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esearch on organic bulk heterojunc-

tion solar cells has resulted in yearly

improvements in their power con-
version efficiency that now surpasses ~7%
in solar light." ~* Evidently, further improve-
ment is greatly helped by a better under-
standing of the limiting factors of present
devices. In particular, it is widely accepted
that for polymer:polymer>® and
polymer:fullerene”® bulk heterojunction so-
lar cells the degree of crystallinity®'® and
the separation between the donor and ac-
ceptor phases® '? are of crucial impor-
tance. On the one hand, phase separation
in pure acceptor and donor phases pro-
motes crystallization—provided either or
both materials are crystalline’®*~ '>—and
promotes the separation of the charge-
transfer state at the interface and the collec-
tion of free charges. On the other hand, a
too strong phase separation reduces the in-
terfacial area between donor and acceptor
materials, frustrating the dissociation of ex-
citons into charges. Advanced scanning
probe techniques, such as scanning Kelvin
probe microscopy (SKPM),'®~2° scanning
tunneling microscopy and spectroscopy
(STM and STS), and conductive atomic force
microscopy (C-AFM),?" have given valuable
information about both the phase-
separated morphology and the local electri-
cal properties.?>~%* However, what has
been lacking so far is a quantitative link be-
tween local photocurrent measurements
and a macroscopic device operation.

One of the most well-studied bulk het-
erojunction solar cell systems consists of
the blend of poly[2-methyloxy-5-(3',7'-
dimethyloctyloxy)-p-phenylene vinylene]
(MDMO-PPV) and 1-(3-methoxy-
carbonyl)propyl-1-phenyl[6,6]Cy, (PCBM),
which reaches a power conversion effi-
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ABSTRACT Scanning tunneling microscopy and spectroscopy have been used to measure the local photovoltaic

performance of prototypical polymer:fullerene (MDMO-PPV:PCBM) bulk heterojunction films with ~10 nm

resolution. Fullerene-rich clusters are found to act as sinks, extracting electrons from a shell layer of a

homogeneously mixed polymer:fullerene matrix, surrounding the fullerene cluster. The experimental results

were quantitatively modeled with a drift-diffusion model that in first order accounts for the specific morphology.

The same model has subsequently been used to calculate performance indicators of macroscopic solar cells as a

function of film composition and characteristic size of the phase separation. As such, a first step has been set

toward a quantitative correlation between nanoscopic and macroscopic device photovoltaic performance.

KEYWORDS: organic solar cells - scanning tunneling

microscopy - morphology - device modeling

ciency of 2.5% in simulated solar light.® At
the optimal 1:4 weight ratio, phase separa-
tion in MDMO-PPV:PCBM blends occurs into
a homogeneous mixed phase, containing
roughly equal amounts of MDMO-PPV and
PCBM and an almost pure nanocrystalline
PCBM phase."" In these MDMO-PPV:PCBM
blends, the dimension of phase separation
and performance of the cells can be ad-
justed by simply changing the solvent.? The
best performance is reached using chlo-
robenzene, resulting in relatively small
PCBM clusters. By using toluene, on the
other hand, the size of the PCBM cluster in-
creases and the performance deteriorates.
Because the type of phase separation in
MDMO-PPV:PCBM, and more in particular
the role of the size of the PCBM clusters on
performance, is to a large extent prototypi-
cal for many of the more efficient blends
published recently, this blend is an excel-
lent system to correlate nanoscopic proper-
ties with macroscopic performance.

Along this line, we recently reported on
the surface potential of MDMO-PPV:PCBM
blends under illumination and established
that an excess of electrons is present in
both the mixed phase and the PCBM
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Figure 1. Scanning tunneling microscopy of MDMO-PPV:PCBM thin films spin-cast from toluene: (a) 1 pm X 1 pum topogra-
phy taken at positive sample bias in the dark; (b) T wm X 1 wm topography taken at positive bias under illumination; (c) 1 um
X 1 um topography taken at negative bias under illumination of the film in (b); (d) cross sections over typical PCBM clus-
ters as probed by STM. Line types correspond to line sections in panels a—c. The dotted black line represents the calculated
hole density under illumination across the PCBM cluster. Topographic heights cannot be directly compared as these are

taken on different clusters.

