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he highest efficiency organic photo-
T voltaics to date rely on thermal

and/or vapor annealing, which in-
duces polymer reordering and PCBM
([6,6]phenyl-C61-butyric acid methyl ester)
crystallization.'? The role of polymer rear-
rangement is at least partly understood, yet
there are many conflicting explanations for
the effect that PCBM crystallites have on
charge separation and conduction.>~7 In
this paper, we experimentally examine the
role of mesoscopic PCBM crystallites in a
fluorene-based copolymer/PCBM blend by
using multiscale characterization tech-
niques to spatially correlate device perfor-
mance with morphology.

The demand for affordable solar tech-
nologies has led to the development of or-
ganic photovoltaics (OPVs).2~ 1% The most ef-
ficient solution processable OPVs to date
utilize the bulk heterojunction architecture,
where typically a blend of a conjugated do-
nor polymer and an acceptor fullerene is
sandwiched between two electrodes."
Since light absorption in organic semicon-
ductors primarily produces bound excitons,
a high density of donor—acceptor hetero-
interfaces is needed due to the relatively
small exciton diffusion length (~10 nm).'?
Beyond facilitating exciton dissociation, the
blend structure needs to provide separate
conduction pathways for electrons and
holes to promote efficient transport and
limit recombination. To date, the power
conversion efficiency (PCE) of the best or-
ganic solar cells has reached 5—6%.'*' This
efficiency is limited by poor overlap of the
polymer’s absorption with the solar spec-
trum, recombination and/or trapping, low
open circuit voltages, and low fill factors in
various donor—acceptor blends.®'>'¢ While
an ideal material system and blend struc-
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ABSTRACT Solution processable methanofullerene-based solar cells are the most widely studied class of

organic photovoltaics (OPVs). The evolution of the electronic properties with solvent vapor annealing (SVA) in

polyfluorene-copolymer and [6,6]phenyl-C61-butyric acid methyl ester (PCBM) blended OPVs is studied using
various scanning probe techniques: light beam induced current spectroscopy (LBIC), conductive atomic force

microscopy (c-AFM), and photoconductive AFM (pc-AFM). We demonstrate that SVA improves the power conversion

efficiency by 40% while forming mesoscopic PCBM crystallites and a ~3 nm copolymer-rich overlayer at the

cathode interface. We find that the large crystallites created during annealing do not directly improve the local

performance of the device, but instead attribute the performance improvement to the ripened blend morphology

and an increase in the hole mobility of the copolymer in comparison to the unannealed blend. The PCBM-rich

aggregates act as a sink for excess PCBM, although excess PCBM is initially required to form the appropriate

structural features prior to the annealing process.

KEYWORDS: organic photovoltaic - solar cell - PCBM - solvent vapor
annealing - photoconductive atomic force microscopy - light beam induced current

microscopy

ture have not yet been realized, efforts to in-
crease the efficiency in OPVs are currently
focusing on the selection of high mobility,
broadly absorbing donor polymers, and the
manipulation of the donor—acceptor blend
morphology through various annealing
processes.'” 20

A variety of low band gap
donor—acceptor (D—A) copolymers have
been developed for PCBM-based OPVs
since they are capable of absorbing more
of the solar spectrum compared to the most
efficient and well-studied donor polymer,
poly(3-hexylthiophene) (P3HT).2'~?> The ad-
vantage of D—A copolymers is that the de-
gree of intramolecular charge transfer be-
tween the donor and acceptor moieties can
be tuned to achieve targeted optical and
electronic properties. In this study, we ex-
plore the photovoltaic behavior of a D—A
copolymer, poly(5,7-bis(3-dodecylthiophen-
2-yl)thieno[3,4-b]pyrazine-alt-9,9-dioctyl-
2,7-fluorene) (BTTP-F), previously reported
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by Zhu and Jenekhe,? blended with PCBM. This copoly-
mer is a good OPV donor candidate because it has a
high field-effect hole mobility of 1.6 X 1073 cm?/V -s,
has two broad absorption bands at 670 and 420 nm,
and has a stable HOMO level of 5.0 eV.

