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Blends of conjugated polymers with fullerenes, polymers,

or nanocrystals make promising materials for low-cost

photovoltaic applications. Different processing conditions

affect the efficiencies of these solar cells by creating

a variety of nanostructured morphologies, however, the

relationship between film structure and device efficiency

is not fully understood. We introduce time-resolved

electrostatic force microscopy (EFM) as a means to

measure photoexcited charge in polymer films with a

resolution of 100 nm and 100μs. These EFM measurements

correlate well with the external quantum efficiencies

measured for a series of polymer photodiodes, providing a

direct link between local morphology, local optoelectronic

properties and device performance. The data show that

the domain centres account for the majority of the

photoinduced charge collected in polyfluorene blend

devices. These results underscore the importance of

controlling not only the length scale of phase separation,

but also the composition of the domains when optimizing

nanostructured solar cells.

In the pressing search for alternative energy sources,
nanostructured organic solar cells are increasingly put
forward as potential low-cost alternatives to conventional

photovoltaics1,2. In a typical organic solar cell, light absorption
creates strongly bound excitons that must be dissociated into free
charges at a donor/acceptor interface2–4. The need for exciton
dissociation complicates the design and fabrication of efficient
organic solar cells because the light absorption depth is roughly
ten times larger than the exciton diffusion range. Blended films
with nanostructured donor/acceptor interfaces can provide a large
internal surface area to support charge generation in optically
thick films2–6. However, the complicated morphologies that arise in
such blended films can lead to dramatic performance variations,
as is readily observed when preparing films under different
processing conditions2,3,6–15.

Despite its importance, the exact correlation between film
morphology and performance is still unclear. For instance,
annealing polymer/fullerene blends can double their performance,
but the mechanism is still under investigation3,7–10. Even in widely
studied systems such as meso-phase-separated polyfluorene blends,
different studies report that the bulk of the photocurrent arises
alternatively from photogeneration at domain interfaces11 or in
the interior of the domains16. To address these and related issues,
an imaging technique capable of mapping the photophysical
properties of organic semiconductors with sub-100 nm resolution
has become a highly sought experimental goal16–25.

Herein, we report a scanning-probe technique for measuring
photoexcited charge creation in organic thin films with better than
100 nm spatial resolution and 100 μs temporal resolution. We apply
this technique to a model conjugated polymer blend to map charge
generation as a function of local morphology and, contrary to our
expectations, see that the majority of charge originates away from
visible interfaces.

Previous efforts to image photophysical phenomena in polymer
blends with high spatial resolution fall into two main classes: near-
field scanning optical microscopy (NSOM) and scanning Kelvin
probe microscopy (SKPM). Several groups have applied NSOM
to characterize conjugated polymers17–20 or have used an NSOM
tip to photoexcite a device while measuring photocurrent16,21–23.
Aside from the technical challenges associated with sub-100 nm
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NSOM imaging, fluorescence and fluorescence quenching are
indirect measures of charge generation, and their significance
for photovoltaics is complicated because a large fraction of
‘quenched’ excitons result in geminate pairs which can recombine
non-radiatively without contributing to the photocurrent26,27.
In addition, NSOM-photocurrent and most NSOM-fluorescence
experiments must use excitation intensities ∼103 times higher than
those found in an operating solar cell.

Electrostatic force microscopy (EFM) and SKPM have been
instrumental in detailing charge injection28,29, transport29,30 and
trapping31,32 processes in organic transistors. Recently, several
groups have applied SKPM to make surface potential maps of
organic semiconductor blends under photoexcitation24,25. However,
the relationship between static SKPM photovoltage images and
the dynamic processes of charge generation and transport is
unclear, and time resolutions sufficient to study photoinduced
charging have not been reported. To address this problem, we use
EFM to measure photogenerated carrier accumulation and surface
potentials in a time-resolved fashion, and show that the measured
EFM charge accumulation rates correlate with the external
quantum efficiencies (EQEs) measured for completed devices.

