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ABSTRACT

We describe local (∼150 nm resolution), quantitative measurements of charge carrier mobility in conjugated polymer films that are commonly
used in thin-film transistors and nanostructured solar cells. We measure space charge limited currents (SCLC) through these films using
conductive atomic force microscopy (c-AFM) and in macroscopic diodes. The current densities we measure with c-AFM are substantially
higher than those observed in planar devices at the same bias. This leads to an overestimation of carrier mobility by up to 3 orders of
magnitude when using the standard Mott-Gurney law to fit the c-AFM data. We reconcile this apparent discrepancy between c-AFM and
planar device measurements by accounting for the proper tip-sample geometry using finite element simulations of tip-sample currents. We
show that a semiempirical scaling factor based on the ratio of the tip contact area diameter to the sample thickness can be used to correct
c-AFM current-voltage curves and thus extract mobilities that are in good agreement with values measured in the conventional planar device
geometry.

Semiconducting polymers are being studied for low cost solar
cells, light-emitting diodes, and thin film transistors because
they can be deposited from solution at ambient temperature
and pressure.1–5 In particular, a great deal of recent progress
has been made in the development of organic photovoltaics.
However, the efficiency and stability of even the best organic
solar cells are still too low for commercial application.6–9

Improved performance has been achieved in many applica-
tions by optimizing the polymer film morphology;6–12

nevertheless, exactly how morphology impacts performance
is not well-understood. Numerical modeling is a powerful
tool for understanding the basic physics of device operation,
and while continuum models have had success in reproducing
the behavior of many classes of devices,13–15 the widely
recognized importance of nanoscale heterogeneity in semi-
conducting polymer materials can make direct physical
interpretation of continuum models difficult. Indeed, several
recent theoretical reports suggest that understanding the
effects of nanoscale heterogeneity will be critical if we are
to fully understand nanostructured solar cells.16–20 Therefore,
it is important that we develop ways to accurately measure
the electronic properties of conjugated polymer films with
high resolution, both to serve as inputs to and tests against
emerging microscopic device models.

A number of scanning probe microscopy techniques have
been employed to probe the morphology and electronic
structure of polymer thin film devices. These include
electrostatic force microscopy (EFM),21–24 scanning tunneling
microscopy (STM),25–27 and conductive atomic force mi-
croscopy (c-AFM).28–35 Herein, we focus on c-AFM as a local
probe of vertical charge transport because it allows for local
current density-voltage measurements (J-V) with purely
topographic feedback and high resolution. Several groups
have used J-V curves measured with c-AFM to extract local
hole mobilities, fitting the data with the space charge limited
current (SCLC) model.29,31,33,34,36 However, the extracted
values of carrier mobility are often at least an order of
magnitude larger than the mobilities37,38 reported for the same
polymers in conventional planar SCLC or time-of-flight
measurements.

In this paper, we show that we can use SCLC measure-
ments performed with c-AFM on thin conjugated polymer
films to quantitatively determine the local charge carrier
mobility. We perform SCLC measurements using both
c-AFM and planar devices on films of poly(3-hexyl-
thiophene) (P3HT), poly[2-methoxy-5-(3′,7′-dimethyloctyl-
oxy)-1,4-phenylene vinylene] (MDMO-PPV), and poly-(9,9-
dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-
1,4-phenylenediamine (PFB), and we model the current
density in both c-AFM and planar device experiments using
finite element calculations to account for the electrode
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geometry in the c-AFM experiments. We then use our
calculations to motivate a semiempirical correction to the
Mott-Gurney law based on the ratio of the tip diameter to
sample thickness. This correction can account for the
difference in geometry between the device and the c-AFM
measurements without the need for repeated numerical
simulation. Fitting the c-AFM J-V curves with our scaled
model yields values of charge carrier mobility that are in
agreement with device measurements. We provide a conve-
nient method that can be applied to extract meaningful
mobility values without the need for numerical modeling of
every sample.