Although the electronic properties of the
fluorene—thienopyrazine copolymer, BTTP-F, make it
an attractive donor polymer, the morphology of the
components must still be optimized to achieve the best
efficiency in any blend system. Relative PCE improve-
ments of 100% have been achieved in P3HT/PCBM
OPVs via thermal annealing, vapor annealing, and a
combination of both."?28 In our fluorene—
thienopyrazine copolymer/PCBM system, we use sol-
vent vapor annealing of the films to increase the de-
vice performance and observe the resultant formation
of mesoscopic crystalline PCBM aggregates, or crystal-
lites. PCBM aggregates ranging in size of 10—100 pm
have been observed in various polymer/PCBM
blends.>~7% Nilsson demonstrated that in fluorene-
based copolymer/PCBM systems the solvent evapora-
tion rate and the PCBM solubility limit determine the
stability of the blend; fast evaporation results in meta-
stable spinodal decomposition, whereas slow evapora-
tion allows time for PCBM crystallization.>® While it is
agreed that PCBM crystallite formation depends on dif-
fusion,®' the effects of the different sized aggregates
that form during the annealing process are still not fully
understood in the most-studied P3HT/PCBM system,
let alone in other polymer/fullerene blends.

Intuitively, the formation of micron-scale PCBM crys-
tallites, as is sometimes observed, seems unlikely to im-
prove the performance of any OPV. Large crystallites
should not contain the nanoscale interfacial area re-
quired for efficient exciton harvesting. However, many
studies have reported improved short-circuit currents in
OPVs containing relatively large (50 nm to 50 pum) crys-
talline aggregates and even 300 wm spherulites.* " Re-
searchers have proposed that the photoconductivity is
enhanced around the PCBM aggregates in MDMO-PPV/
PCBM solar cells, and a larger volume of the enhanced
region leads to greater photocurrents (i.e., blends with
20 nm aggregates had higher photocurrents than
blends with 200 nm aggregates).®” The authors attrib-
uted the photoconductivity increase to less geminate
recombination as a result of electron diffusion to the
PCBM aggregates and hence longer electron lifetimes.
They also proposed that the electron mobility is en-
hanced within the PCBM aggregates. In contrast, in
MEH-PPV/PCBM blends, results from near-field scan-
ning photocurrent microscopy (NSPM) have suggested
that no photocurrent amplification in the PCBM deple-
tion region surrounding the PCBM aggregate occurs;
rather, the photocurrent enhancement is attributed to
an increase in the hole mobility of the polymer.> Other
research has shown vertical phase segregation of PCBM
toward the anode is reduced during annealing, result-
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ing in an increase in the solar cell’s shunt resistance.>
As evident from these observations, multiple processes
have been credited to improved power conversion effi-
ciencies in polymer/PCBM blends containing PCBM ag-
gregates. In summary, these processes include (1) im-
proved charge dissociation, (2) an increase in the
lifetime of the charge carriers surrounding the PCBM
crystallites, (3) enhanced electron mobility in the PCBM
crystallites, (4) an increase in the hole mobility in the
polymer/PCBM matrix, and (5) an increase in the shunt
resistance due to vertical phase separation. It is unclear
whether or not the increase in device efficiency is a re-
sult of all or a combination of these effects.

In this paper, we examine the role of PCBM crystal-
lites in BTTP-F/PCBM solar cells using a combination of
characterization tools to study the electronic properties
on a wide range of length scales as a function of anneal-
ing. It is known that the relevant length scales for exci-
ton diffusion and charge transport are ~10 and ~150
nm (depending on device thickness), respectively. Nev-
ertheless, annealed devices that exhibit improved per-
formance relative to unannealed devices are shown to
contain PCBM crystallites that can be 20— 150 pum in di-
ameter. In order to better understand the role played
by the annealing process and the large PCBM crystal-
lites, we apply a modified scanning light beam induced
current (LBIC)*~37 technique, conductive atomic force
microscopy (c-AFM),37%6 and photoconductive atomic
force microscopy (pc-AFM)* to determine the local
variations in cell performance before and after solvent
annealing with 20 nm resolution.

RESULTS AND DISCUSSION

Device Characteristics. BTTP-F/PCBM bulk heterojunc-
tion solar cells were fabricated with various concentra-
tions of PCBM and solvent vapor annealing (SVA) times.
The primary observation is that SVA dramatically en-
hances the device performance. Figure 1A shows the
photovoltaic output of an average cell with an opti-
mized blend composition (83 wt % PCBM) before and
after SVA. Following SVA, the short-circuit current in-
creased by 30%, the fill factor (FF) increased from 0.43
to 0.51, and the shunt resistance increased, resulting in
a 45% increase in the power conversion efficiency (PCE).
The best devices achieved a 1.4% PCE. Spectral mis-
match correction factors were 1.02 for the unannealed
and annealed devices.*® Thermal annealing of the as-
spun films at 120 °C for 30 min produced no observ-
able effect on the PCE.