clusters.?®> On the basis of these results, we then devel-
oped a simple morphological drift-diffusion device
model that successfully describes the current voltage
(I=V) characteristics of MDMO-PPV:PCBM cells for differ-
ent degrees of phase separation.?® A key feature of
this model is that pure PCBM clusters positioned at
short lateral distances can act as an effective sink for
electrons and reduce the bimolecular recombination
of electrons and holes to enhance the performance.
We now present the results of local dark current and
photocurrent measurements using scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS) on MDMO-PPV:PCBM blends. We find that the
current—voltage (/I—V) curves measured at the nano-
scopic level are qualitatively and quantitatively ex-
plained by the same numerical morphological drift-
diffusion model®® that was used to describe the
macroscopic performance of the cells. The model ac-
counts in first order for the lateral phase-separated mor-
phology, and the results clearly support the view that
fullerene clusters act as a sink, collecting electrons that
were photocreated in the surrounding homogeneous
MDMO-PPC:PCBM matrix. With this result, we have
been able to make a first step toward directly correlat-
ing the performance of nanoscopic and macroscopic
solar cells on a quantitative level. Using the same pa-
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rameters, we performed predictive calculations or mac-
roscopic solar cells of variable composition and mor-
phology that suggest that, for the material system
studied, the experimentally realized length scale of lat-
eral phase separation is close to optimal.

RESULTS

Representative images of STM and STS measure-
ments on the MDMO-PPV:PCBM (1:4 w/w) blends are
shown in Figure 1. For comparison, AFM and SKPM im-
ages and corresponding line sections on the same
samples are shown in the Supporting Information, Fig-
ures ST and S2.

STM Topography. STM topographies obtained on films
spin-coated from toluene, that is, giving rise to rela-
tively large PCBM clusters, are displayed in Figure 1.
Panels a and b of Figure 1 were measured at positive
sample bias, in the dark and under illumination, respec-
tively. Figure 1c was measured under illumination at
negative sample bias with respect to the virtually
grounded tip. Comparison of Figure 1b,c shows that
the topographies taken at positive and negative sample
bias differ strongly, with the PCBM clusters showing
up as protrusions under negative bias, while under posi-
tive bias, only the circumference of the clusters can be
distinguished clearly. This surprising difference is a di-
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rect consequence of the operational principle of STM.
The STM feedback loop constantly monitors the tip cur-
rent and makes adjustments to the tip height to main-
tain a constant current. To accomplish this, the STM
uses a set point, defined by a preset bias and current.
If the collected current is low compared to the current
set point, the feedback moves the tip forward to en-
hance the current. For soft, low mobility materials, the
point at which measured and preset currents are equal
may lie inside the bulk rather than above the surface of
the sample, in which case the tip enters into the layer.
The obtained “topographical” images therefore repre-
sent a surface of constant conductance in which topo-
graphic minima and maxima reflect a reduction and an
enhancement of the local conductivity, respectively.
This mode of invasive scanning probe microscopy has
successfully been used before on organic materials.?”
Surprisingly, we find that tip wear or contamination is
relatively unimportant provided suitable scan param-
eters are used. We therefore stress that despite occa-
sional (uncontrolled) tip changes, showing up as hori-
zontal discontinuities (e.g., in the top part of Figure 1b),
all images shown are stable under repeated scanning
and reproduce well from sample to sample; see also the
Supporting Information Figure S3.

To understand the different images under negative
and positive sample bias, it is important to recognize
that the polarity of the sample bias determines which
charge carrier is probed.?? At negative sample bias un-
der illumination, the STM topographical image closely
resembles the AFM image (Figure S1a). However, the
apparent spatial resolution of the STM seems higher, as
can be seen from the substructure in the PCBM clus-
ters that is present in STM but which is not observed
in AFM. We note that it was impossible to obtain a
stable STM topography in the dark at negative sample
bias. This indicates that the probed current under illu-
mination is (at least predominantly) a photocurrent and
that photocreated electrons can be extracted from ev-
erywhere on the surface, that is, not only from the
PCBM clusters but also from the mixed MDMO-PPV:
PCBM phase. The latter observation corroborates the
conclusion from our previous work that under illumina-
tion excess photogenerated electrons are present in
the entire active layer.>

