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ABSTRACT

The performance of organic solar cells is highly dependent on film morphology. However, directly correlating local film structures with device
performance remains challenging. We demonstrate that photoconductive atomic force microscopy (pcAFM) can be used to map local
photocurrents with 20 nm resolution in donor/acceptor blend solar cells of the conjugated polymer poly[2-methoxy-5-(3 ', 7'-dimethyloctyl-oxy)-
1,4-phenylene vinylene] (MDMO-PPV) with the fullerene (6,6)-phenyl-C  4-butyric acid methyl ester (PCBM) spin-coated from various solvents.

We present photocurrent maps under short-circuit conditions (zero applied bias) as well as under various applied voltages. We find significant

variation in the short-circuit current between regions that appear identical in AFM topography. These variations occur from one domain to

another as well as on larger length scales incorporating multiple domains. These results suggest that the performance of polymer —fullerene
blends can still be improved through better control of morphology.

Conjugated polymers, small molecules, and colloidal semi- is currently based on trial-and-error optimization, and there
conductor nanocrystals are promising materials for use inis a great deal of interest in obtaining a microscopic
low-cost, solution-processable thin-film photovoltaic devicés.  understanding of how morphology impacts device perfor-
However, the power conversion efficiency of solar cells mance.

based on these materials is still below desired levels. Ina  Toward this end, various microscopies including trans-
typical solar cell made from a blend of organic semiconduc- nission electron microscopy (TEM3;14 atomic force
tors, light absorption creates strongly bound excitons that
must be dissociated into free charges at a donor/accepto
interface>® These excitons can migratel0 nm before they
decay, while films~100 nm thick are required for efficient
light absorption. This mismatch of length scales, sometimes
referred to as the excitonic bottleneck, has led to many

designs for nanostructured organic solar cells with large device performance; this information must be inferred by

internal surface ared$. For many devices, donor and : . : .
: . correlating the microscopy with separate device measure-
acceptor materials are processed from a common solvent into

a phase-separated fil?n! By using different solvents and ments. To optain more direct correlations between morphol-
postprocessing conditions, one seeks to produce donorPYY and device performance, several groups have employed

acceptor interfaces throughout an optically thick film while ohpt|ca| or elltlactrz:al sc:nmng—prc;be teghmques .to e?arrr]une
retaining connected pathways of each material type to (N composition-dependent optoelectronic properties of photo-

facilitate charge extraction. Practically, small changes in Voltaic blends. Near-field scanning optical microscopy
processing conditions can alter a blended film’s morphology (NSOM) has been used to measure local fluorescence and
and induce dramatic and often unexpected variations in photocur.rentswnthOO nm resolutioA®2* Scanning Kelvin
overall efficiency?2° As a result, much progress in the field Probe microscopy (SKPM) has been used to measure local
open-circuit voltages with-50—100 nm resolution, although

* Corresponding author. E-mail: ginger@chem.washington.edu. Tele- trapped ch_arge can co_mpllcate data anaw%R_ecemly’ )
phone: (206)685-2331. Fax: (206)685-8665. our group introduced time-resolved electrostatic force mi-

microscopy (AFM)?-15 and scanning transmission X-ray
"microscopy (STXMJ® have been used to study the morphol-
ogy of nanostructured organic thin films. However, while
such methods provide information about film structure, they
cannot provide direct information about how the individual
nanostructures evident in the micrographs contribute to
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croscopy (trEFM), a new method capable of measuring
photoinduced charging rates with60—100 nm resolution, a _ =
and we showed that these rates can be used to map the local
external quantum efficiency (EQE) of polyfluorene bleftls.
These results have underscored the need for further micro-
scopic studies by finding that our intuitive picture of how N\ ‘Blend
local topographical features correlate with performance is
not always accurate. Nevertheless, none of these techniques
can yet image the optoelectronic properties of films with a
resolution approaching the exciton diffusion lengthlQ

nm).