Figure 1B shows the PCE and the FF of the unan-
nealed devices and the PCE of the annealed devices, be-
fore and after SVA as a function of PCBM concentra-
tion. On average, the PCE increased by 40—50% after
treatment with solvent vapor for 1 h regardless of the
PCBM concentration. However, the FF of the annealed
blend increased with PCBM loading, where the PCE cor-
related positively with the FF until reaching a PCBM
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Figure 1. (A) Average /—V characteristics before (0 min) and
after 30 min of SVA BTTP-F/PCBM solar cells containing 83%
PCBM by weight. (B) PCE versus PCBM concentration before
and after 1 h of SVA, and FF versus PCBM concentration of
unannealed devices. (C) PCE versus SVA time in 83% PCBM
devices shows an initial decrease in efficiency than increased
efficiency after 15 min of SVA.

fraction of 0.83. This trend correlates well with the ob-
servation that increasing fractions of PCBM well beyond
the percolation threshold in polyfluorene/PCBM blends
results in higher carrier mobilities.*® The decrease in ef-
ficiency at greater PCBM concentrations is likely caused
by polymer absorption losses or formation of more dis-
continuous hole conduction pathways.

Figure 1C shows the performance of a series of 83%
PCBM blends as a function of SVA time. We find that ex-
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Figure 2. Optical images of BTTP-F/PCBM blend films (83%
PCBM) after 0, 5, 10, 15, and 30 min (from top to bottom) of
SVA. Films correspond to devices measured in Figure 1C. Af-
ter 5 min of SVA, a ripened structure emerges, and after 10
min, PCBM crystallites form and ripen with increasing SVA
time.

posure to solvent vapor for 30 min is the optimum an-
nealing time for the blend. However, the device perfor-
mance degrades during the first 5—10 min of
annealing, which suggests that the initial restructuring
that takes place in the film is actually detrimental to de-
vice performance. Optical inspection of these annealed
films with increasing SVA time indicates a restructuring
of the blend on several length scales as shown in Fig-
ure 2. Unannealed films show no structural features, but
an underlying structure emerges after ~5 min of an-
nealing. After 10 min, visible 50 wm aggregates form,
and after 30 min, the aggregate diameters can reach
200 pwm. TEM and grazing-angle XRD clearly indicate
that the aggregates are crystalline and PCBM-rich with
d spacings of 0.3 nm (Figures S1 and S2 in the Support-
ing Information), which match literature values for pris-
tine PCBM 2%

Optical Properties. Figure 3 shows the absorbance
spectra of the blend films on PEDOT:PSS/ITO/glass sub-
strates with increasing annealing time. There are both
a red shift of BTTP-F's 610 nm absorption peak and an
increase in overall absorbance with increasing SVA
time. After 5 min of SVA, the absorption peak of BTTP-F
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Figure 3. Absorption of BTTP-F/PCBM blends (83% PCBM)
on PEDOT-PSS/glass substrates after 0, 5, 10, 15, and 30 min
of SVA. The BTTP-F absorption peak red shifts after 5 min
of SVA, and the blend'’s absorbance increases after 10 min.
Inset shows the optical image of PCBM crystallite after 30
min of SVA.

red shifts 40 nm and there is a small absorbance in-
crease at 650 nm of 0.03. No red shift occurs after 30
min of annealing, but there is an additional 0.5 increase
in the absorbance at 650 nm. This red shift at small an-
nealing times suggests an initial BTTP-F reordering,
while the absorbance increase after 30 min of anneal-
ing indicates longer range molecular rearrangement, as
evidenced by the emergence of more structure in the
absorption band around 720 nm.