We have chosen poly-(9,9′-dioctylfluorene-co-benzothiadiazole)
(F8BT)/poly-(9,9′-dioctylfluorene-co-bis-N ,N ′-(4-butylphenyl)-
bis-N ,N ′-phenyl-1,4-phenylenediamine (PFB) blends for our
initial studies because this is a model system for studying the
effects of film morphology on photovoltaic performance11–13,24,33–36.
Nevertheless, the underlying mechanisms are not resolved. By
correlating atomic force microscopy (AFM) topography with
device performance, Snaith et al. concluded that the photocurrent
was proportional to the interfacial area of the visible domain
boundaries11, whereas McNeill et al. used NSOM photocurrent
data to conclude that more photocurrent may be collected inside
the domains than at the boundaries16.

In a steady-state EFM experiment, the tip is driven at its
resonant frequency while hovering 5–100 nm above a surface, and
the shift in the cantilever drive frequency required to keep the tip
on resonance is measured as a voltage is applied between the tip
and the sample32,37. The expected shift in resonance frequency of
the cantilever, �f , due to tip–sample electrostatic forces can be
approximated by:

�f ∝ ∂2C

∂z2

(
Vtip −Vsurface

)2
. (1)

Here C is the capacitance between the tip and sample, z is
the tip height above the sample, Vtip is the voltage applied to the
tip and Vsurface is the local surface potential. Figure 1 shows the
results of such a steady-state EFM experiment on an F8BT/PFB
blend film both in the dark and under constant illumination
(molecular weights F8BT = 38 kg mol−1, PFB = 22 kg mol−1). The
data in Fig. 1b are well described by equation (1), and demonstrate
that illumination changes both the local surface potential and
the tip–sample capacitance gradient. The change in capacitive
gradient can be understood as follows: at non-zero tip voltages
the photogenerated charges are drawn to the film surface beneath
the tip by the electric field, increasing the tip–sample capacitive
gradient (Fig. 1b, inset). After the tip–sample capacitor is fully
charged (that is, there is enough accumulated space charge to
cancel the internal field), net charge motion ceases, and local
charge recombination will balance charge separation27,33. In this
picture, the total frequency shift (total charge build-up) depends
primarily on the applied voltage and not the light intensity over the
range studied (because |Vtip| � |Vsurface| and Vsurface depends only
logarithmically on intensity24,33,35,38). We attribute the hysteresis
under negative tip voltages in the dark to hole injection through
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Figure 1 Measuring photoexcited charge with an AFM. a, Schematic diagram of
a polymer blend illuminated with a pulsed LED through a transparent ITO electrode.
Charge accumulation in the film is measured with a biased electrostatic force
microscope tip using frequency-shift feedback. b, Cantilever frequency shift versus
tip bias for an F8BT/PFB, 50:50, blend film in the dark (blue triangles) and under
illumination (red circles), showing the expected parabolic dependence on frequency
shift with bias, as well as a 260 mV decrease in surface potential (parabola offset)
and an increase in tip–sample force gradient (parabola curvature) that accompany
photocarrier generation. The solid lines are parabolic fits with the fitting equations
given in the legend. Inset: Scheme showing how photoexcited charge changes the
effective distance between capacitor plates (d to d ′) and thus increases the
capacitive gradient measured by EFM.

the indium tin oxide (ITO, a transparent, conductive metal oxide)
contact (see the Supplementary Information). All experiments were
carried out in dry N2 to prevent photooxidation.

Figure 2a shows the time evolution of the EFM frequency shift
at +10 V tip bias during photoexcitation with 405 nm light. This
wavelength was chosen to excite PFB and F8BT equally (Fig. 2b).
After the light is turned on, the EFM signal follows a monotonic
decay to a new equilibrium frequency value as charge generated
by exciton dissociation fills the potential well created by the tip.
The experimental charging curves are nearly single exponential
with timescales that depend on film composition and are in the
∼0.5 ms range at ∼1 sun intensities for the 50:50 blends spin coated
from xylenes. We do not suggest this characteristic timescale is
associated with the time required for exciton dissociation across
the donor/acceptor interface (which should be much faster26,39).
Instead, we associate this timescale with the time constant of
the self-limiting charging of the tip–sample capacitor, where the
rate limiting step is the absorption of a sufficient number of
photons (and their subsequent position-dependent dissociation
and recombination rates) in the area underneath the tip to generate
the charge required to fill the capacitor. A complete quantitative
model would need to account for the full 3D field and charge

736 nature materials VOL 5 SEPTEMBER 2006 www.nature.com/naturematerials

Untitled-1   2 9/8/06, 11:14:54 am

Nature  Publishing Group ©2006



ARTICLES

–10 0 10 20 30

–40

–20

0

20

Dark Light
Fr

eq
ue

nc
y 

sh
ift

 (H
z)

Fr
eq

ue
nc

y 
sh

ift
 (H

z)

Fr
eq

ue
nc

y 
sh

ift
 (a

.u
.)