Herein, we describe a significant step in this direction:
the use of photoconductive-AFM (pcAFM) to map photo-
current distributions in organic photovoltaic blends witB0
nm resolution. While conductive-AFM (cAFM) has been
widely used to measure the local electronic properties of
organic films39-3¢ even of photovoltaic fullerene blends,
we are not aware of any reports describing the use of CAFM
to image photocurrent distributions in organic thin films. We
accomplish this by aligning a cAFM probe at the center of
a diffraction-limited laser spot, which generates enough
photocurrent signal to facilitate imaging at modest current
levels (~1—10 pA at low intensity, or~1 nA at high
intensity). Not only does pcAFM achieve20 nm resolution
when imaging photocurrents, but it also allows us to study
the intensity dependence of the photocurrent over nearly 6
orders of magnitude in illumination intensity. As our test
system, we apply this technique to the study of poly[2-
methoxy-5-(37'-dimethyloctyl-oxy)-1,4-phenylene vinylene]:
(6,6)-phenyl-G;-butyric acid methyl ester (MDMO-PPV:
PCBM) blends, a system that has received considerable
attention as a photovoltaic matertéi1522.29.37.38

We performed pcAFM on the same films that we used to
make standard, millimeter-sized photovoltaic cells. These
devices were fabricated on indium tin oxide (ITO) coated
glass substrates (TFD, Inc., Anaheim, CA) as follows. First,
a 40 nm PEDOT:PSS (Baytron P VP Al 4083) layer was
spin-coated and cured at 110 for 30 min. Second, ax80 3
nm MDMO-PPV:PCBM active layer was de.posned by spin- " Substrate Voltage (V)
coating. PCBM was purchased from American Dye Source
(Quebec, Canada), and MDMO-PPV, except where specif- Figure 1. (a) Experimental schematic of a laser focused through
ically noted, was synthesized in house (Supporting Informa- a transparent electrode onto a photovoltaic blend film. Current is
tion)3® The MDMO-PPV:PCBM films were spin-coated collected with a metal-coated AFM tip. (b) AFM height image of

. . an MDMO-PPV:PCBM 20:80 film spin-coated from xylenes. (c)
from chlorobenzene, XY'e”e& or toluene to y!eld varylng Photocurrent map measured with zero external bias and an
scales of phase separation. Forty nanometer thick aluminumjymination intensity of~10* W m-2at 532 nm. (d) Local current
top contacts were evaporated through a shadow mask tovoltage data acquired at the three locations indicated in b and c.
define active devices 1.5 niim area. Bulk device measure- Inset: Local currentvoltage data without illumination showing
ments were made in vacuum at 5 mB under an averageMuch smaller dark currents.
monochromatic intensity of 10 W ™. Bulk device photo-

current action spectra and currenltage characteristics  gluminum electrodes. Figure la shows an experimental
were read using a digital source-measure unit (Keithley schematic. Samples were imaged with an atomic force
model 2400). EQEs were calculated by taking the ratio of microscope (Asylum Research, MFP-3D) in a nitrogen flow
the device photocurrent to the corrected photocurrent of acell positioned above an inverted optical microscope. The
Si-photodiode with a calibrated spectral response. FurtherAFM's feedback diode has a wavelength of 860 nm, far
experimental details can be found in the Supporting Informa- outside the absorption profile of either MDMO-PPV or
tion. PCBM. Voltages were applied between the ITO substrate
Photoconductive-AFM was performed on the same samplesand the conductive probe tips, and the current was recorded
used for bulk devices studies, in the areas between theby the AFM's internal preamplifier (Asylum Research,

Microscope

) ND Filter
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Figure 2. AFM height (a and b) and photocurrent (c and d) images taken of an MDMO-PPV:PCBM film spin-coated from toluene to give
large phase separation. The active regions of the device show fwhm widt#0afim for O V applied bias and40 nm for—1 V applied
bias.