The peak external quantum efficiency (EQE) of the
annealed BTTP-F/PCBM solar cell also red shifts in com-
parison to the unannealed device (S4). Integration of
the EQE spectrum reveals a 9% decrease in the EQE fol-
lowing SVA in contrast to the increase in PCE. The cal-
culated Ji. values (integration of the product of the EQE
and AM 1.5 solar spectrum) of the unannealed and an-
nealed devices were 3.2 and 3.7 mA/cm?, correspond-
ing to an 8 and 24% underestimate of the J,. in compari-
son to those values measured under the standard solar
spectrum at 1 Sun. We have excluded any spectral mis-

match errors since the mismatch factors were nearly
unity for both the unannealed and annealed devices.
In the annealed devices, we suspect scattering from the
crystallites during the PCE measurement to account
for the overall increase in the measured J;.. The bright
field transmission inset in Figure 3 supports this hypoth-
esis, where lensing can be seen around a crystallite.
Light Beam Induced Current Microscopy (LBIC). To better un-

derstand the effect of the crystallites on device perfor-
mance, LBIC was used to study photocurrent distribu-
tions in films both before and after SVA. LBIC
microscopy involves scanning a tightly focused laser
spot across the device and recording the photocurrent
distribution. Figure 4 shows maps of the annealed and
unannealed blends, as well as IV curves at specific
points in the film. Figure 4c shows nearly uniform pho-
tocurrents in the unannealed devices, with currents
ranging between 1.7 and 1.8 nA at an incident laser
power (prior to entering the microscope) of 2 mW. At
points D and E, the IV characteristics are identical and
the short-circuit currents are 1.8 nA, in good agreement
with the LBIC map. The uniform currents can be attrib-
uted to fairly uniform mixing of both the BTTP-F and
PCBM constituents on optical length scales. In contrast,
Figure 4a shows that the annealed films exhibit sub-
stantial spatial variations in the photocurrent, with sig-
nificant reductions in the current on top of the large
PCBM crystallite and some photocurrent enhancement
in a small ~10 pm diameter region surrounding the
PCBM crystallite.

At identical laser powers, the current observed on
the PCBM crystallite is lower than that observed in the
unannealed device, while the photocurrent recorded
away from the PCBM crystallites is higher than that ob-
served in the unannealed films. Measured with LBIC, the
overall photocurrent increase following annealing is
consistent with the bulk device behavior as there is a
50% overall increase in the Isc. However, as expected,
the PCBM crystallite is barely photoactive. Instead, a
~10 wm enhanced region surrounds the crystallite, and
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Figure 4. (a) LBIC map of 30 min SVA 1:5 BTTP-F/PCBM film with a large PCBM crystallite. The PCBM crystallite does not gener-
ate large photocurrents, but a region surrounding the crystallite is enhanced. (b) /—V characteristics corresponding to locations
on panels a and c. The crystallite (A) produces the smallest power followed by the unannealed blend (D,E), but the enhanced re-

gion in the annealed blend (B) and the matrix (C) produce the greatest power. (c) LBIC map of the unannealed blend showing uni-
form photocurrent generation.
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Figure 5. Log J—log V plot showing dark current of hole-
only devices after 0, 5, 15, and 30 min of SVA. The SCLC hole
mobility increases with annealing time, as calculated from
the Mott-Gurney law (the linear lines corresponds to a slope
= 2). The unannealed blend does not show SCLC transport
and is instead trap-limited.

a greater average photocurrent is measured in the ma-
trix compared to the unannealed blend. The /sc of the
crystallite is only 1 nA, the matrix is 2.5 nA, and the area
immediately surrounding the crystallite is 3.0 nA (Fig-
ure 4b). The region surrounding the crystallite has
nearly double the photocurrent of the unannealed
blend. This result is in contrast to the behavior reported
for 10—20 wm PCBM aggregates in the MEH-PPV/
PCBM system, where current-depleted regions were ob-
served surrounding the crystallites.

Interestingly, the enhanced photoactive region in
Figure 4 compares with the green halo region ob-
served around the crystallite in Figure 3. Photocurrent
is likely improved close to the PCBM crystallites due to
increased light absorption in this region.

Charge Transport and Conductive AFM (c-AFM). Annealing
has been reported to increase hole mobility in a num-
ber of polymer blends.*?~>* We used space charge lim-
ited current (SCLC) measurements to measure the effec-
tive hole mobility as a function of annealing time in
our devices.”>*® Comparison of the dark currents be-
tween the unannealed and the 30 min annealed de-
vices shows that the hole dark current is increased by
nearly an order of magnitude (Figure 5), indicating bet-
ter hole transport in the annealed blend. While the an-
nealed film exhibits the expected dependence of cur-
rent density on V2, as predicted by the Mott-Gurney law,
the unannealed film does not, preventing a direct com-
parison of mobilities between the annealed and unan-
nealed film.>” However, these results suggest that an-
nealed films possess improved order and lower trap
densities. After only 5 min of SVA, we begin to observe
SCLC transport. Additional annealing beyond 5 min
continues to improve transport: the SCLC hole mobil-
ity increases by a factor of 5 from 9.56 X 107> cm?/V - s
after 5 min of SVA to 2.17 X 10™* cm?/V - s after 30 min
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of SVA. This is comparable to the SCLC hole mobility of
2 X 107* cm?/V - s measured in MDMO-PPV/PCBM
blends.*®