At positive set point (Figure 1a,b), we found topo-
graphic rings whose diameters correspond to the diam-
eter of PCBM clusters and which resemble the faint
bright halo surrounding the PCBM cluster in the SKPM
image of Figure S1b. Since electron injection from the
high work function tip materials (Ptlr, Pt, or Au) is ex-
tremely unlikely, the collected current at positive
sample bias is attributed to hole conduction from
sample to tip. Hence, the rings surrounding the PCBM
clusters correspond to regions of higher hole
conductivity.

www.acsnano.org

In order to confirm this assignment, we used our pre-
viously developed morphological drift-diffusion device
model (briefly described in the Materials and Methods
section) to calculate the hole concentration at the sur-
face of the active MDMO-PPV:PCBM layer under illumina-
tion. The model assumes that the PCBM clusters are con-
nected to the top and bottom and not covered by the
mixed-phase skin layer. The calculated hole concentra-
tion in the topmost layer is shown in Figure 1d as the dot-
ted line. The calculations indeed show an enhanced hole
density at the interface of the mixed MDMO-PPV:PCBM
and PCBM phases and support our assignment. We stress
that this enhanced hole concentration at the interface of
the two phases is not a consequence of charge genera-
tion that only, or predominantly, would occur at the inter-
face between the acceptor and mixed phases because
our device model employs a charge generation rate G
that is constant everywhere in the mixed MDMO-PPV:
PCBM phase and zero in the pure PCBM phase. Some-
what fainter rings are also found in dark STM measure-
ments at positive bias, indicating that also in the dark
holes diffusing from the bottom contact preferentially lo-
calizes at the interface, consistent with the rings ob-
served in the SKPM image.

The very fine phase separation that is known to oc-
cur in MDMO-PPV:PCBM (1:4) blends spin-coated from
chlorobenzene® results in an almost featureless STM to-
pography. As for the toluene-cast film, this finding is
consistent with topographies as measured by tapping-
mode AFM and by transmission and scanning electron
microscopy (see, e.g., refs 8 and 11 and Supporting In-
formation Figure S1c,d).

We conclude this section by noticing that the feed-
back mechanism on the current makes STM an ex-
tremely sensitive probe for local variations in conductiv-
ity. However, each topographical image reflects the
transport properties only under one particular preset
bias. As a complementary technique, we have there-
fore performed spatially resolved STS measurements,
which offer a detailed look at local, nanoscopic,
current—voltage relations.

Scanning Tunneling Spectroscopy (STS). During this experi-
ment, both topographical as well as /—V data are simul-
taneously acquired over the entire scan area. Spectros-
copy curves are taken on a square grid; at the moment
the scanning tip passes a position at which an -V
curve is to be taken, the scanning is interrupted and
the feedback loop disabled while the /—V curve is taken,
after which it is re-enabled and scanning continues.
The matrix of /—V curves can be depicted as a current
map at given bias. Representative /—V curves measured
at positive set point bias are given in Figure 2. Signifi-
cantly different /—V curves are found on different char-
acteristic positions on the sample, that is, on the PCBM
clusters, on the mixed phase, and at their interface (Fig-
ure 2). Due to the STM feedback system, all /—V curves
run through the same (set) point at +2.5 V (7 pA). How-
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Figure 2. Local I-V curves under illumination obtained from
a STS experiment (colored markers) at positive set point (7
pA, +2.5 V) and from the numerical device model (colored
lines) at different positions on the active layer: on the PCBM
cluster d, = 400 nm (red), on the mixed MDMO-PPV:PCBM
phase (blue), and at the interface between the two domains
(green). Bottom left and right images show current maps at
—2.5 and 0V, respectively. In the absence of illumination,
the current at reverse (negative) bias is zero in both experi-
ment and model.

ever, from a device point of view, the most interesting
regime is at reverse bias, on which we shall focus. In the
dark, no current could be measured in this regime and,
hence, the measured current is entirely carried by pho-
tocreated charges. This conclusion is consistent with
the impossibility to measure stable STM topographies
at negative set point in the dark, as discussed above. By
performing similar experiments on pure MDMO-PPV
and PCBM, the possibility that the measured photocur-

T T T T T T T T
_ device 10
d,=70nm 1 .

