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ABSTRACT: Using conductive atomic force microscopy, we
introduce a method to simultaneously acquire electrical space-
charge-limited current measurements and material properties
such as Young’s modulus and surface adhesion with nanoscale
resolution. We demonstrate the utility of this method using
thin films of the prototypical, semiconducting polymer poly(3-
hexylthiophene) (P3HT). Arrays of force−distance and
current−voltage curves are acquired simultaneously, allowing
the investigation of spatial heterogeneity and statistical analysis
of correlations between material properties. Tip−surface
contact mechanics are used to calculate the contact areas,
allowing the accurate quantification of charge transport
properties through the fitting of space-charge-limited current
to a modified Mott−Gurney model to extract the charge
transport mobility accurately at each point. Measurements were taken from room temperature to 140 °C under a constant
nitrogen flow to investigate changes in the properties of P3HT under standard annealing conditions. The quantitative analysis of
temperature-dependent charge transport and mechanical properties of P3HT is consistent with grain boundary limited transport
models and shows qualitatively different behavior for annealed and unannealed samples. The acquisition and analysis procedures
developed here are generally applicable to the study of a wide range of organic semiconductor thin films.

■ INTRODUCTION
Organic semiconductors (OSC) are comparatively cheap and
easy to process into thin film devices for a wide variety of
applications including organic light emitting diodes, organic
thin film transistors (OTFTs), and organic photovoltaic cells
(OPVs). However, device performance with OSCs is often
limited by their low charge carrier mobility and its dependence
on processing parameters. In addition, charge transport through
thin film organic semiconductor devices is known to be
heterogeneous at the nanoscale, due in part to heterogeneity in
the electrode material typically used1 but also due to changes in
structure such as local crystallization of the OSC.2

Regioregular poly(3-hexylthiophene) (P3HT) is a widely
studied, conjugated polymer OSC that is commonly used in
OPVs2,3 and OTFTs,4,5 with a carrier mobility that is
dependent on the degree of regioregularity, type of casting
solvent, carrier concentration, molecular weight,6,7 and
postprocessing treatments such as thermal8,9 and chemical
annealing.10 It is thought that the change in thin film structure
induced by these modifications is the underlying cause of the
mobility changes.7,11 These structural changes result in, and can
be observed by, changes in mechanical properties. For example,
the Young’s modulus of polythiophenes has been shown to be
higher after annealing,12 indicating a more crystalline, closer-
packed phase.13,14 In addition, correlations have been observed

between the “bulk” electrical and mechanical properties of
polythiophenes.15 Understanding and developing these materi-
als thus requires the development of techniques that can
directly and simultaneously measure charge transport proper-
ties and correlate them to material properties with nanoscale
resolution.
Conductive atomic force microscopy (cAFM) is a powerful

technique for studying nanoscale heterogeneity in the
conductivity of thin films.16 Standard cAFM is performed by
scanning a conductive tip across a sample at a fixed voltage and
recording a current map simultaneously with the topography,
with the current flowing between the conductive tip and a
conductive back-electrode. This gives high spatial resolution
but, due to the uncertainty in the tip−surface contact and the
limitations of two-electrode transport measurements, it is
difficult to derive quantitative information on the charge
transport properties of the thin film material. Also, large lateral
forces can lead to significant surface damage while scanning soft
samples. Instead, cAFM can be used to measure the current as a
function of voltage (current−voltage) with the tip held in place
on the surface, again giving nanoscale resolution. Reid et al.
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showed that by taking proper consideration of the experimental
geometry, the charge transport mobility can be quantitatively
determined by fitting the measured current−voltage curves in
the space-charge-limited regime to a modified Mott−Gurney
equation.17 MacDonald et al. extended this to move beyond
single point measurements.1 In a way analogous to how force−
volume mapping applies an array of single point force−distance
measurements to create a spatially resolved map of nano-
mechanical properties, Macdonald et al. applied an array of
single point current−voltage measurements to form a spatially
resolved map of charge transport properties (scanning current
spectroscopy, SCS).1 Fitting each current−voltage curve to a
modified Mott−Gurney model, they showed that the interface
between the OSC thin film and the transparent conductive
oxide back-electrode was heterogeneous and often limited
device performance.
The combination of nanoscale spatial resolution and

