zero current is recorded along
those trenches, ensuring that the channels are electrically insulated
from each other. Figure 3 (a) shows the C-AFM current image
obtained with a dc sample bias of -1.2 V across three P3HT channels
of different widths (w;= 1.8 pm, w,= 5.2 pm, ws= 8.1 um) and
common length (L= 50 pm). Clear differences appear in the C-AFM
current along those channels when moving away from the ITO
electrode, which is located on the left-most side of the image. On
both sides of the channels (i.e., on the top and bottom of the image)
and beyond the end of the channels (i.e., in the area out of the image
on the right side), the continuous P3HT film is connected to the ITO
over a very large width (> 1 mm). On those zones, a constant current
(~-80 pA) is measured, irrespective of the tip-ITO electrode
distance, similar to what was observed on the mesh in Figure 2 (b).
Because w is large, Repngpor 18 relatively small and the current is in
the contact-dominating regime. In contrast, in the channels, the
current is observed to decrease with the separation from the ITO
electrode. Most importantly, these decreases are not monotonous.
When plotting the average current as a function of the tip-electrode
distance, two different electrical regimes can be observed in the
channels (Figure 3 (b)). For small tip-ITO distances, a constant
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Figure 3: (a) C-AFM current image obtained with a dc sample bias of -1.2 V on a P3HT deposit patterned into three channels (W;, W, and W3) on the glass
substrate next to the ITO cathode. (b) Current-distance profiles extracted from (a) along the axis of the channel. (c) Variation of the critical distance Lcy with
the channel width. An additional experimental data point (Wa, Lic4) was measured on a wider channel not shown in image (a).

current is measured, with an intensity as high as that measured in the
continuous film. As the tip-ITO distance increases, the current starts
decreasing. This behavior can be explained in the following way:
close to the electrode, L is small, 0 is Ryypgpor, and the current is
therefore contact-dominated, i.e., independent of the distance. When
moving away from the electrode, L is increasing and the contribution
of the transport resistance to the current signal becomes dominant.
These observations are qualitatively consistent with Eq. 3 relating
high (low) L to the transport- (contact-) dominating regime.

The L-independent current observed close to the electrode
is consistent with the contact-dominating regime described by Eq. 2.
In the transport-dominating regime, the resistance is proportional to
L (Eq. 1), so the current is inversely proportional to L and a slope
value of -1 is expected in the log(I)-log(L) curves of Figure 3 (b).
This is not the case: the value of the slope is actually -0.36, -0.42 and
-0.49 for ws, w,, and w; respectively. This discrepancy is attributed
to the geometry of these channels, for which a relatively small L/w
ratio slows the increase of Rryungporr With L. Hence, a significant
contribution from R¢onaee remains. An increase of the L/w ratio
effectively leads to the expected -1 slope. The Log(I)-Log(L) profile
evidencing independently the two regimes is given in SI 2, together
with a fit taking into account the analytical expressions of the two
resistances (Eq. 1 and 2) connected in series.

From the curves in Figure 3 (b), it is possible to define the
tip-ITO distance from which the current starts to decrease along the

4| J. Name., 2012, 00, 1-3

channel (Lq). This situation corresponds t0 Rrpnsport = Reontace and
Eq. 3 can be modified as:

PLocal L

Prim a.d (Eq. 4)
In Figure 3 (c), L. is plotted as a function of the channel width w;
consistently with Eq. 4, a linear increase of L with w is observed.
This further confirms the identification of a transition between the
two current regimes in the channels, dominated by the contact
resistance close to the electrode and by the transport resistance away
from the electrode.

Lerie =

Figure 4 (a) shows two I-V profiles recorded for a 12 nm-
thick continuous film patterned into a 10.2 pm-wide channel. The
voltage is monotonically increased as the probe scans across an area
of the channel that is very small compared to the channel length. To
maximize the signal to noise ratio, the I-V profile is then constructed
by averaging every line of the scanned window. The blue I-V profile
recorded far from the ITO cathode (L=56 um) is shown to be
dominated by the transport resistance: a linear variation is observed,
corresponding to a resistance Rygnepor~21 GQ. This value is
sufficiently high to neglect the contribution of the resistances from
the ITO back contact and the external circuit, as previously assumed.
Injecting the geometrical parameters in Eq. 1, this resistance value
<1:orre1sponds to Pa~4600 Q.cm, i.e., a conductivity og~2.2 104y

.cm’.
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Figure 4: (a) Local I-V profiles obtained within a 10.2 pm-wide channel in the contact (red) and transport (blue) resistance dominating regimes on a 12 nm-
thick film of fibrillate P3HT. The black lines correspond to the quadratic (red) and linear (blue) fit of the curves. (b) I-V profile in log-log scale in the contact

resistance dominating regime from (a).