04 errrsssssgy -
420 &

— -10- €
z <
b >
c =
g -201 la0 2
3 [0}
(] ©
° B # |{60 3

-40 )

T T T
-1.0 -0.5 0.0 0.5 1.0 1.5

bias [V]

Figure 3. Local I-V curves for PCBM clusters of different diam-
eter obtained from the numerical model (solid lines: diameter d,
=70, 200, 300, 400, 550, 750 nm) and from the STS measurements
(symbols: diameter d, = 72, 215, 300, 380, 550, 740 nm). Gray
symbols and line denote the measured and calculated /—V curve
of the completed bulk device, that is, with a LiF/Al top contact, re-
spectively. The inset illustrates the process responsible for the
large photoelectron current extracted from the PCBM clusters.
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rents result from spurious effects as internal photoemis-
sion was ruled out; see Supporting Information Figure
S4 and accompanying discussion.

From the two bulk phases, a much higher current
could be extracted at modest reverse bias from the
PCBM clusters than from the MDMO-PPV:PCBM mixed
phase (cf. the blue and red markers in Figure 2). In the
case of completed devices, which are typically operated
in the same field range, the PCBM clusters, and to a
lesser extent the interfacial areas (green markers), will
thus facilitate and dominate electron transport to the
top contact by acting as electron sinks. For both bulk
phases, the behavior at negative bias is relatively well-
described by our numerical device model, using exactly
the same parameters as used to model the /—V curve
of the bulk device (cf. gray line in Figure 3). The highly
symmetric geometry assumed in the calculations is re-
alistic for isolated PCBM clusters and “large” areas of
mixed material. For the other interfacial areas, this con-
dition is not met and agreement between model and
measurement may be expected to be less perfect, as
shown by the green line taken on the interface between
PCBM and the mixed phase. For bulk device calcula-
tions, this symmetry effect is hardly an issue because
of the different field distribution with much smaller lat-
eral fields and currents than in STS calculations.

Further insight into the role of the PCBM clusters
can be obtained by considering the dependence of
the /—V curve on the cluster diameter. Such curves were
collected from several active layers that differed by the
degree of phase separation and the size of the PCBM
clusters and are plotted along with calculated -V
curves in Figure 3. The measured local /-V curves (col-
ored markers) differ substantially in shape from the I-V
curve of the completed device (gray squares), highlight-
ing the need to account for the different geometries
used.”®?° As compared to the macroscopic device, the
lower V. in the STS curves reflects the significantly
higher work function of the tip material; the more pro-
nounced field dependence at reverse bias is the result
of the different geometry in the STS experiment. More
specifically, the STM tip acts as point-like source or sink
for currents, injecting or extracting charge into or from
a much wider region of the active layer. As a result, av-
eraging local /—V curves over a large scan area repro-
duces neither shape nor magnitude of the /—V curve of
a completed bulk device.

The calculated curves in Figure 3 (colored lines) are
in good agreement with the measured /—V curves.*°
We take this as a confirmation that our model gives an
accurate description of the role played by the PCBM
clusters in the local charge transport. This strengthens
the basis of our previous work, in which both the mor-
phology dependence of the device performance and
the particular shape of the I—V curves at intermediate
bias were interpreted in terms of electron transport
from the mixed phase to the PCBM clusters.?®

www.acsnano.org
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Figure 4. Graphs of device performance: short circuit current density, j,, open circuit voltage, V,., maximum electrical output
power, P,,..,, and fill factor, FF, for different composition (wt % PCBM) and total lateral width (d, + d, = 30, 40, 60, 200, and 800
nm, as indicated in the legend). Colored circles show calculated values from the device model. The gray band connects calcu-
lated points having a morphology that corresponds to the one measured in ref 11; see text for further discussion. Empty tri-
angle: experimental value for the sample shown in Figure 3, i.e., a 20:80 blend of MDMO-PPV:PCBM.