quantitative charge transport analysis makes SCS a powerful
technique for studying transport in thin film organic semi-
conductors. However, there are limitations: the accuracy with
which the charge transport parameters can be quantified is
limited by uncertainty in the contact area between the tip and
the surface, and SCS on its own does not give information on
the local structure and mechanical properties of the OSC.
Nikiforov and Darling made progress in this area by combining
nanomechanical mapping with cAFM, allowing correlations to
be made between mechanical properties and thin film
conductivity.18 They also showed that, under certain
assumptions about the contact mechanics, the contact area
could be determined directly from the nanomechanical
measurements thus eliminating the major uncertainty in the
conductivity measurements,18 although they could not derive
quantitative measures of mobility as only fixed voltage
measurements were made. These combined nanoelectrical
and nanomechanical measurements offer the potential for
deeper insight into the operation and development of OSCs.
Here, we quantitatively and simultaneously map the electrical

and mechanical properties of P3HT with nanoscale resolution,
using the mechanical measurements to accurately determine
the tip−surface contact area at each point. Furthermore, we
study the evolution of these properties with increasing
temperature, replicating in the AFM the standard thermal
annealing conditions for P3HT. These results give insight into
the heterogeneous charge transport properties of P3HT,
showing that charge transport and mechanical properties vary
significantly over length scales of tens of nanometers.

■ EXPERIMENTAL SECTION
Device Fabrication. Indium tin oxide (ITO) -coated glass

substrates (Thin Film Devices, 145 nm ITO thickness) were
solvent-cleaned and treated in ultraviolet light and ozone to
remove carbon residues. Metal oxide hole transporting layers,
MoOx [MoO3 (Aldrich, 99.99%)] were grown by thermal
evaporation under vacuum in a Kurt J. Lesker Spectros system
with a base pressure of 8 × 10−8 mbar onto the freshly cleaned
ITO. Active layers were deposited from 20 mg/mL P3HT
(Rieke, >98% regioregular, MW = 25 kDa), dissolved in
anhydrous 1,2-dichlorobenzene (Sigma-Aldrich, 99%) and
stirred for 48 h at 40 °C under a N2 atmosphere, by spin-
coating onto the MoOx hole transporting layer at 1200 rpm
under an N2 atmosphere. Where stated, samples were annealed
at 140 °C for 20 min in nitrogen. Thicknesses of the layers:
P3HT, 100 nm; MoOx, 8 nm; ITO, 145 nm.

Atomic Force Microscopy. AFM maps were obtained
using an Asylum Research MFP-3D (Santa Barbara, CA) at a
set point force between 10 and 20 nN. Temperature was
controlled in situ using an Asylum Research Polyheater (Santa
Barbara, CA) with an input N2 flow of 0.4 L/min. For the
results shown in Figure 8, the heating rate between the fixed
temperature measurements was 10 °C/min. After increasing
the sample temperature, we incorporated a delay of 20 min to
allow thermal equilibrium to be reached before FVBS
measurements; during cooling, the delay was increased to 30
min. Olympus AC240TM-R3 (Ti−Pt coated) AFM cantilevers
were used (nominal resonance frequency of 70 kHz and
nominal spring constant of 2.1 N/m). Rocky Mountain
Nanotechnology 25PT300B probes (full metal Pt) with a
nominal resonance frequency of 20 kHz and spring constant of
18 N/m were used to obtain the measurements displayed in
Figure 6 (Et = 168 GPa and νt = 0.38).19 Cantilevers were
calibrated using the Sader method,20 and fresh tips were used
for each sample. The DAC/ADC offsets were calibrated using
the procedure described by Reid et al.17

Data Analysis. Data analysis was automated within the Igor
Pro software used for control of the AFM hardware. Further
details of the fitting procedures are available in the Supporting
Information.

■ RESULTS

Force−Distance and Current−Voltage Acquisition
from P3HT. Thin film samples of P3HT on ITO were
prepared by spin coating in a nitrogen environment, as
described in the Experimental Section. A thin molybdenum
oxide layer was included between the ITO and P3HT, acting as
a high work function hole transport layer.21,22 With this
configuration, charge transport occurred through hole transport
from the ITO back-electrode through the P3HT thin film and
was collected by a Pt-coated AFM tip used as the top electrode.
The current flow was measured by a virtual earth current
amplifier close to the tip, with the bias voltage applied to the
back-electrode (indium tin oxide, ITO); a positive bias voltage
here means that the back-electrode is positively biased relative
to the tip. A schematic of the sample and cAFM setup is shown
in Figure 1.