The Mott-Gurney law (eq 1) gives the maximum single-
carrier SCLC that can be passed in a planar geometry and is
commonly used to fit J-V data from polymer diodes to
extract the carrier mobility.37,39 The Mott-Gurney law is:

J) 9
8

εε0 µV2

L3
(1)

where J is the current density, ε is the relative dielectric
constant of the active layer, ε0 is the permittivity of free-
space, µ is the charge carrier mobility, V is the applied
voltage, and L is the thickness of the device. Semiempirical
modifications are frequently made to account for the electric
field-dependence of the mobility,40,41 giving:

J) 9
8

εε0 µ0e
0.89γ(V ⁄ L)1⁄2V2

L3
(2)

where µ0 is the zero-field mobility and γ expresses the
strength of the field-dependence. However, recent studies
have suggested that much of the apparent field dependence
of the mobility can be explained on a more physically
relevant basis in terms of a carrier density dependence.42

Equation 1 in particular has been used to analyze c-AFM
data, and we examine the validity of this approach in detail
below.

We performed c-AFM and device measurements on
conjugated polymer films of varying thicknesses. The films
were prepared by spin-coating warm (45 °C) polymer/

chlorobenzene solutions onto a substrate comprising a 100
nm thick indium tin oxide layer (Thin Film Devices Inc.),
coated with a 40 nm layer of poly(ethylenedioxythiophene):
polystyrenesulfonate (PEDOT:PSS) (Baytron P VP Al 4083).
The PEDOT:PSS layer was annealed under N2(g) at ∼150
°C for 1 h before spin-coating the polymers. All devices were
held under dynamic vacuum (∼1 × 10-6 mBar) for 12+
hours to remove residual solvent before thermal evaporation
of the metal top contact. Our conjugated polymers were
obtained from Reike Metals, American Dye Source, and
synthesized in-house, for P3HT, PFB, and MDMO-PPV,
respectively.

We made conventional hole-only SCLC measurements on
planar devices using thermally evaporated gold electrodes.
All J-V curves for the planar devices were acquired under
vacuum (<10 mB) with a source-measure unit (Keithley
Instruments, model 2000). We performed c-AFM experi-
ments using platinum-, diamond-, and gold-coated silicon
cantilevers [NanoSensors Inc. (CPP-ContPt and CDT-ContR,
spring constant k ) 0.2 N/m); Budget Sensors Inc. (BS-
ContGB spring constant k ) 0.2 N/m)]. c-AFM measure-
ments were performed on the same samples as bulk device
measurements in between the evaporated gold electrodes.
We used an Asylum Research MFP-3D AFM equipped with
an ORCA current preamplifier and a nitrogen flow cell to
perform all c-AFM measurements in dry nitrogen.

Figure 1 shows a series of current density-voltage (J-V)
curves obtained from planar hole-only devices and from
c-AFM measurements on P3HT films. Films of two different
thicknesses were used for each set of experiments. We
acquired the data in Figure 1A,B, using an ∼50 nm diameter
platinum tip, and we acquired the data in Figure 1C,D using
an ∼250 nm diameter conductive diamond tip. For all of
our experiments, we determined the contact area between
the tip and the sample assuming ∼1 nm of tip indentation
for the platinum and gold tips, which are hemispherical in
shape. For the platinum tip used for Figure 1, this results in

Figure 1. J-V curves measured using c-AFM (circles) and macroscopic devices (diamonds) on various thicknesses of P3HT. Equation 1
is fit to each of the curves (red dotted lines) to extract the mobility. c-AFM measurements were made using a 50 nm diameter platinum
coated tips for A,B, while a 250 nm diameter diamond coated tip was used for C,D.
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a circular contact patch with a 14 nm diameter. For the
diamond tips, which are irregularly shaped, we estimated
the contact patch diameter directly from examination of SEM
images of the tip (Figure 4A), resulting in a 125 nm diameter
patch for the diamond tip used to collect the data in Figure
1. For all c-AFM measurements, we recorded J-V curves
on a minimum of five different regions of the sample to
eliminate the effects of local heterogeneities for comparison
to bulk device data. The J-V curves from each region were
averaged, resulting in a relative standard deviation of the
mean (RSDM) of 15%.