Time (ms)

Time (ms) Time (ms)

300 400 500 600
0

0.5

1.0

0.2

0.4

F8BT

PFB

50:50 blend

LED

Intensity (a.u.)

Wavelength (nm)

Ab
so

rb
an

ce

0

0

500

1,000

0 1,000 2,000

–40

–20

0

10 20 30

I (W m–2)

k
(s

–1
)

0
0.03

0.10

1.00

10 20 30

Polymer blends

Pure copolymers

From
 xylenes

From
 chloroform

PFB

F8BT

a b

c d

Figure 2 Time-resolving charge creation. a, Cantilever frequency shift versus time for a 50:50 film of F8BT/PFB after the light is turned on. b, The LED intensity spectrum
(peak emittance near 405 nm) overlaid with the absorption spectra of three polymer films (as indicated in the legend) spin cast onto ITO. c, Normalized charge build-up
versus time in the same film measured at four light intensities (50 W m−2: filled triangles, 195 W m−2: filled squares, 760 W m−2: open triangles, 2,500 W m−2: open squares),
showing (inset) the linear dependence of charging rate on light intensity (black line: linear fit). d, Charge build-up versus time at 760 W m−2 plotted on a logarithmic scale as
measured in four polymer films: pure PFB, pure F8BT, and 50:50 blends of F8BT/PFB spin cast from chloroform and xylenes, showing the increased rate measured in
blend films.

profile surrounding the tip37, while also accounting for any field
dependence of the dissociation and recombination rates27,40,41 of
the geminate electron–hole pairs. Nevertheless, the picture of self-
limiting charging of the tip–sample capacitor with a rate dependent
on the intensity and local quantum efficiency is qualitatively
consistent with the experimental data presented below. Consistent
with this interpretation, Fig. 2c shows that the rate of charge
accumulation scales linearly with light intensity. Furthermore, for
donor/acceptor blends (but not for pure polymers) the charging
rate is only weakly dependent on the tip bias, indicating that more
excitons are dissociated by the donor/acceptor interfaces than by
the applied field (see the Supplementary Information). The final
magnitude of the frequency-shift value is independent of light
intensity (and instead depends on the capacitor parameters of
tip voltage and polymer film thickness, see the Supplementary
Information). In addition, Fig. 2d shows that local photoinduced
charging rates are an order of magnitude faster for a PFB/F8BT
donor/acceptor blend than they are for either pure copolymer.
Figure 2d also shows that, on average, donor/acceptor blend films
cast from chloroform accumulate photoinduced charge faster than
blend films cast from xylenes. Although each of these results is
consistent with the device performance and EQEs of F8BT/PFB
blends reported by others11,12, it is important to note that the data
are collected locally with the scanning-probe tip.

Significantly, we can use such data to create maps of local
photoinduced charging rates with high spatial resolution. To do
so, we acquire EFM charging curves like those in Fig. 2a,c,d in
point-by-point fashion above the sample and then plot the value

of the fitted exponential rate constant at each point. The surface
topography together with a charging rate map is plotted in Fig. 3a,b
for a 50:50 wt% blend of F8BT/PFB spin coated from xylenes. The
film topography shows the classic submicron morphology typical
of F8BT/PFB films processed from xylenes11–13,34, and we assign the
regions of lower topography to PFB-rich domains through far-field
fluorescence microscopy on a series of blend films.