To examine the evolution of hole mobility with an-
nealing time, c-AFM was used to simultaneously map
both the surface morphology and the current passing
through the tip—sample junction, thus providing a
qualitative map of charge transport. While it is pos-
sible to make quantitative mobility measurements with
c-AFM,* doing so requires careful attention to the de-
tails of the barrier to charge injection from the tip and
sample—tip interactions. Nevertheless, c-AFM can eas-
ily be used to qualitatively map the dominant hole and
electron transport pathways at the film surface.

Figure 6 shows c-AFM dark current maps under for-
ward bias and reverse bias both before and after SVA.
In this paper, we refer to forward bias when the ITO con-
tact is biased positive, regardless of whether the cath-
ode is an evaporated metal contact in a device, or a Pt-
coated c-AFM tip. Thus, under reverse bias, holes are
injected from the sharp tip, and the c-AFM images show
the most current where hole injection and transport
are prevalent. Likewise, under forward bias, electrons
will be injected through the tip, and the forward bias
c-AFM images thus show more current where the
sample is PCBM-rich. Comparison of forward and re-
verse bias images can thus be used to differentiate be-
tween local composition as well as provide information
about the transport networks.>® In contrast to the opti-
cal images, the atomic force microscopy images reveal
distinct nanoscale phase separation of PCBM-rich
phases and BTTP-F-rich phases in both the annealed
and unannealed devices. In reverse bias, the “valley” re-
gions in the morphology correlate primarily with the
hole conduction pathways (Figure 6a,b). In forward bias,
the taller regions are preferentially electron-conducting
pathways.

As the film is annealed in solvent vapor, the aver-
age morphology ripens, resulting in domain sizes
200—400 nm wide and 20 nm tall (Figure 6d). In re-
verse bias (so the holes are injected from the tip), the
hole current map still correlates preferentially to the
lower regions on the sample. Regardless, the maximum
magnitude of the current transported in the annealed
blend is 100 pA and only 20 pA in the unannealed film
(Figure 6b,e). This 5-fold increase in the current agrees
with the increased SCLC hole mobility. We can thus at-
tribute the hole mobility increase to the ripened
domains.

In forward bias, the current maps of the annealed
sample show less direct correlation with the film topog-
raphy. While the electron current increases after anneal-
ing, the active domains are small and discontinuous.
Comparison of the two maps in both forward and re-
verse bias shows electrically inactive regions within the
annealed film. Regardless of the bias, part of the de-
vice is rectifying the current. We attribute this to verti-
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Figure 6. AFM topography of unannealed BTTP-F/PCBM blend (a) and corresponding c-AFM maps at —8 V (b) and +8 V (c). Bulk blend

topography after 30 min of SVA is shown in (d) with corresponding c-AFM at —8 V (e) and +8 V (f). Active regions in reverse bias corre-
spond to hole conduction pathways, and active regions in forward bias correspond to electron conduction pathways.

cal phase separation and the formation of a BTTP-F-
rich surface layer, which creates effective p—n—p
junctions in some regions within the device, thus limit-
ing charge injection/extraction by the AFM tip.** We
confirmed these changes in near-surface vertical mor-
phology by using XPS, as described below.
Angle-Resolved X-ray Photoelectron Spectroscopy (XPS). The
c-AFM data suggest that the composition near the film
surface may evolve during SVA. To test this hypothesis,
we performed angle-resolved XPS on the annealed and
unannealed films. Figure 7 shows the composition of
sulfur and nitrogen in the annealed and unannealed

25 T T T T T

-@-N (0 min)

—+—N (30 min)