The P3HT data in Figure 1 is representative of all polymers
and tips used, in that the current densities obtained in c-AFM
measurements are always significantly higher than those for
the corresponding planar devices. The straight dotted lines
in Figure 1 are fits of eq 1 to the experimental data. For our
bulk device measurements on P3HT, the fits give an average
hole mobility of 8.3 × 10-5 cm2 V-1 s-1 (Table 1), which is
in good agreement with values reported in the literature for
SCLC mobility measurements made under similar conditions
(µ0 ) 1.3 × 10-5 - 3.3 × 10-4 cm2 V-1 s-1).37 However,
depending on the sample, fits of eq 1 to the c-AFM
measurements yield mobility values that are 50-4000 times
larger than those obtained from the device measurements.
The exact ratio depends on both the sample thickness and
the tip diameter, irrespective of which polymer is used. These
results are summarized in Table 2 for P3HT (see Supporting
Information Table SI 1 for a complete tabulation).

The data in Table 2 led us to hypothesize that the current
density obtained in a c-AFM experiment might exhibit a
different dependence on the sample thickness than the current
density obtained in a planar device. This result suggests that
while SCLC measurements performed with the c-AFM may
exhibit the V2 dependence expected from eq 1; they likely
deviate from the predicted J ∝ L-3 dependence. We test this
explicitly in Figure 2, which shows the current density
measured at 4 V from a set of c-AFM (Pt tip) and planar
device measurements on P3HT as a function of sample
thickness on a log-log scale. The current density for each

sample is divided by the carrier mobility in order to
normalize the data for any sample-to-sample variations in
mobility resulting from variations in polymer processing
conditions. The dotted line in Figure 2 is a power law fit to
the planar device data giving J ∝ L-3.1 ( 0.1, in good
agreement with the J ∝ L-3 relationship expected for SCLC
in a planar geometry as predicted by eq 1. In contrast, when
we fit a power law to the c-AFM data using Pt tips (dashed
line), we obtain J ∝ L-1.4 ( 0.3.

Fits of eq 1 have been used to extract hole mobilities from
c-AFM data in a number of recent papers.29,31,33,34,36 However,
the deviation from the L-3 dependence of eq 1 clearly
demonstrates that the unmodified Mott-Gurney law should
not be used to extract mobilities from SCLC (J-V) data
taken using c-AFM, even if J is proportional to V2. While
some reports have noted a discrepancy between the mobilities
measured using fits to c-AFM data and the accepted bulk
values,29,33 this phenomena has yet to be explained quanti-
tatively. Existing hypotheses for the discrepancy in the
mobility include tip-induced injection enhancement33 and
“nanoscale confinement effects”,29 although both authors
noted that the geometry of the measurement might be
important. In the remainder of this paper, we attempt to
explain the enhancement in current density observed in
c-AFM relative to device measurements to facilitate quantita-
tive measurements of local mobility using c-AFM.

The most obvious difference between SCLC measurements
made using c-AFM and those using planar devices is the
electrode geometry. Indeed, Kemerink and co-workers have
emphasized the importance of considering the full three-
dimensional (3D) geometry in the closely related problem
of scanning tunneling spectroscopy and STM imaging on
organic semiconductors.25 Herein, we consider the SCLC
case in limits relevant for c-AFM measurements on films
with thicknesses similar to those used in devices. We extract
a new scaling relationship that allows for the accurate
interpretation of c-AFM J-V curves without explicit nu-
merical modeling of every sample. Figure 3 shows a cross-
sectional diagram of the geometry in planar device and
c-AFM experiments, illustrating the dramatic difference

Table 1. Average Mobility Values Obtained by Fitting Eq
2 to the Experimental J-V Curves for Each Polymer
Using Planar Devices

polymer µ0 [cm2 V-1 s-1] γ [V-1/2 m1/2]