ORCA head model 59). Platinum-coated, contact-mode AFM evolve as the bias is changed. Figure 2 shows the topography,
tips were used, with manufacturer-specified tip diameters lessparts a and b, and photocurrent, parts ¢ and d, measured from
than 25 nm (Budget Sensors, BS-ElectriCont). The height an MDMO-PPV:PCBM 20:80 film intentionally processed
and current were measured simultaneously in contact modeto exhibit very large domains (this MDMO-PPV was
To measure photocurrens5 mW, 532 nntaser, attenuated  purchased from Aldrich, and the film was spin-coated from
by neutral density filters, was focused onto the substrate andtoluene, yielding a device with very low performance, but
then aligned to the tip using the inverted optical microscope. one that is useful for characterizing the technique). We see
More precise alignment and focusing was achieved by that charge is collected most efficiently at the domain
maximizing the photocurrent. lllumination intensities be- interfaces. Wit a 0 V bias, Figure 2c, the fwhm width of
tween~10 and~1C® W m~2 could be selected by a series these interfacial regions can be as small as 20 nm. With a
of neutral density filters, including one continuously variable —1 V bias, Figure 2d, the fwhm width of these active regions
between optical density 0 and 4. The position and thus grows, but reaches onky40 nm. It appears that even with
transmission through this filter was precisely controlled by a moderate applied bias, the resolution is still comparable
a stepper motor. with the tip diameter, however, the best resolution is obtained
Figure la shows a pcAFM image collected from an under short-circuit conditions.
MDMO-PPV:PCBM film (20:80 spin-coated from xylenes). By characterizing the same films in operating devices and
Significantly, this image was obtained at zero applied bias, with pcAFM, we find that the average photocurrent measured
demonstrating that we can obtain pcAFM images under with the Pt tip agrees well with the photocurrents measured
short-circuit conditions. Furthermore, currenbltage data  for bulk devices with Al contacts. Figure 3a compares two
can be recorded at any location in the dark or under 1.5 mnt area devices with MDMO-PPV:PCBM 20:80 active
illumination. Parts b and c of Figure 1 plot the height and layers spin-coated from chlorobenzene and xylenes. Chloro-
photocurrent at an illumination intensity of 4%/ m=2. The benzene has previously been reported to be one of the best
photocurrent is lower in the MDMO-PPV-rich regions (low- solvents for spin-coating efficient MDMO-PPV:PCBM solar
topography regiordd 1) and higher in the PCBM-rich  cells!! Figure 3a compares the bulk EQEs measured at 532
regions (high-topography regions). Even among PCBM nm monochromatic illumination (10 W ) with the pcAFM
domains appearing similar in the topography image, a photocurrents averaged over @n x 2 um areas (i.e.,
surprising range of photocurrents are observed. Photocurrenfaveraged over hundreds of polymer and PCBM domains,
variations between topographically similar domains can be measured at ¥OW m~?). The relative agreement is good,
as large as a factor of 3. Figure 1d shows a series of cutrent showing that the local photocurrents recorded by pcAFM
voltage curves recorded at different points under illumination. provide information that is relevant to device performance.
The short-circuit current, the open-circuit voltage, and the We have compared many films using both pcAFM and bulk
fill factor are different for each domain, varying respectively device measurements (Supporting Information). In general,
from 1.4 to 26.4 pA, 0.35 to 0.53 V, and 0.42 to 0.58. we find good qualitative agreement between the local pcAFM
Photocurrent features as small-a80 nm are visible in measurements and 1.5 rrsized devices. However, the
Figure 1c, suggesting a resolution similar to the AFM tip pcAFM measurements tend to yield slightly higher relative
diameter when collected at zero bias. To confirm that the photocurrents for devices with high PCBM concentrations.
resolution is not significantly degraded by lateral charge We hypothesize that this difference could result from the
transport, we have analyzed how such photocurrent mapsdifferent contact materials (Al top contacts versus Pt-coated
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Figure 3. (a) The EQEs measured for bulk, MDMO-PPV:PCBM
20:80 devices (open triangles) are overlaid with the photocurrent
averaged over X 2 um? photocurrent images (filled triangles). d

(b) The photocurrent (red circles) at zero bias was measured as a

function of light intensity in an MDMO-PPV:PCBM 20:80 film -19 pA
spin-coated from chlorobenzene (averaged over many locations);
a linear fit is shown (solid red line). The relative EQE, determined
by dividing the photocurrent by the intensity (blue triangles), is
constant at intensities up to6 10* W m=2,

AFM tips) or the fact that the small fringe field in pcAFM
leads to a slight double-counting of the more efficient
domains.