In the contact regime (i.e. close to the ITO electrode; red
curve in Figure 4), quadratic variations of the current with the
voltage are observed in the [Vy; VR]=[0.5 V; 1.7 V] voltage range.
These variations have been frequently reported in literature®® * '2
and attributed to SCLC transport. This is likely to arise from charge
accumulation in the sample locally underneath the probe and is
therefore characteristic of lateral scanning configuration when
contact resistance prevails. The spatial extension of the space charge
limited current region (SCLCR), where such charge accumulation
takes place, is here conditioned by the depth r,-ry, (see Figure 1-
right) and r. the contact radius. This defines the volume that is
effectively probed leading to the measured C-AFM current, which
reflects the more or less local nature of the C-AFM measurement.

The features of the SCLCR can depend on the geometry of
the contact between the tip and the polymer film, and two typical
situations can be considered: large indentation (Figure 5 (a)) or small
indentation. The contact area between the tip and the sample
increases with the indentation and the current is also expected to
increase. If the current depends only on the extension of that area,
simple geometrical considerations give the expected ratio of the
current value between a half-buried hemispherical tip (as a model for
strong indentation) and the small-indentation case:

7.2 ;
Zrtipz half buried tip apex

(Eq. 5)

with r, defining the radius of the spherical cap in contact with the
sample. The small-indentation case is therefore related to 7, < 7yp,.

Ilow forces

For large indentation, considering a hemispherical tip
apex half-buried in the polymer film (Figure 5 (a)), the analytical I-V
expression of SCLC transport beneath the probe can be analytically
derived by solving Poisson’s equation (Eq. 6) with Ohm’s law (Eq.
7) in spherical coordinates:
10(?%E,) ep
N (Eq. 6)
I = 2meupr?E, (Eq. 7)
with p and p the free carrier density and mobility, respectively. In

steady-state conditions, I is constant. Combining Eq. 6 and 7, using
the center of the apex of the tip as the origin, and integrating

VoE-

r2 &€

This journal is © The Royal Society of Chemistry 2012

between ry, (the tip radius) and r, one obtains the analytical
expression of the radial field E, with r:

E, =

. Eq. 8
3me gt (Eq. 8)

The derivation of Eq. 7 and the details of the derivations of the
following equations, including the contribution of the geometry of
the soft probe-sample contact, are given in SI 3. Since:
av

= T o (Eq.9)
the Mott-Gurney law for a point probe configuration can be derived,
integrating Eq. 8 over r between r,;, and r,. At this stage, we have no
clue on the spatial extension of the charge accumulation zone. We
will thus consider two extreme cases: a very large accumulation zone
or a very small one (represented by r,; and r,, respectively, in
Figure 5 (a)). The analytical solution for the former case (ry, << r,;)
is described in SI 3, approximation 1. Consistently with well-known
theoretical derivationszz, one obtains:

I 3 P2
=— & EU—
4 <0 T,

(a)

Probe

(Eq.10)
Tip
apex
—

= Tip

Figure 5: Schematic representation of the tip-sample contact, with (a) a large
probe indentation (half-buried sphere) and (b) a more realistic case of small
indentation, in lateral configuration, i.e., with a back electrode located
sideways and far away from the local injecting point contact.

For the latter case, i.e., 1y 1y, (Approximation 2 in SI 3), Eq. 7 can
be modified into:

J. Name., 2012, 00, 1-3 | 5
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T — rtip

E. = (Eq.11)
Again, consistently with the literature B integrating E, from ry, to 1,
now yields:
9 2mrk
I = 3 €oErid #3
(ra— rtip)

This expression actually corresponds to the standard Mott-Gurney
law in planar configuration. This is because when r, and 1, are
sufficiently close to one another, the probed volume is located
between two concentric hemispheres of similar radius, which can be
expected to behave like two parallel planes.

v? (Eq.12)

For small indentation (Figure 5 (b)), the expressions of
the current can be deduced from the combination of equation 5 and
equations 10 and 12. This yields:

2

3 c
1= ?n &rEolt Tf;ra V2 for the large r, case (Eq.13)
_9n 2 2
I =—¢€p€eu sV < for the small r, case (Eq.14)