The charge generation map in Fig. 3b shows that the charging
rate varies by more than a factor of two across the surface of
the film, with the smallest features corresponding to a spatial
resolution better than 100 nm. Figure 3b also reveals features not
visible in the topography, suggesting the presence of submerged
polymer domains as have been previously observed by NSOM19.
Although the smallest features in our images match typical EFM
resolutions of ∼50–100 nm, it is important when interpreting
both the temporal and spatial resolution of our measurement to
consider the possibility that the EFM signal might incorporate
lateral charge diffusion from sites very far from the tip. Although
this hypothesis cannot be excluded, we find it less likely for two
reasons. First, finite element calculations suggest that 50% of
the field is concentrated within 40 nm of the tip37. Second, and
more importantly, by experimentally measuring charging rates as
the cantilever approaches a sharp step edge in the polymer, we
have determined that in our experiments ∼80% of the collected
charge originates within 90 nm of the tip (see the Supplementary
Information). On the basis of this resolution, the final frequency
shift of 50 Hz observed in Fig. 2c corresponds to an estimated
∼3×10−17 C of charge collected from an area of ∼π(90 nm)2.
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Figure 3 Charging rate image of a polymer blend film. a, AFM height image of a
50:50 film of F8BT/PFB spin coated from xylenes. The recessed domains are
enriched in PFB (film thickness: 90 nm). b, EFM photoinduced charging rate map
generated by plotting the inverse exponential time constant for photoinduced
charging at each point in a. The dark rings indicate regions of slower charging.

The most striking feature of Fig. 3a,b is that charge generation
seems slowest at the interfaces between polymer domains. Each
dark ring corresponds to a region where charge accumulates under
the tip ∼30–50% slower than in the surrounding regions. This
result contradicts our initial assumption that the donor/acceptor
domain boundaries should always correspond to the regions
of fastest photoinduced charging and serves to emphasize the
important contribution microscopic imaging can make towards the
understanding of organic solar cells. We have conducted control
experiments on both blended and unblended polymer samples
(see the Supplementary Information) to check for topographic and
scanning artefacts as the source of the rings, but we do not observe
comparable changes in charging rate for either raised topographic
features or lateral drops over three times as severe as those present
in the studied blends. In addition, the contrast in rate features
disappears at negative tip bias when rapid hole injection from the
ITO contact competes with photocarrier generation. We discuss
possible causes for the slow rings after comparing our EFM images
with bulk device quantum efficiency measurements below.

If local scanned probe measurements are to provide insight
into device operation, they must correlate with device performance.
Figure 4 compares the spatially averaged (over a 3×3 μm2 image)
charging rate measured by EFM with the short circuit EQE for a
series of photodiodes (∼4 mm2 in area) prepared from blends of
varying F8BT/PFB ratios.

Figure 4a is a key figure in this manuscript, and shows that
the EFM charging-rate values and device EQEs are well correlated,
providing strong validation for the use of our method. We

hypothesize that the agreement is particularly good because for
positive tip bias the EFM experiment measures how easily electrons
are photogenerated and subsequently accumulated at the top film
surface, mimicking current generation in a full ITO|F8BT/PFB|Al
device illuminated through the ITO where electron collection at the
top cathode is thought to be the rate-limiting process35. Figure 4a
also shows a complicated relationship between the EQE values
and the blend composition (see also Supplementary Information).
All blends are significantly more efficient than the pure polymers,
and the maximum EQE and charging rate both occur in blends
with more F8BT than PFB. These broad trends are qualitatively
consistent with the extensive studies by Friend and co-workers
on this system11,12,35,36, however, the data in Fig. 4a show some
noteworthy differences.

Although the maximum EQE in Fig. 4a occurs at an F8BT/PFB
ratio of 65:35, similar to that reported by Snaith et al.11, we do not
observe the same correlation between interfacial area and device
performance. Indeed, Fig. 4bII,III show the slowest photoinduced
charging rates near the microscale domain interfaces. Consistent
with these EFM images, the film with the highest EQE also
shows the fewest microscale interfaces (Fig. 4bIV). One possible
explanation for this difference between our results and those of
Snaith et al. lies in materials and preparation differences: we spin
coated our polymers directly onto ITO as opposed to a polymer
hole-transport layer, which could lead to differences in fine mixing
as well as vertical phase separation.