Having demonstrated the ability to image photocurrents
with high resolution, we next examine the intensity depen-
dence of the photocurrent before turning to an analysis of f
the local photocurrent variations observed in Figures 1 and  -38 pA |
2. One advantage of using a focused laser as an excitation l '

pA

05V

-1.0V

source is that devices can be characterized over an extremely
large range of illumination intensity. This ability is demon- 0
strated in Figure 3b, which plots the photocurrent as a
function of intensity for an MDMO-PPV:PCBM 20:80 film <
spin-coated from chlorobenzene. The intensity dependence =
is acquired by rotating the continuously variable neutral § 10

3

o

o]

L

o

1.0V
0.5V

+0.1V
+0.25V

density filter and averaging over many locations. At low
power, the photocurrent is seen to be nearly linearly f
proportional to illumination intensity, consistent with the 0 0.5 1.0 15

reported intensity dependence of bulk devit&s, and Position (um)

remains linear up te-40 times solar intensity (Figure 3b).

Because all the other photocurrent data presented in thisFigure 4. (a) AFM height image of an MDMO-PPV:PCBM 20:

: : : : 80 film spin-coated from xylenes. {f) Photocurrent images taken
paper were acquired at10 times solar intensity or lower with applied biases betweer0.25 V and—1.0 V, with an intensity

(linear regime), the data in Figure 3b indicate that these of 104 W m 2. (g) Photocurrent line traces as indicated infb
pcAFM measurements are representative of performance at

normal operating conditions. At intensities higher tha40 Beyond acquiring photocurrent images at zero bias, local
times solar intensity, the intensity dependence becomesperformance can be methodically characterized between
sublinear and suggestive of bimolecular recombin&titin short-circuit and open-circuit conditions. Figure 4 presents
or space-charge-limited photocurréhflthough we do not such data for an MDMO-PPV:PCBM blend spin-coated from
explore this regime here, we believe that this ability to reach xylenes. Starting with a photocurrent image acquired with a
such intensities will prove valuable in future studies, perhaps bias of+0.25 V (near the open-circuit voltage), only a small
using space-charge-limited photocurféno determine the  fraction of the film generates current (Figure 4b). As the
ratio of electron to hole mobility at individual points in the applied voltage becomes more negative, charge is collected
film. more efficiently from all domains: the domains active at
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Figure 5. (a) AFM height image of an MDMO-PPV:PCBM 20:80 film spin-coated from chlorobenzene. (b) Photocurrent image taken
with zero applied bias at an intensity of-610° W m~2, and (c) processed with a 300 nm low-pass Fourier filter to emphasize the larger-
scale variations in photocurrent.

. -, . a b c
zero bias produce more photocurrent, and additional regions - poor ggd
of the film “turn on” and begin producing current. By0.5 electron charge
V (Figure 4e), nearly all of the film is generating high poor extraction transport

charge

current, including most of the MDMO-PPV-rich region. By
—1.0 V (Figure 4f), some MDMO-PPV-rich regions are
producing even more current than the previously better
PCBM domains, consistent with the higher electric fields,
finally enabling collection of the charge in these optically
dense regions. These trends can be visualized clearly in
photocurrent line traces taken at each voltage (Figure 49).
This progression of individual domains “turning on” at  |PEROT/ATO v 4
different voltages indicates that the short-circuit current,

+y

Figure 6. Proposed schematic of observed photocurrent variations.