P3HT 8.3 × 10-5 0
MDMO-PPV 1.5 × 10-7 5.4 × 10-4

PFB 2.3 × 10-7 7.2 × 10-4

Table 2. Example Mobility Values Obtained by Fitting
Eq 1 to the Experimental J-V Curves Obtained for P3HT
(γ ) 0)a

AFM tip L (nm)
µdevice

[cm2 V-1 s-1]
µc-AFM

[cm2 V-1 s-1] µc-AFM/µdevice

platinum 185 2.12 × 10-5 7.77 × 10-2 3661
97 2.19 × 10-5 2.15 × 10-2 985

diamond 194 8.45 × 10-5 9.64 × 10-3 114
125 7.38 × 10-5 4.37 × 10-3 59

a The mobility we extract from our c-AFM measurements is 50-4000
times larger than the values from planar device measurements. Additionally,
the c-AFM mobility depends strongly on sample thickness and tip diameter,
suggesting that use of eqs 1 or 2 to fit the c-AFM data is inappropriate.

Figure 2. Current density relative to mobility as a function of
sample thickness for both c-AFM (Pt tips) and device measurements
on P3HT. The devices exhibit J ∝ L-3 behavior, as expected from
eq 1. However, the c-AFM measurements deviate from this,
showing approximately J ∝ L-1.4.

1604 Nano Lett., Vol. 8, No. 6, 2008



between them. We hypothesize that the tip-plane electrode
geometry of c-AFM experiments fundamentally alters
the SCLC density from what we expect in the conventional
case of planar electrodes. This hypothesis would explain both
the deviation of our c-AFM experiments from the J ∝ L-3

relationship of eq 1 and the difference in the magnitude of
the current density. Indeed, dimensional arguments and
previous computational work on SCLCs43–45 indicate a
deviation from the L-3 dependence of the current density
should be expected when the electrode geometry is changed
from the planar device configuration. Grinberg et al.45 showed
that the current density between two thin strip electrodes
scales as J ∝ L-2, and Atten et al.44 reported J ∝ L-1 for a
needle-plane geometry, as suggested by our observa-
tions.

In order to test this hypothesis, we performed numerical
simulations of SCLCs in device and c-AFM geometries, by
solving the coupled continuity equation (eq 3) and Poisson’s
equation (eq 4) for each case:

-dF
dt

) ∇ · (µF ∇ V+D∇ F) (3)

-∇ 2V) F
εε0

(4)

where F is the charge density, t is time, ε is the relative
dielectric constant of the active layer, ε0 is the permittivity
of free-space, µ is the charge carrier mobility, and V is the
local electric potential (see Supporting Information for
complete details). We solved the coupled eqs 3 and 4 using
the finite element method (FEM), implemented in COMSOL
Multiphysics (version 3.3a). This software allowed us to
obtain solutions for potential and charge density distributions
in relatively complex geometries. For devices, we used a
one-dimensional (plane-parallel) model, while we modeled
the c-AFM measurements in 3D with cylindrical symmetry.

As input to the calculations, we used the film thicknesses
as measured via AFM and the experimental mobility values
obtained from fits of eq 2 to the planar hole-only device data.
We set ε ) 346 and took the tip-sample contact area as 154
nm2 (d ) 14 nm) for the Pt tip, and 12 272 nm2 (d ) 125
nm) for the diamond tip, in agreement with SEM imaging
of the actual tips used to collect the data in Figure 1. Figure
4A,B shows SEM images of the diamond- and platinum-
coated AFM tips used in this set of experiments, respectively.
While the tips are pyramidal in shape, we approximated them
as circular contact patches in our model in order to make
use of cylindrical symmetry in the computation. The ∼1 nm
penetration depth for the tips is consistent with expectations
from a simple Hertzian contact model assuming Young’s
modulus of ∼1 GPa for P3HT.47 A shallow tip penetration
depth is also consistent with our ability to image the polymer
topography using c-AFM without observable surface damage.
However, different penetration depths can be used without
a strong effect on the current measured in c-AFM experi-
ments. From our calculations, we expect less than ∼50%
variation in total current for tip penetration depths between
1 and 10 nm (see Supporting Information Figures SI 7 and
8). Figure 4A,B shows the current density and potential
profiles calculated from the SCLC simulations. As expected,
the current density is high near the AFM tip and drops rapidly