Figure 1. (Top) schematic of the experimental geometry. (Bottom)
schematic energy level diagram of the materials involved. The
workfunctions of ITO, MoOx, and Pt are shown in relation to the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of P3HT.
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SCS is combined with conventional force−volume mapping,
generating an array of force−distance and current−voltage
measurements acquired on a regularly spaced two-dimensional
grid. We refer to this technique as force−volume bias
spectroscopy (FVBS). The procedure for acquiring simulta-
neous force−distance and current−voltage data at each single
point was as follows: (1) the cantilever was approached toward
the surface at a constant rate until a predefined set point value
of deflection, or trigger point, was reached (approach/loading);
(2) the tip was held in position with the feedback loop on to
maintain constant deflection while the current−voltage data
were acquired (dwell); (3) the cantilever was retracted away
from the surface (unloading/retract). The deflection and z
position were acquired at all times, and the applied bias voltage
was zero during the approach and retraction. After each point
measurement, the x, y position was changed according to the
required grid, and the single point measurement was repeated.
Typical data for a single force−distance/current−voltage

acquisition on P3HT, acquired at 70 °C, are shown in Figure 2.

Figure 2a shows the expected behavior during loading (the
approach curve), with the tip jumping onto the surface when
the gradient of the attractive tip−surface forces exceeds the
spring constant of the cantilever. Once in contact, the relatively
low slope of loading is indicative of indentation on a soft
sample.23 During the dwell stage (Figure 2b), the tip was held
against the surface with a constant force. Analysis of the
indentation creep under the same conditions has been shown
to give information on the viscoelastic parameters of

polymers.24 However, we found no evidence in the force−
distance curves for viscoelastic deformation during the dwell
stage, indicating that the P3HT was deforming elastically (the
small observed changes in z piezo displacement can be
attributed to thermal drift due to differential thermal
expansion). During this dwell stage, the current was measured
as a function of applied voltage (I−V), with 10 I−V curves
acquired during each dwell. The I−V curves acquired were
asymmetric (Figure 2c), as is commonly found in cAFM even
for nominally electronically symmetric structures.25 Here, the
higher current flow at a negative bias indicates that hole
injection was more efficient through the platinum tip than the
MoOx/ITO substrate.
During unloading, the retract curve shows hysteresis as

expected due to adhesion forces keeping the tip in contact with
the surface until the pull-off force is reached. The magnitude of
the adhesion force is determined here by the minimum force
prior to jump-off contact.
An important parameter in the setup of these measurements

is the trigger point for the deflection. This defines the force
applied during the acquisition of the current−voltage data,
which here is typically 10 nN. This was found to be enough
force to maintain a stable electrical contact while minimizing
surface damage.
After acquisition, the deflection versus z displacement data

were converted to force versus indentation (F−δ) data and the
current versus voltage data to current density versus voltage (J−
V) data. Each F−δ and J−V curve can then be fitted by an
appropriate model to quantitatively extract the mechanical and
electrical properties.

Analysis of Force−Distance Data. Conversion from
deflection versus z displacement data to force versus
indentation data requires accurate determination of the
cantilever spring constant, the optical lever sensitivity, and
the zero points for force and indentation. The procedures
followed to achieve this are described in the Experimental
Section and in section S1 in the Supporting Information.
As discussed above, the force versus distance curves show

elastic deformation with significant adhesive force on a soft
sample. For quantitative analysis, the adhesive force Fad was
determined by the minimum in the force prior to jump-off
contact, and the unloading/retract force versus indentation data
were fitted to extract the mechanical properties of the material.
Various models are commonly used in the literature, such as the
Hertz model (elastic deformation without adhesion), the
Derjaguin−Muller−Toporov model (elastic deformation with
adhesion, applicable for small tips and soft samples with small
adhesion), and the Johnson−Kendall−Roberts (JKR) model
(elastic deformation with adhesion, applicable for large tips and
soft samples with a large adhesion).23 Here the sample is soft
with large adhesion, and so the data were fit by the JKR model.
The JKR model predicts that the indentation, δ, depends on the
applied force, F:

δ = + +
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where Etot is the reduced Young’s modulus of the tip and the
sample given by

Figure 2. (a) Typical force curve displaying three sections of data as
labeled. (b) Expanded dwell section, transposed into z piezo
movement while the force is constant against the time held. (c) I−V
curves acquired during the dwell.
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and rtip is the radius of the tip. Known values from the literature
were used for the mechanical properties of the tip (Young’s
modulus Et = 169 GPa and Poisson’s ratio νt = 0.22)26.
Previous work has found the Poisson’s ratio for P3HT νs =
0.3526 (note that Etot is relatively insensitive to small changes in
νs).
Figure 3 shows the fit of eq 1 to experimental F−δ data (as in

Figure 2). The fit yields values for Etot and rtip. Given these

values, it is then possible to determine the sample stiffness, Es,
using eq 2 and the contact area during the dwell, i.e., during the
acquisition of the current versus the voltage data. Again using
the JKR model, which accounts for the elastic deformation of
the sample around the tip as shown in the inset in Figure 3, the
contact radius (rc) is given by

= + +
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where the average of the force measured during the dwell (see
Figure 2b) gives Fdwell. It should be noted that the JKR model
assumes that the radius of contact is smaller than the radius of
the tip, as shown in the Figure 3 inset. Although this is not
always the case in the data shown below, the JKR model gives a
simple framework within which to model the experimental data
and is likely to be accurate to within the precision of the
experimental measurements. It is also important to note that
not every force curve acquired was well fitted by the JKR
model. For the analysis of the current−voltage data described in
the next section, poorly fitted force curves were ignored and
their contact area taken as the average contact area of all of the
fitted curves at the same temperature.
Within the constraints of the model used, analysis of the

force−distance data gives values for the sample Young’s
modulus, adhesion force, sample height, tip radius, and contact
radius (or contact area) at each point.
Analysis of Current−Voltage Data. Quantitative analysis

of current−voltage data requires conversion from current to
current density and, hence, requires knowledge of the contact
area between tip and sample. Figure 4 highlights the
importance of calculating an accurate contact area. Figure 4a
shows the values of the contact area extracted from fitting
force−distance data, plotted against the current measured at 5
V. Each of the 400 points corresponds to a distinct point

(pixel) on the same sample; at each of these, a force−distance
curve and a set of current−voltage curves were taken. Each of
the current points in Figure 4a corresponds to the average
current at 5 V of the 10 I−V curves measured at that position.
The points were arranged in a force−volume grid array. Figure
4a,b shows a large spread in the current data, with the current
varying by a factor of 5 within this data set. However, there is a
clear linear relation between the extracted current and the
measured contact area. Consequently, the current density
(Figure 4c), which takes into account the measured contact
area, has a much smaller spread of approximately a factor of 2.
For comparison, the contact area calculated for the known tip
diameter of 30 nm, assuming a circular contact area, would be
2800 nm2, yielding current density values that are typically a
factor of 2−3 times larger. Thus, using the force−distance data
to quantify the contact area in this way significantly increases
the precision and accuracy of the current density data obtained.
At each point, the 10 I−V curves are averaged to reduce

noise, offsets are corrected (see Supporting Information section
S3), and the current is converted to current density. A typical
resultant J−V curve is shown in the Figure 5 inset. As explained

Figure 3. JKR fitting (red line) as applied to the unloading section of
the retract curve (black line). Inset: schematic of the contact when
unloading, as described by the JKR model.

Figure 4. (a) Calculated contact area in many JKR fittings compared
to the current measured at 5 V. (b) Histogram of the measured current
at 5 V. (c) Histogram of current values scaled to current density using
the calculated contact area.