More importantly, however, our data show that the increased
performance observed for the films shown in Fig. 4bI–IV cannot
be attributed solely to changes at visible domain interfaces.
In comparison, the background charging rate within the large
domains increases by a factor of 30 as the F8BT fraction is varied
from 0 to 65%. This observation, and the correlation of the
average charging rate with the device EQE, suggest that a significant
fraction of the photocurrent may actually arise from charge
generated and collected within the middle of the large domains,
consistent with NSOM measurements16,22. Furthermore, whereas
the most dramatic increase in charge generation occurs over the
polymer ratios where the large circular PFB domains disappear
(46%–52% F8BT in our films), the similarly abrupt ∼40% increase
in the background charging rate accounts for most of the observed
average increase. Significantly, it seems that not only do the centres
of the domains generate and collect much of the charge, but that
their efficiency at doing so increases considerably as the F8BT
concentration is increased. This effect could be due to unresolved
changes in fine lateral phase separation or to changes in vertical36

phase separation and suggests that carrier lifetimes and mobilities
on the minority phases in each domain are important factors.

Finally, we discuss the rings of slow charging observed in
Figs 3b and 4bII,III. This apparent reduction in charging rate
at the domain interfaces could arise from several sources. First,
low-molecular-weight species and chain ends tend to migrate to
interfaces42. However, purifying the polymers by Soxhlet extraction
had little effect on either the size or magnitude of the rings.
Furthermore, blend ratios of 15:85 and 30:70 do show increased
charging rates near domain interfaces. Second, although donor–
acceptor interfaces lead to enhanced carrier generation, they also
facilitate recombination35,39, so the quantum yield of carriers that
reach the surface near an interface may be diminished. Finally, the
contrast could result from compositional gradients and variations
in the degree of intermixing that can occur near polymer domain
boundaries43. The film generates charge far from the apparent
domain boundaries because the PFB-rich and F8BT-rich phases are
not pure: the PFB-rich phase contains F8BT and vice versa. Thus,
a reduction in charge generation could be explained if there was
less PFB in the F8BT-rich domain very close to the interface in our
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Figure 4 Correlating charging rate and EQE. a, Overlaying average EFM charging rate (red triangles) and device EQE (blue circles) for polymer films with varying F8BT/PFB
ratios. The error bars in the EQE data were calculated by multiplying the measured EQE by the relative uncertainty in the measured active area for each diode. b, AFM
topography (upper panels) and EFM charging rate (lower panels) images for the four ratios identified in a.

blends. This hypothesis is consistent with the increase in poly(9,9′-
dioctylfluorene), (PFO), fluorescence at the domain boundaries in
NSOM experiments in F8BT:PFO blends studied by Lidzey et al.17.
A definitive resolution of this question will require high-resolution
measurements of both local carrier recombination rates and film
composition. Nevertheless, our results emphasize the importance
of understanding the local compositional and optoelectronic
properties of the film—not just the domain morphology—when
making structure–function correlations in excitonic solar cells.

In conclusion, we have shown that spatial averages of the locally
measured photoinduced charging rates are directly proportional
to the EQEs of photodiodes prepared from F8BT/PFB blends.
Having correlated local charging rates with the EQE of devices,
we can identify the domains in complicated nanostructured
films that give rise to the most photocurrent. In the F8BT/PFB
blends studied we observe slower charging near the microscale
domain boundaries and associate the bulk of the photocurrent
with regions away from the visible domain interfaces. Thus,
with regard to the question of whether the mesocale domain
interfaces11, or the domain centres16 are responsible for the most
photocurrent in these model blends, our data suggest it is the
domain centres. These results indicate that the composition of
the phase-separated domains can have a potentially stronger
effect on device performance than the observable mesoscale
film morphology, and that optimizing carrier transport and
recombination rates within these domains by controlling domain
composition could improve the performance of devices based
on phase-separated donor/acceptor blends. Such results highlight
the need for—and the reported method provides the means
to obtain—more detailed information on local optoelectronic
properties in organic semiconductor films. Although we have
focused on photoinduced charging, recombination and trapping
can also occur on micro- to milli-second timescales, and are
accessible with minor modifications of the experiment. The

importance of these issues is not limited to polymer blends, but
is central to building a microscopic understanding of photovoltaic
cells based on polymers, small molecules, and dye-sensitized
metal oxides.

METHODS

DEVICE FABRICATION

ITO substrates, with a resistance of 20 ohms per square, were purchased (Thin
Film Devices). These substrates were sonicated in acetone and then in
isopropanol for 10 min each and then plasma cleaned for 5 min (Harrick
Plasma cleaner, model PDC-32G) at medium power with air as the leakage gas.