Figure 3. Schematics showing the c-AFM and device measure-
ments’ respective geometry. Two features may enhance SCLC
density in c-AFM geometry. The current spreads out beneath the
AFM tip allowing a larger space charge limited current density
than is expected in the plane-parallel case.

Table 3. Example Mobility Values Obtained by Fitting
Eq 2 to the Calculated Device and cAFM J-V Curvesa

AFM tip L (nm)
µdevice

[cm2 V-1 s-1]
µc-AFM

[cm2 V-1 s-1] µc-AFM/µdevice

platinum 185 2.53 × 10-5 9.84 × 10-3 389
97 2.59 × 10-5 3.21 × 10-3 124

diamond 194 1.01 × 10-4 1.16 × 10-3 12
125 8.51 × 10-5 5.66 × 10-4 7

a As in our experiments, the values of carrier mobility we obtain from
the c-AFM data are much larger than for the planar devices, following the
same trend with sample thickness and tip diameter. The input mobilities
for these simulations are reported in Table 2.

Figure 4. Example SEM images of diamond (A) and platinum (B)
coated AFM tips used to make I-V measurements. Two-
dimensional slices of the corresponding numerical simulations are
shown below each image, including the z component of the current
density (J) distribution and the electrostatic potential (V).
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to lower densities as the charge carriers spread out toward
the planar electrode. This spreading of the current density
beneath the tip challenges the common assumption that
tip-apex diameter determines the resolution in c-AFM
experiments. In fact, a much larger volume of the sample is
probed, leading to an estimated resolution of ∼120, for a
100 nm thick film (see Supporting Information Figure SI
5). Nevertheless, there are many interesting fluctuations in
local transport on these length scales that affect bulk device
performance and are not accessible with other techniques.

Returning to the discrepancy in current density between
measurements on the planar devices with c-AFM, our
calculations suggest that properly accounting for the electrode
geometry could explain both the altered sample thickness
dependence and most of the difference in the magnitude of
the current density. Figure 5 plots the calculated current
density versus sample thickness for both c-AFM and planar
device geometries. As expected, the calculated results for
the planar device geometry follow the J ∝ L-3 predicted by
eq 1. In contrast, and in good agreement with similar
geometries in the literature,44 the calculations for the c-AFM
geometry show ∼J ∝ L-1 dependence for sample thicknesses
greater than ∼500 nm. However, over the experimentally
relevant range of sample thicknesses from ∼50-300 nm,
Figure 5 shows the thickness dependence of the current
density is approximately J ∝ L-1.4, which is consistent with
our experimental data in Figure 2.

We next consider the ratio of the calculated current density
in the planar device and c-AFM geometries. Figure 6A shows
calculated J-V curves for both geometries for a 185 nm thick
P3HT sample with a mobility of 2.12 × 10-5 cm2 V-1 s-1

(corresponding to the experimental data in Figure 1A); Figure
6B-D are analogous calculations corresponding to the
experimental data in Figure 1B-D. The dotted lines in Figure
6 are fits of eq 1 to the simulated J-V curves, and Table 2
summarizes the “mobility” values we obtained from fitting
eq 1 to the simulated J-V curves. Comparing the simulated
values in Table 3 to our experimental values in Table 2, we

see that the ratio of mobilities (µc-AFM/µdevice) from our
calculations range from 7 to 400, depending on the details
of tip sharpness and sample thickness, in good qualitative
agreement with the experimental trends summarized in Table
2. The altered electrode geometry substantially changes the
space charge limit of the current density at the AFM tip,
yielding strongly enhanced current densities at the tip and a
weakened dependence of J on sample thickness.