Figure 5. Average of 10 curves fitted with a modified Mott−Gurney
model (red line); the inset here shows the region fitted.
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above, the response is asymmetric with higher current at
negative bias, which is consistent with hole transport and a
more ohmic contact at the Pt tip. For analysis, we consider only
the negative bias regime.
For planar electrodes, the J−V behavior of organic

semiconductors is well established. At low bias (low field),
the current is injection-limited, resulting in ohmic behavior (J ∝
V). At intermediate field, the current is said to be trap limited,
with J ∝ Vp where p > 2. At high field, the current should make
a transition into a space-charge-limited current (SCLC) regime
where J ∝ V2 in accordance with the Mott−Gurney model.27

The situation is more complicated in cAFM, in which the
electrodes are no longer planar and, hence, the electric field is
not uniform. The resultant current densities are much higher
than those for bulk devices, leading to anomalously high
mobilities when the Mott−Gurney model for bulk devices is
used to fit the cAFM data. Reid et al. used finite element
modeling to account for the effects of the nonlocal field,17

proposing a semiempirical modified Mott−Gurney equation for
space-charge-limited current in cAFM that incorporates the
field dependence of the mobility:

α μ δ= ϵϵ γ
±⎛
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where ϵ0 and ϵ are the vacuum permittivity and the relative
permittivity of the thin film, respectively, μ0 is the zero field
mobility, γ is the strength of the field dependence of the
mobility, and L is the thickness of the semiconductor thin film.
α is the prefactor determined by Reid et al. from the finite
element modeling to account for the nonuniform electrical field
(α = 8.2 in place of 9/8 for the Mott−Gurney law for planar

electrodes). The factor μ0e
0.89γ(V/L)1/2 accounts for the electric

field dependence of the mobility.28 The constant δJ = 7.8 ± 1
was included to empirically account for the difference between
mobilities derived by Reid et al. from cAFM measurements and
those from planar electrodes. Note that for the contact radius,
rc, Reid et al. used an estimate based on the size of the tip. Due
to deformation of the sample and the adhesion forces between
tip and sample, the actual contact area is likely to be
significantly larger than the estimate on the sole basis of the
nominal tip radius; for the force and tip used by Reid et al., the
estimated actual contact area using eq 3 would be ∼6 times
larger than their estimate. Comparison with the results
presented here suggests that correct quantification of the

Figure 6. High resolution FVBS electrical and mechanical maps of untreated P3HT at 30 °C, showing spatially resolved (a) mobility and (b) sample
Young’s modulus values. Panels c and d show the distribution of mobility and modulus values, respectively. The values for zero field mobility, μ0, are
plotted against the simultaneously derived field dependence of mobility, γ, in (e) and the sample Young’s modulus, Es, in (f); the blue points are
from pixels within the blue boxes shown in (a) and (b), and the red points are from the remaining upper portions of those images.
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contact area obviates the need for the extra empirical scaling
factor, so in the results presented below, δJ = 1 was assumed.
Figure 5 shows the results of fitting the modified Mott−

Gurney equation to the average current density versus voltage
curve acquired at a single point. The data are fitted in the high
voltage regime, where space-charge-limited current is expected,
and at negative bias, where the tip−surface contact gives an
ohmic injection of holes as required for SCLC.29 The two
fitting parameters are the zero field mobility, μ0, and the
strength of the field dependence of the mobility, γ. The zero
field mobility from the fit in Figure 5 is μ0 = 2.50 × 10−3 cm2/
(V·s), with γ = −6.62 × 10−5 m1/2/V1/2. This is consistent with
the results of Kline et al., whose room temperature thin film
measurements on 30 kDa P3HT (similar to the 25 kDa P3HT
used here) found mobilities of μ0 = 8 × 10−3 cm2/(V·s).11 For
P3HT the measured mobility depends greatly on the method of
preparation, the molecular weight, and the regioregularity of the
material. However, here, without the use of empirical scaling
factors, values close to those reported for the bulk devices are
obtained. Analysis of the current−voltage data thus gives
quantitative values for the zero field mobility and the strength
of the field dependence of the mobility at each point.

Importantly, these data are coincident with, and simultaneous
to, the mechanical property information derived from the
analysis of the force−distance data.