Relation to Morphology. In this last part, we use the nu-
merical device model to make some comments about
the relation between composition, morphology, and
(bulk) device performance for the MDMO-PPV:PCBM
system. In Figure 4, we have calculated the most rel-
evant performance indicators of the solar cell (short cir-
cuit current density, j.., open circuit voltage, V., fill fac-
tor, FF, and maximum electrical output power, P, ,,) as
a function of composition. We have focused on phase-
separated samples, having a composition between 60
and 90 wt % of PCBM, for which morphologies ranging
from very fine (d, + d, = 30 nm) to very coarse (d, +
d, = 800 nm) are considered. The morphology in the
2D model is defined by the sample composition (MD-
MO:PPV:PCBM ratio) and the typical width d, + d,, with
d, and d, the widths of adjacent (2D) slabs of the mixed
phase and the pure PCBM phase, respectively. By fix-
ing the composition of the homogeneous mixed phase
as 1:1 (wt %, see ref 11), the values of d, and d, follow
from these two parameters. The hole and electron mo-
bilities in the PCBM cluster are taken as 5 X 10" "' and 2
X 1077 m?/(V-s), respectively. In the mixed phase,
both are chosen in such a way>' that the effective mo-
bility matches with the data in ref 32. Following this
procedure turns the mobility into a given, as opposed

www.acsnano.org

to a free, parameter. Table 1 shows typical parameters
for the 80 wt % PCBM sample.?®

Let us now return to the results shown in Figure 4.
The decrease in j,. with wt % PCBM is caused by the de-
creasing amount of absorbing material. On the other
hand, the fill factor defined as the ratio of the power in

TABLE 1. List of Parameters Used in the Model (20:80
MDMO-PPV:PCBM)*

parameter value
geometry:
layer thickness [nm] 100
d, + d, [nm] 30—2800
ratio matrix:PCBM slab width 37
mobilities:
Ww,matrix [m%/(V - )] 1.40 X 108
W matrix [m%/(V - s)] 2001071
W,PCBM cluster [m/(V - 5)] 500 % 10"
. PCBM cluster [m%/(V - 5)] 2.00 X 1077
general parameters
PEDOT:PSS work function 52¢eV
tip work function 48eV
LUMO, HOMO of PCBM 4.7eV,6.1eV
LUMO, HOMO of mixed phase 471¢eV,52¢eV

“Charge carrier mobilities were taken from ref 32. Parameters for other composi-
tions are calculated as outlined in the text.
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the maximum power point and the product of j,. and
V.. increases with increasing amount of PCBM due to
the improved electron and hole transport with higher
PCBM loadings. The open circuit voltage, V,, is largely
independent of composition in the 2D model; the weak
compositional dependence is the result of carrier diffu-
sion from the contacts, giving rise to band bending as
discussed before.?® Being the product of these three pa-
rameters, the maximal electrical output power P, =
FF X j.. X V.. reaches a broad maximum around 70 wt
% PCBM. To facilitate comparison with experiment, the
thick gray line indicates the model predictions for de-
vices with cluster sizes as measured experimentally by
van Duren et al.'" for the different compositions. At in-
creasing PCBM concentrations, the size of the PCBM do-
mains, d,, grows and the gray line moves to points cor-
responding to larger values for d, + d,. The resulting
trends in Figure 4 are in good agreement with the ex-
perimental results of ref 11; the absolute numbers of j,
and P_,,, being somewhat higher in the present work,
as indicated by the triangle at 80 wt % PCBM.

From the data in Figure 4, it is clear that a relatively
fine phase separation (magenta, blue, orange circles)
gives better device performance than a relatively coarse
phase separation (green and red circles), in agreement
with earlier observations.®'" However, a further reduc-
tion in length scale of phase separation (cf. blue and
magenta circles) does not bring significant improve-
ment in performance. Consequently, these results sug-
gest that further optimization of the longest length
scale of phase separation (i.e., d, + d,) in this material
system alone is unlikely to yield a significant improve-

MATERIALS AND METHODS

Experimental. The active layers addressed in this study are
bulk heterojunctions consisting of a 1:4 w/w blend of MDMO-
PPV and PCBM spin-coated in air in UV-filtered dim ambient light
from either chlorobenzene or toluene (both 3 mg/mL of MDMO-
PPV). Substrates consisted of a 60 nm thick layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS,
HC Starck electronic grade Baytron PVP Al4083) on clean ITO/
glass. All samples were transferred immediately after prepara-
tion into a N,-filled glovebox ([H,0] < 1 ppm, [0,] < 1 ppm, and
T = 20 °C), where all STM/S measurements were performed.
The STM/STS setup consists of a Veeco Multimode AFM/STM
controlled by an SPM100 from RHK. A white halogen lamp (~0.4
kW/m?) was used for illumination during local photocurrent
measurements. We used cut Ptlr and etched Pt and Au tips but
did not observe any relevant differences between the various
tips. When switching between light and dark, the tip was always
retracted and allowed to thermally equilibrate before the sys-
tem was re-engaged.