We can understand the impact of altered electrode
geometry in terms of the freedom charge carriers have to
spread out laterally as they travel from the injecting to
extracting contact. In the case of a planar device, transport
is effectively one-dimensional because of the uniformity of
the electric field and charge density parallel to the electrodes.
In contrast, transport between a tip and a planar substrate is
three-dimensional, with current and charge density spreading
significantly away from the tip (although ∼70% is localized
within a ∼60 nm radius area from the tip for a 100 nm thick
sample [Figure SI 5]).

These results seem to confirm our hypothesis that ac-
counting for the tip-sample geometry can explain the
enhanced current density and altered thickness dependence
observed in SCLC measurements performed with c-AFM.
Our results for P3HT show a factor of ∼7.8 ( 1 by which
our calculations underestimate the observed current density
in c-AFM experiments. However, the trends in the variation
of current density with sample thickness and tip diameter
are reproduced almost exactly, and they allow us to improve
the agreement between c-AFM and planar device measure-
ments by nearly 3 orders of magnitude. We thus conclude
that geometry accounts for most of the difference between
c-AFM and planar SCLC measurements. The relatively
constant offset between simulation and experiment suggests
that we can use our finite element calculations to fit J-V
curves obtained using c-AFM to quantitatively determine
local charge carrier mobilities by taking the offset factor we
observe into account as an empirical parameter. However,
it is inconvenient to run a numerical simulation whenever
one wishes to calculate mobility from a J-V curve taken
using c-AFM. What we require is a simple semiempirical
modification to eqs 1 and 2 that will allow us to fit c-AFM
J-V curves directly and accurately determine the carrier
mobility. The ratio of mobilities (µc-AFM/µdevice) shown in
Tables 2 and 3 provides a convenient “mobility correction
factor” for this purpose.

Figure 7A plots the mobility correction factor (µc-AFM/
µdevice) against the ratio of estimated tip contact area diameter
to sample thickness, d/L, where d is the diameter of the
(circular) tip-sample contact area and L is the sample
thickness. The experimental data for P3HT is plotted as open
green circles, and the calculations appear as filled squares.
Notably, we obtain a good agreement only when scaling
versus d/L: if we try to plot the mobility ratio as a function
of sample thickness alone (P3HT, inset), tips of differing
diameter (Pt vs diamond) do not follow the same curve. For
convenience, we fit a power law to the calculations over the
range of our experimental data (dotted lines in Figure 7A)
in order to obtain an approximate expression for the mobility

Figure 5. Calculated current density at 10 V tip bias for c-AFM
and device geometries. In the limit of thick samples, the c-AFM
calculation follows J ∝ L-1, but as L decreases, the calculation
deviates toward a steeper slope. The calculations in device geometry
follow J ∝ L-3 for the entire range, consistent with eq 1. These
trends are in good agreement with our experimental observations
in Figure 2.
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scaling factor as a function of d/L, resulting in an exponent
of -1.6 ( 0.1. This is consistent with our observation of an
intermediate thickness dependence of the current density for
sample thicknesses within the experimentally relevant regime
where the tip diameter is roughly comparable to the sample
thickness. The success of applying our scaling factor relative
to the Mott-Gurney law is shown for the P3HT data in
Figure 7B,C. Figure 7B plots the ratio of the current density
measured using c-AFM to the mobility (bulk) of each sample
using the L-3 thickness scaling predicted by eq 1. In contrast,
Figure 7C shows the curves after scaling by our additional
factor of (d/L)-1.6. Figure 7C is a key result of this paper as
it shows that we can successfully scale curves varying by
over 3 orders of magnitude in J onto a single curve (mobility
value) independent of the sample thickness and tip diameter.