Correlating Electrical to Mechanical Properties. Figure
6 illustrates the importance of high spatial resolution when
measuring electrical and mechanical properties of polymer thin
films. The untreated P3HT, measured at 30 °C, shows
heterogeneity in both the mobility and the sample Young’s
modulus across a 1 μm2 area. As the histograms show (Figure
6c,d), broad distributions are found for both, with the values of
mobility varying by around an order of magnitude and the
values of the sample Young’s modulus varying by around a
factor of 3. There are clear spatial correlations, i.e., patches of
high or low mobility or stiffness, which indicate that the
variation is real and due to local changes in material properties
rather than random fluctuations.
The mechanical and electrical measurements are taken

simultaneously at each point, allowing the investigation of
correlations between them. Parts e and f of Figure 6 show the
zero field mobility plotted against γ and against sample Young’s
modulus, respectively, with each point on the graphs
corresponding to a distinct spatial location on the sample (or

Figure 7. High resolution map of annealed P3HT at 130 °C showing (a) the mobility and (b) the sample Young’s modulus across a 1 μm2 area of
surface. Panel c shows the correlation between these two parameters.
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equivalent pixels in Figure 6a,b). The comparison between
mobility and γ shows that the data lie on two distinct trend
lines, emphasized by some of the points being shown in red and
some in blue; for both sets, γ increases as the mobility
decreases, which is consistent with increased trapping resulting
in lower mobility. The blue data points come from the region
marked by the blue boxes in Figure 6a,b, with the red points
coming from the upper portion of the images. Note that the
scan direction is from the bottom to the top of the image. The
comparison between the mobility and the sample Young’s
modulus maps as well as the consideration of the correlation
between γ and mobility suggest that the tip condition changed
around the top of the blue box. This shows how acquiring large
data sets and checking the correlations between them can give
more information and hence enable more reliable determi-
nation of material properties.
Considering only the measurements within the blue box, for

the untreated P3HT measured at 30 °C we find average values
of mobility of 5.1 ± 0.1 × 10−4 cm2/(V·s) and values of sample
Young’s modulus of 0.86 ± 0.02 GPa. (Note that incorporating
the systematic uncertainty due to calibration of the spring
constant of the AFM cantilever, 5%, leads to an additional
uncertainty of ∼5% on these values when comparing them to
other measurements, but it does not affect comparisons within
the data set.)
From the graph of sample Young’s modulus plotted against

mobility, Figure 6f, no clear correlation between stiffness and
mobility is apparent. The electrical measurements rely on
conduction through the thin film, and the mechanical
measurements probe the surface and near subsurface. Hence,
the lack of correlation suggests that the structural variations are
occurring over length scales shorter than the thickness of the
film. This is supported by the observation that the derived
mobility values appear to change over length scales less than
100 nm, i.e., less than the film thickness.
For comparison, Figure 7 displays the corresponding results

for an annealed P3HT sample measured at 130 °C. Again there
is a broad distribution of mobility and sample Young’s modulus
values, with clear spatial correlations demonstrating that they
reflect real variations in material properties. However, the
spatial variations are more smoothly varying (i.e., longer range),

suggesting that the length scales of the structural variations are
longer at this higher temperature after annealing.
An obvious additional feature is that both the mobility and

the sample Young’s modulus increase over time for this data set
(note that the slow scan direction, and hence time, goes from
bottom to top). It is not clear whether this is a feature of this
region of the sample or of changes in the film due to prolonged
annealing at this temperature, but it does show a clear
correlation between mobility and stiffness that is also apparent
in the scatter plot in Figure 7f. Interestingly, at this higher
temperature on an annealed sample the correlation between
zero field mobility and γ is less pronounced (Figure 7e),
suggesting that under these conditions the transport is less trap-
dominated. The increase in mobility is surprising and significant
because with air sensitive materials such as P3HT, degradation
over time tends to decrease the mobility. The rate of
degradation is reduced here by measuring it in a nitrogen
environment, which increases the characteristic degradation
time (time over which the mobility decreases by a factor of e)
from under 1 h in air to over 10 h (see section S3 in the
Supporting Information), sufficient for these measurements.
From the results shown in Figures 6 and 7, a direct

comparison can be made between the room temperature
behavior and the high temperature behavior of P3HT. At 130
°C, the average mobility has increased by almost an order of
magnitude to 32.6 ± 0.4 × 10−3 cm2/(V·s) while the sample
Young’s modulus has decreased by more than 20% to 0.69 ±
0.02 GPa. Note that these measurements were taken with
different tips and on different samples, but due to the large data
sets, these changes are statistically significant. Complete sets of
maps for both data sets, showing all the parameters determined
from FVBS, are given in section S4 of the Supporting
Information. The analysis of the correlations between the
multiple material properties measured by this technique can
give further insight into the material’s behavior.