Numerical Model. The numerical model used to interpret the
data has been described in detail before.>>2° In brief, it is based
on the coupled drift diffusion, Poisson, and current continuity
equations. It accounts for the lateral components of the phase-
separated morphology (i.e., possible vertical composition varia-
tions are ignored)®>>* and does so in first order (i.e., only the larg-
est length scale of the full 3D phase-separated morphology is
accounted for and mapped onto a 2D structure of alternating
slabs). As such, only length scales that are large compared to
single molecules or monomers are modeled; by treating mobili-

ment in performance. Evidently, improvements in the

molecular scale morphology that lead to, for example,
higher carrier mobilities, more efficient charge genera-
tion, or an extended absorption spectrum can lead to

substantial improvements.

CONCLUSIONS

We have shown that a geometry where the top elec-
trode of the active layer is replaced by a metallic STM
tip can be used to extract otherwise inaccessible infor-
mation on charge transport on a truly local, nanoscopic
scale. Depending on whether the topography was
monitored at positive or negative bias, photogener-
ated holes or electrons are probed, respectively. Next,
STS has been used to locally measure /—V curves on dif-
ferent characteristic positions in the phase-separated
morphology. The /—V curves of PCBM clusters of differ-
ent size have been calculated using a morphological
drift-diffusion device model. We have found that in-
deed PCBM clusters act as electron sinks, extracting
photocreated electrons from the mixed phase. Finally,
the numerical device model has been used to evaluate
the main performance indicators, such as short circuit
current, open circuit voltage, fill factor, and maximum
electrical output power versus composition and mor-
phology. The results quantitatively relate the photovol-
taic performance of bulk heterojunction blends on a
nanoscopic level to the macroscopic device perfor-
mance and highlight the importance of nanoscale
transport of photocreated charge carriers in these
devices.

ties and generation and recombination rates as effective param-
eters, the obvious fact that they are affected by the molecular
scale morphology is implicitly incorporated. Further, in order to
keep the number of free parameters minimal, field- and density-
independent mobilities, which differ in each phase, are assumed.
The morphology is assumed to be a laterally phase-separated
layer, consisting of an intimately mixed polymer:fullerene phase
next to a pure fullerene phase."" Exciton dissociation is assumed
to take place exclusively in the bulk of the mixed phase and is
taken independent of electric field, again to minimize the num-
ber of free parameters and to keep the results physically trans-
parent. In all calculations shown here, the same parameters are
used as in previous bulk calculations,?® the only exception being
the top contact in case of STS simulations. Since the tip is in
physical contact with the active layer,>* the tip—sample inter-
face is treated in the same manner as macroscopic contacts, that
is, by an injection barrier that sets the interface charge density
according to a Boltzmann factor. The magnitude of the injection
barrier has to be re-adjusted according to the Fermi level of the
tip, which is lower than for LiF/Al, which is normally used as top
contact. Moreover, rather than covering the entire active layer,
the tip contact leaves the rest of the active layer surface free, as il-
lustrated in the inset of Figure 3, and the boundary condition is
changed accordingly. Since the contact area (diameter ~20 nm)
is much larger than a single molecular site (<1 nm), place-to-
place fluctuations are expected to be largely washed out. This ex-
pectation is confirmed by the observation that the current den-
sity within any given domain (i.e.,, a PCBM cluster or the bulk of
the mixed phase) is largely independent of position, as can be
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seen in Figures S1d and S2 (Supporting Information) and the bot-
tom images of Figure 2. Importantly, no additional fitting param-
eters are used in the STS simulations as compared to the bulk cal-
culations. Hence, the tip contact area diameter was assumed
equal to the apex radius and taken the same for all calculations
in Figures 2 and 3. For the PCBM clusters, the calculated /—V
curves are independent of the contact area. The physical reason
is that for all realistic tip radii the contact area is much smaller
than the PCBM cluster size. For the interfacial and mixed-phase
regions, this condition is not met and some dependency on tip
radius is found, hampering a fully quantitative description of the
experimental data.
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