Using our expression for the mobility scaling factor to
modify eq 2, we propose a semiempirical expression for the
current density measured in a c-AFM electrode geometry:

J)Rεε0 µ0e
0.89γ(V ⁄ L)1⁄2V2

L3
δ(L

d )1.6(0.1
(5)

where R is the prefactor determined from our numerical
calculations to have a value of ∼8.2 (in place of 9/8 from
the Mott-Gurney law), δ is an empirical dimensionless
parameter accounting for the offset between c-AFM calcula-
tions and the P3HT data, d is the estimated diameter of the
tip-substrate contact area, Jc-AFM is the average current
density at the AFM tip normal to the extracting plane, ε is
the relative dielectric constant of the active layer, ε0 is the
permittivity of free space, µ is the charge carrier mobility,
V is the applied voltage, γ expresses the apparent field
dependence (or charge density dependence) of the mobility
(γ ) 0 for P3HT), and L is the active layer thickness. When
we fit our power law expression for the mobility correction
factor to the calculation and experimental data for P3HT, as
shown by the dashed lines in Figure 7A, we obtain a value
of δ ) 7.8 ( 1. We expect that this value of δ will be
applicable to sample thicknesses and tip contact area

diameters in the range of 0.01 e d/L e 2, since eq 5 is
consistent with our numerical model to within 50% over this
interval. Table 4 shows examples of the mobilities we obtain
by fitting our c-AFM J-V curves taken on P3HT using eq
5. By using this value of δ, the hole mobility values measured
using c-AFM agree with the bulk measurements to within a
factor of 2 at worst for all P3HT samples, with an overall
rms deviation of 6.2% from the bulk measurements.

To further test this model, we have also performed space
charge limited current measurements on PFB and MDMO-
PPV films in the planar device and c-AFM geometries
(Supporting Information Tables SI 1 and 2). The results
are generally consistent with the P3HT data and are plotted
as orange squares and blue circles on Figure 7A for PFB
and MDMO-PPV, respectively. However, there are differ-
ences worth noting. In particular, the thickness dependence
appears even weaker in the MDMO-PPV and PFB samples.
Nevertheless, it is much closer to the L-1.4 we calculated in
this intermediate thickness range (0.01 e d/L e 2) than the
L-3 from the Mott-Gurney law. In addition, both the planar
device and the c-AFM fits require the use of a field-dependent
mobility parameters to properly fit the J-V curves (γ ) 5.4
× 10-4 and 7.2 × 10-4 for MDMO-PPV and PFB,
respectively). Interestingly, there is a distinct trend in the
slope of the data in Figure 7A with increasing γ factor,
suggesting that a stronger apparent field-dependence of the

Figure 6. Calculated J-V curves for both cAFM (circles) and device (diamonds) geometries. In each case, the mobility extracted from the
corresponding device measurement was used as the simulation input (Table 2). In all cases, the c-AFM results exhibit larger current densities,
despite the same intrinsic mobility.

Table 4. Example Mobility Fits to the cAFM Data Using
Eq 5a

AFM tip L (nm)
µdevice

[cm2 V-1 s-1]
µc-AFM

[cm2 V-1 s-1] µc-AFM/µdevice

platinum 185 2.12 × 10-5 2.18 × 10-5 1.0
97 2.19 × 10-5 1.70 × 10-5 0.8

diamond 194 8.45 × 10-5 8.34 × 10-5 1.0
125 7.38 × 10-5 7.68 × 10-5 1.0

a For all P3HT films, the mobilities measured using c-AFM agrees with
the planar device measurements to within a factor of 2. For all films,
including PFB and MDMO-PPV, the agreement between c-AFM and device
measurements agrees within a factor of 7.
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mobility will lead to less accurate values of the mobility
obtained with equation 5. Nevertheless, when using eq 5 to
fit the J-V curves for MDMO-PPV and PFB, the local and
bulk mobilities all agree within an order of magnitude (a
factor of 7 is the worst discrepancy) which is a 100-fold
improvement upon fitting with the simple Mott-Gurney law.
Again, this result supports our contention that the tip-sample
geometry is the main factor leading to discrepancy between
c-AFM and planar device measurements.