8 (Ta_rtip)
In the typical experimental conditions applied in the present C-AFM
measurements, the force applied by the tip was maintained below
~1.2 nN. This upper limit for the applied force is obtained from a
spring constant of the cantilever ~0.26 N/m (determined by thermal
tune) and a cantilever deflection ~4.5 nm (measured by means of the
photo detector). The maximum contact radius r, and the indentation
can then be estimated from the Hertz model, i.e. assuming fully
elastic deformation of the polymer. With a 25 nm radius for the tip
apex and a Young Modulus ~1 GPa for P3HT ’, the contact radius
and the indentation are estimated to be below 2.7 nm and 0.15 nm,
respectively. This clearly corresponds to a small indentation
situation and equations 13 and 14 are the relevant ones for
describing the SCLC regime.

Irrespective of the size of the probed volume (i.e., the
value of r,), quadratic variations of the current with the voltage are
expected from those equations, as in the standard Mott-Gurney law.
A quadratic increase of the current with the contact radius r, is also
predicted, consistently with an increase of the contact surface as the
tip further penetrates in the polymer when a larger load is applied
(while remaining in the small indentation regime). When
considering: (i) “the large r, approximation” (Eq. 13), (ii) p in the
[0.01; 0.001] cm*V.s range (as usually reported in literature for
fibrillate P3HT >7'>'7 (iii) r, in the [1; 3] nm range, and (iv) the
[1V;90 pA] voltage-current set of values (extracted from the I-V
profile), one obtains unrealistically small values of r,, in the
[0.06; 5] nm range, which shows the inadequacy of that
approximation. In the approximation of a small r, (Eq. 14), the same
u, r T and V values yield an estimate of r, — 1, in the [4.8; 21.6] nm
range, which is more realistic and consistent with the hypothesis
supporting this case. Henceforth, Eq. 14 will be considered as
appropriate for further determination of the local electrical
parameters below.

First, Eq. 14 can be used to determine the carrier mobility
W, in the probed volume upon steady state current flow, since,

8 10° (r,—ry)

=—, . (Eq.15)
9T €€ r?

with B experimentally determined by the parabolic fitting of the

curve in Fig. 4, such as log (I) = 2log (V) + log (B). The carrier

density peon(r) in the SCLCR can also be determined from the

combination of Ohm’s law, Eq. 7 and Eq. 14, as follows:

6 | J. Name., 2012, 00, 1-3

&€ 1 1

. 73
(ra - rtip)3 ’ (r - rtip)

All the details of the analytical derivations are given in SI 3.
Between ry, and r,, peon(r) monotonically decreases, moving away
from the tip-sample interface, consistently with a local carrier
accumulation.

Peont (1) =

- 75V

(Eq.16)

S w

The estimates of the mobility and the charge density
strongly depend on (r, - 1g,) (in other words on the extension of the
SCLCR) and also rely on an accurate estimation of the electrical
contact radius r.. To determine them experimentally and
independently, we consider a set of boundary conditions. Eq. 16
indicates that charges accumulate in the probed volume underneath
the tip apex with a depth extension 1, - 1. The first boundary
condition (B.C.1) is the charge continuity between the probed
volume and the bulk of the film: peone (r = 75) = Py irrespective
of the voltage in the SCLC regime. Therefore B.C.1 can be
developed as:

3 &¢& 1
Pritm = Peont (1 =75) = e re —.V
(ra - rtip)
o 13 &g v 1
Ta T = e D m (Eq. 17=B.C. 1)

r, - Iy, logically increases with the voltage in which the SCLC
regime prevails. Similarly to peon=peont(V) from Eq. 16, p=p(V) can
be derived from Eq. 15 and Eq. 17:

1 108

U=—.—7-:.
V3n Pfizm3/2

Both peon(r) and p are logically shown to increase with the voltage.
At V =V, the mobility satisfies the continuity in the carrier mobility,
i.e. B.C. 2: ﬂ(V = Vo) = ﬂfilm .

(Eq.18)

Finally for V > Vg, the I-V profile exhibits a linear
variation (Figure 4 (b)), indicating that the SCLC regime no longer
dominates the charge transport. Similarly to the SCLC dominating
regime, this resistive regime is not affected by the tip-counter
electrode distance, indicating the local character of the dominating
transport mechanisms. The small size of the contact is supposed to
induce a spreading effect due to the constriction of the current lines.
The spreading resistance Rg for a sphere-plane contact geometry
with radial injection of the current at the contact usually satisfies
Eq. 19, where a is the radius of the surface where the spreading
effect occurs™.