open-circuit voltage, and fill factor are different for each ; i
domain (as can also be seen explicitly in Figure 1d). These €) MDMO-PPV-rlch'reglons generate low photocurrents because
phcitly 9 : of poor charge mobility and/or energy level alignment. (b) PCBM-

local variations have important implications for bulk device rich regions generate more photocurrent, but the vertical position
efficiency. First, a device’s short-circuit current could of a PCBM-rich domain and domain stacking can limit electron
presumably be increased by fabricating a film where the extraction, or (c) enhance electron extraction depending on the
entire area performed as well as the best “on” domains visible thickness of the MDMO-PPV:PCBM overlayer.
in Figure 4b. Second, a device’s open-circuit voltage will
be dominated by the open-circuit voltage of the best domains.image (Figure 5c). The standard deviation of the photocurrent
Finally, a device’s fill factor will be particularly dependent in Figure 5c is 15% of the average value, indicating that
on microscopic variations; although it will not be better than these larger features are still significant but of lesser
the fill factor of the best domains, it will be reduced by those importance than the individual domain variations.
domains possessing low open-circuit voltages. Figure 6 outlines our hypothesis as to how domains that
To quantify the importance of these spatial performance appear almost identical in AFM topography can appear so
variations in the most efficient devices, we have mapped different in photocurrent images. We rule out local variations
the short-circuit current of an MDMO-PPV:PCBM 20:80 in film absorption based on experiments at various excitation
film spin-coated from chlorobenzene (Figure 5). This gives wavelengths (Supporting Information). Instead, we propose
smaller phase separation and better device perforridioce  that the variations result from differences in charge transport
this film: 42% EQE at 450 nm, a value within the typical due to changes in vertical film structure. Extensive studies
literature range for devices with aluminum top contaets:® by others have shown that the morphology of a 20:80
Despite the smaller phase separation produced by processinlDMO-PPV:PCBM film consists of nearly pure PCBM
from chlorobenzene, the spatial variation in performance is domains encased in a matrix ©60:50 MDMO-PPV:PCBM
still significant. The standard deviation of photocurrents in material, such that, even in PCBM-rich regions, the polymer-
Figure 5b is~ 57% of the average value. The most efficient rich shell surrounding each PCBM domain accounts for
domains generate photocurrenl.9 times higher than the  ~35% of the device thickness:’® Such a morphology
average, suggesting that if the entire film was performing ensures excellent charge generation, as can be confirmed by
similarly, an EQE of~80% would be possible. Figure 5b  rapid photoluminescence quenchiidut does not always
also shows that, in addition to the variation between the provide connected pathways for spatially uniform charge
individual ~50 nm domains, the photocurrent also varies on transport.
a ~200-600 nm length scale. This second, larger length  Indeed, cross-sectional TEM and SEM images of such
scale of photocurrent variation can be more easily visualizedfilms show both the stacking of multiple PCBM domains
by applying a low-pass Fourier filter to the photocurrent and variation in the vertical position of the PCBM domains
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within the MDMO-PPV matrix*22 Such vertical morphol-  flight mobility measurements, might be accessible with high
ogy will alter the efficiency of charge transport and extraction resolution.

(Figure 6b,c). A related effect has already been observed in ) o

SKPM studies showing that changes in the polymer overlayer Acknowledgment. Th's materlal is based on work
can alter the local open-circuit voltag&?3We propose that ~ Supported by the National Science Foundation (DMR
similar variations in the MDMO-PPV overlayer modify 0449422) and the STC Program of the National Science
charge transport and the tisample barrier height for charge Foundation (DMR 0120967). D.S.G. is a Cottrell Scholar
extraction, thereby causing the variations in photocurrent and©f the Research Corporation

fill factor that we observe (Figure 6). We note that this

hypothesis is consistent with the strong bias dependence of Supporting Information Available: Additional experi-
the variation; under increasing reverse bias, the applied fieldmental details, photocurrent images acquired with differ-

assists carrier extraction from the less-optimal morphologies €nt wavelength illumination, and data comparing pcAFM
(Figure 4g) until eventually all of the domains are “turned Photocurrent and device efficiency for MDMO-PPV:PCBM

on’. blends of various blend ratios. This material is available free

While variations in vertical film structure can explain the of charge via the Internet at http:/pubs.acs.org.
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