We believe that eq 5 will prove to be useful for analysis
of c-AFM data from a variety of semiconducting polymers.

While the scaling in eq 5 can improve the accuracy of a
c-AFM measurement by a factor of 100-1000, we note that
several features of the experiment and calculation remain
unexplained. In particular, the origin of the empirical factor
δ and the d/L scaling changes in materials with field-
dependent mobilities remain open questions. Some discrep-
ancy is probably expected, given the experimental errors and
computational approximations involved. Although we mea-
sured our AFM tips using SEM, there remains some
possibility for systematic experimental error in our estimates
of tip-sample contact area and tip penetration depth.
Computationally, discrepancies could arise because of our
approximation of the pyramidal tips as circular contact
patches, our treatment of the problem assuming hole-only
transport, and our assumption of constant mobility (with
respect to charge density and electric field). We have
investigated each possibility, including an analysis of
tip-sample contact forces, tip penetration, variable mobility,
and tip shape (Supporting Information). Although we are
unable to attribute the value of δ to any single factor, we
show (Figure SI 4A,B) that including a charge density-
dependent mobility in the simulation has the greatest success
in explaining this discrepancy, and we suggest that our
assumption of constant charge carrier mobility may be a
significant factor in the remaining disagreement between our
experiments and calculations. The trend in the slope of the
data in Figure 7A with increasing γ values supports this
hypothesis and shows that a field- or charge density-
dependent mobility can impact the comparison between
c-AFM and device experiments. We suggest that once the
field- and/or charge density-dependence of carrier mobility
in different organic semiconductors is better understood, it
may be possible to achieve even better quantitative agreement
between simulations and experimental measurements of
c-AFM currents. As a corollary, because of their deviations
from the planar geometry, c-AFM measurements may
provide more sensitive tests of different microscopic transport
models than planar device measurements.

In summary, several studies have reported a large dis-
crepancy between the current density (and thus the calculated
charge carrier mobility) measured with c-AFM and that
measured with a macroscopic planar device. We have shown
that the primary cause of this observation is the difference
in geometry between the two experiments. The typical one-
dimensional analysis of space charge limited J-V curves
using eqs 1 and 2 is not appropriate for c-AFM measurements
because SCLC measurements performed with c-AFM deviate
from the J ∝ L-3 dependence expected from the one-
dimensional Mott-Gurney law. We propose a semiempirical
equation (eq 5) which is valid for common tip diameters
and sample thicknesses, using a scaling factor based on the
ratio of tip diameter to sample thickness. This scaling factor
collapses a range of experimental data onto a single curve
and can be used to extract quantitative values of charge
carrier mobility from J-V curves collected by c-AFM for
samples with weakly field- or charge density-dependent
mobilities. Through this procedure, we have reduced the
discrepancy between mobilities measured in devices and with

Figure 7. (A) “Mobility ratio” or “scaling factor” vs the ratio of
AFM tip diameter to effective sample thickness. The inset shows
the mobility scaling factor for our P3HT data as a function of sample
thickness alone. Our calculations are shown as filled squares, and
the experimental data are shown as open markers with green circles,
orange squares, and blue triangles for P3HT, PFB, and MDMO-
PPV, respectively. (B) Current density relative to bulk mobility
measured using c-AFM on P3HT samples scaled for sample
thickness using eq 1. The different data markers indicate different
thicknesses and tip diameters. (C) Current density relative to bulk
mobility of each P3HT sample, scaled for sample thickness and
tip diameter using eq 5.
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c-AFM by over 3 orders of magnitude in some cases. These
results should allow the measurement of local mobility with
nanoscale resolution in heterogeneous polymer films used
in light-emitting diodes, transistors, and solar cells. Never-
theless, some quantitative discrepancies remain, and future
work incorporating more refined descriptions of the field-
or charge density-dependent mobility into modeling of
c-AFM currents may yield even better agreement.
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