All polymers were purchased (American Dye Source) and used as supplied
except for the explicitly noted Soxhlet extraction experiment. Soxhlet extraction
was carried out with acetone for 48 h and the insoluble fraction used in later
experiments. The F8BT and PFB had molecular weights of 38 and 22 kg mol−1,
respectively, as indicated by the manufacturer. All polymers were dissolved in
chloroform or xylenes at weight fractions of 20 mg ml−1, filtered through a
0.45 μm polytetrafluoroethylene filter, and spin coated at
2,000 revolutions min−1. The absorption spectra were taken on an Agilent
8453 spectrophotometer.

EXTERNAL QUANTUM EFFICIENCIES

External quantum efficiencies were measured in a home-built vacuum chamber
at ∼5 mtorr. Aluminium contacts, 60-nm thick, were thermally evaporated
through a shadow mask. Samples were illuminated by a 75 W xenon lamp
(Spectra Physics model 60100) filtered by a monochrometer (Acton Spectra Pro
2150i). Photocurrents were recorded by a Keithly 2400 source meter, and the
EQE were determined by taking the ratio of the device photocurrent with that
of a Si photodiode with known spectral response.

ATOMIC AND ELECTRIC FORCE MICROSCOPY MEASUREMENTS

Atomic and electric force microscopy measurements were carried out on an
Asylum Research MFP-3D AFM mounted on a Nikon TE2000-U inverted
optical microscope. Samples were placed in a sealed fluid cell and flushed with
nitrogen beginning 5 min before any illumination. We used platinum-coated
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cantilevers (Budget Sensors BS-ElectriTap300) with spring constants of
∼40 N m−1, quality factors of ∼480 and resonant frequencies of ∼300 kHz.
The data in each figure was obtained with the same AFM tip. The MFP-3D
controller was programmed to apply voltages to the AFM tip and to turn the
light emitting diode (LED) on and off. The LED (LEDtronics; part
L200CUV405-8D, 405 nm peak emittance) was focused through the back of the
microscope and up a ×40 air objective. The field stop was set so that the area
illuminated was ∼200 μm in diameter. Neutral density filters were inserted
between the LED and optical microscope as necessary to keep the charging
rates ∼1,000 Hz.

To measure photoinduced charging underneath the tip, specifically as in
Fig. 2a, the tip is raised 15 nm above the surface and set at +10 V relative to the
ITO. At time equals zero, the LED illuminates the surface for 30 ms. The light
and voltage are turned off for another 32 ms to allow the charge to dissipate,
before repeating this process 500 times and averaging the data. The time
resolution is limited by the controller’s frequency feedback loop and its
response to noise, both environmental and thermo-mechanical37. Practically,
∼100 μs resolution is relatively easy to achieve with stable gain settings in our
laboratory (as seen by the cantilever’s distinct response to two voltage pulses),
and thus the nearly exponential behaviour is not instrument limited but
indicates a self-limiting capacitive charging process associated with the
collection of photogenerated carriers underneath the biased tip.

For charging rate images as in Fig. 3, this procedure is repeated at each
pixel except without averaging and with shorter wait times. Each line of the
sample is first scanned in normal intermittent contact mode. The tip oscillation
is reduced to an amplitude ∼15 nm and the entire cantilever lowered to place
the bottom extension of the tip ∼15 nm above the surface. The cantilever drive
frequency is set in a frequency feedback loop to keep the cantilever on
resonance (the feedback integral and proportional gains are chosen to give a
response time ∼100 μs). As the tip is retraced across the sample in this raised
mode, the charge build-up is recorded at each point in the scan line. To achieve
this for an F8BT/PFB blend, first, the voltage is turned on for 1 ms, during
which time the cantilever stabilizes. Second, the LED is turned on for 5 ms and
the charge/frequency shift build-up recorded (this data is later fitted, without
averaging, to an exponential and the rate, magnitude and error recorded).
Third, the voltage difference is returned to zero while the light is kept on for
2 ms, allowing the collected charge to dissipate. Finally, to further equilibrate
the sample, the light is turned on for another 2 ms. This cycle is repeated at
every point (∼256) in a scan line.

Received 26 April 2006; accepted 17 July 2006; published 13 August 2006.
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