Pritm

Rg = fw (Eq.19)
In the present case, charges are injected radially with a very small
contact radius compared to the tip radius (1 <r.<3nm;
g =25 nm). Consequently, the charge accumulation region
generated below the probe cannot spread out broadly in the film. The
spreading effect is therefore expected to take place beyond r=r, (as
illustrated in Figure 5 (b)) where charges are injected from the
SCLCR into the bulk of the film. B.C. 3 implies Rs=Rconac( V=Vr)
thus leading to eq. 20.
Re— Pritm Ttip

T A 1,V =Ve)
B.C. 1, 2 and 3 define a three-equation system in which the three
unknowns are 1, W, and pg,. From the experimentally determined
Rs (4.7 GQ), pgm (4600 Q.cm) and 10 (8.71 10" A.V?), 1, and «a
are estimated to be 1.66 and 2.46 nm (at V=Vy), respectively. This
confirms the high lateral resolution of the AFM electrical

(Eq. 20 =B.C. 3)
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measurements. pg, and pgy, yield values of 1.58 10" cm® and
8.69 10 cm2.V's', respectively, consistent with macroscopic
values from the literature >™'>'"?*26 and further confirming the
validity to this local model.

The estimated values of r,-ry, in the SCLC voltage range
are collected in Table 1 for three representative voltages: 0.5 V and
1.7 V are the limits of the SCLC range and 1.2 V is the value used
for the measurements of Figure 3. The average carrier density
<peone> in the SCLCR is also displayed in Table 1. According to
Eq. 21, <p.on™ appears to be voltage independent.

1 Ta
(pcont> —Tf pcont(r)-dr
tip Ttip
3 &€& 1
At V= 2pfim
4 e (ra Teip) ‘ (Eq. 21)

Table 1: r,-ryp, p and <pew> values for three different voltages in the
[0.5 V; 1.7 V] range.

V (V) 0.5 1.2 1.7
I,-Typ (n11) 6.51 10.08 12.00
(em2 V', ‘1) 8.6910%  32310° 545107

Peone™ (cm™) 3.14 108

Within the whole SCLC voltage range, the accumulation
depth r,-ryj, lies below 12 nm. This is rather small, and combined
with the experimentally determined values of r, and a, this strongly
confirms the ability of C-AFM to electrically characterize organic
semiconducting structures on the nanoscale. This is of particular
relevance for semiconducting blends such as those used in OPV
devices, where the nanoscale organization is crucial for optimal
performances. The intrinsic hole mobility estimated with this
approach is consistent with the values frequently reported in
literature for P3HT. In the SCLC voltage range, the mobility that is
locally probed increases with the voltage by less than one order of
magnitude. The dependence of p with the electric field and the
carrier density has been observed and intensively discussed ***’. In
the present case, the increase we measure in the hole mobility
appears to result rather from the higher electric field than from the
rise of the carrier density. We find that the average carrier density
<peon™ Temains constant with the voltage (Table 1), because the
increase in the number of carriers in the probed volume is
compensated by the i 1ncrease of r,-r,. The intrinsic carrier den51ty
pﬁ]m of 1.57 10" cm™ derived is also consistent with the literature **

4 Conclusions

In this work the origin of the current in C-AFM measurements has
been studied on fibrillate P3HT as a reference polymer
semiconductor, with the aim of conciliating the typical but markedly
different electrical behaviors reported in the literature. Depending on
the confinement of the conducting channel, two electrical regimes
are evidenced, in which the current is controlled either by the tip-
sample contact or by the charge transport in the semiconductor. The
I-V profiles recorded in both regimes confirm the origin of the C-
AFM current, exhibiting resistive and space charge limited currents
in transport and contact regimes, respectively. In the contact regime,
the modified Mott-Gurney law for SCLC in a point-probe injection
geometry and low contact forces has been analytically derived. The
depth of the probed volume, the local carrier mobility, and the local

This journal is © The Royal Society of Chemistry 2012
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carrier density in steady-state conditions have been determined for
different voltages. In the SCLC regime, the operating voltage is to be
chosen close to V, since this guarantees that the p value that is
extracted from the measurements is close to its intrinsic level. With
low nN contact forces, these operating conditions also combine the
smallest probed volume with low contact radius for optimal spatial
resolution. Finally, this study underlines the capability of C-AFM to
electrically ~ resolve  small-size  organic semiconducting
nanostructures, contributing to further understanding the local
electrical properties and mechanisms in those materials.
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