Temperature-Dependent Mapping of P3HT. Using a
smaller data set at each temperature to minimize the effects of
degradation, the temperature dependence of the nanoscale
electrical and mechanical properties of P3HT were investigated
between 70 and 140 °C, with 140 °C being the standard
annealing temperature for P3HT.3,30 The resultant changes in
zero field mobility and adhesion are shown in Figure 8. The

Figure 8. (a) Temperature dependence of zero field mobility and surface adhesion when unannealed P3HT is heated from 70 to 140 °C and then
cooled to the original temperature. Closed symbols use a mobility calculated from a measured contact area, and open symbols have an estimated
contact area. An array of 25 points was measured at each temperature. (b, c) Averaged values of zero field mobility and surface adhesion, respectively,
as a function of temperature. Upward triangles signify an increase in temperature. Error bars here represent the standard deviation of the data.
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mobility shows a consistent increase with temperature, evident
in both (a) and (b) of Figure 8. Despite the smaller data sets at
each temperature, these measurements took roughly an hour
per temperature point (including the delay at each temperature
to reach thermal equilibrium) and roughly 20 h in total. Figure
8 shows the measured mobility to be lower as the sample is
cooled in comparison with the values measured at the same
temperature as the sample was heated; however, this can be
attributed to sample degradation. Taking account of the
expected rate of degradation (see section S3 in the Supporting
Information), this suggests that the mobility as the sample was
cooled was effectively higher than that during heating,
consistent with a small increase in mobility due to annealing.
However, we cannot give a statistically robust determination of
the changes in mobility due to annealing from this data.
Plotting the mobility data on a logarithmic scale (see section S5
in the Supporting Information) shows that up to around 120
°C the mobility exponentially decreases with inverse temper-
ature, suggesting that over this temperature range transport
occurs via a hopping mechanism.31 At 140 °C the adhesion
drops dramatically, the sample becomes more uniform, and the
rate of increase of mobility with temperature dramatically
decreases. The field dependence of the mobility, γ, also
decreases, with increased mobility with rising temperature (see
section S5 in the Supporting Information).
Kline et al. studied the dependence of charge carrier mobility,

measured in a thin film transistor geometry in the saturation
regime, on the molecular weight of P3HT.11 They found that
high molecular weight (defined by them as >30 kDa) P3HT
showed only relatively small increases in mobility upon
annealing, and low molecular weight (defined by them as <4
kDa) P3HT was more sensitive to processing conditions and
had lower mobility but could show larger increases upon
annealing. Analysis of the temperature dependence of the
mobility and of the thin film structures led to their conclusion
that in low and medium molecular weight P3HT films, mobility
was limited by domain boundaries within the film. For the low,
medium, and high molecular weight films, they found that
transport was thermally activated below room temperature. The
results shown here in Figure 8 are consistent with such a
thermally activated transport process, persisting above room
temperature until a transition occurs at around 130 °C, which
we speculate is due to a change in structure that reduces the
grain boundaries within the film.

■ CONCLUSIONS
We have demonstrated that nanoscale electrical and mechanical
properties of organic semiconductor thin films can be
quantitatively and simultaneously acquired by AFM. For
P3HT, both the electrical and the mechanical properties are
heterogeneous at submicron length scales and depend strongly
on temperature. From room temperature up to around 110 °C,
the electrical properties of P3HT are found to be consistent
with a grain boundary limited transport model, showing a
roughly exponential decrease in mobility with inverse temper-
ature. At higher temperatures, around 130 °C, the I−V
characteristics suggest a less trap-dominated behavior, the
length scale of spatial variations in mobility increases, and a
correlation between sample stiffness and mobility becomes
evident, suggesting an increase in order in the film.
The FVBS measurement technique demonstrated here

should be broadly applicable to the study of thin film organic
semiconductors. FVBS is suited to studying through film

transport in planar geometries and hence is of particular
relevance for materials of interest for OPV and OLED
applications. For these applications, devices are often operated
above room temperature; the significant changes in material
properties at raised temperatures makes it essential that the
materials are studied under realistic operating conditions, as
shown here. Measurements are made without a top contact in
FVBS, making it ideal for studying the effects of processing
parameters on material performance.
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