-
(&
T
1
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0.5 .
0 Py ]
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Figure 7. Angle-resolved XPS depth profile of sulfur and ni-
trogen in 1:5 BTTP-F/PCBM blend before annealing and af-
ter 30 min of SVA. Depth of 0 corresponds to the air/blend
interface.
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blends, which are unique elements to BTTP-F not
present in the PCBM. The composition of S and N goes
to zero at 4 nm because the compositional resolution is
limited by the sampling angle and signal intensity.*® In
both films, there is a surface-rich layer of BTTP-F, which
is consistent with a previous study that indicates verti-
cal phase segregation of as-spun fluorene-based co-
polymer/PCBM blends.®' Comparison of the sulfur and
nitrogen content in the annealed blend shows that the
BTTP-F-rich surface layer is 10 A closer to the air inter-
face than in the unannealed blend. In the unannealed
film, the S and N concentration decreases 38—39 A
from the air interface, whereas the S and N in the an-
nealed blend is concentrated to the first 25—32 A of the
film surface. While the relative concentrations of the
BTTP-F at the surface cannot be precisely determined
because the surface roughness of the annealed blend
is not considered in the model, it is clear that the an-
nealed film contains more BTTP-F at the surface than
the unannealed blend (Table S1 in the Supporting Infor-
mation).

Photoconductive AFM (pc-AFM). The interplay of a three-
tier system consisting of a matrix of PCBM and BTTP-F,
ripened PCBM-rich domains and crystallites, and a thin
copolymer overlay is further examined using photocon-
ductive AFM (Figure 8). We expect the near-surface
BTTP-F layer to limit short-circuit currents by limiting
the extraction of electrons through the pc-AFM tip. This
expectation seems to be confirmed by the localized re-
gions of photocurrent seen in Figure 8e, whereas the
unannealed film shows larger apparent areas of photo-
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Figure 8. Unannealed film: (a) IV characteristics under 2 mW, 632 nm laser with Pt AFM tip, (b) pc-AFM short circuit map,
and (c) dark IV curves. Annealed film: (d) illuminated IV characteristics, (e) pc-AFM short-circuit map, and (f) dark IV curves.

current generation. However, the upper photocurrent
values are nearly doubled in the annealed film (~4—5
pA range in the annealed film compared to a 2—4 pA
range in the unannealed film).

Quantitative comparison of the pc-AFM images of
the two samples is restricted by the change in near-
surface film composition. Since the device performance
increases, we do not expect decreased photocurrents
with pc-AFM. Indeed, the IV curves obtained from the
LBIC technique, where thermally evaporated contacts
are used for charge extraction, show increased local
photocurrents after annealing. Nevertheless, the IV
curves obtained from the pc-AFM and LBIC measure-
ments seem consistent in many aspects. For instance,
regions generating photocurrent in the pc-AFM maps
have a higher Voc and Isc than the dark regions, which
is consistent with the LBIC /V characteristics (Figure 4b).
The regions with greater Isc tend to have greater for-
ward bias dark currents (Figure 8¢,f). This dark and light
IV correlation is consistent since forward currents are as-

(3]

S

sociated with electron injection, and good electron ex-
traction at the tip is required for a greater /sc. As such,
regions with low photocurrents have a high hole mobil-
ity, for example, point E in the unannealed sample and
point A in the annealed sample. This trend is further
demonstrated by the inset in Figure 8c. Maps were also
taken on top of several crystallites that show little pho-
tocurrent and smaller dark currents than the annealed
matrix (Figures S8 and S13 in the Supporting Informa-
tion). Thus, the best performance on the film surface is
related to areas with high forward bias dark currents
and/or better electron conduction (injection/extrac-
tion). The poorly performing regions correspond to a
BTTP-F-rich surface that has high reverse bias dark cur-
rents and poor electron extraction.

To overcome the barrier to electron extraction as a
result of the insulating BTTP-F overlayer, we acquired
bias-dependent imaging under illumination. Images
from pc-AFM were collected at —0.5 and —1 V to show
where the photoactive short-circuit regions are emerg-

-500 mV 1.0V

Figure 9. (a) AFM of unannealed blend and corresponding (b) pc-AFM at —0.5 V, (c) pc-AFM at —1.0 V; (d) AFM of annealed
blend and corresponding (e) pc-AFM at —0.5 V, (c) pc-AFM at —1.0 V.
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ing in the annealed films (Figure 9). Complete bias-
dependent images of annealed and unannealed films
are provided in Figures S11—S13 in the Supporting In-
formation. It is important to remember that, in this re-
gime, the magnitude of the current on pc-AFM maps is
not in direct proportion to the power produced by the
device.

Topographical images of the annealed blend show
an increase in the active domain size with increasing
negative bias (Figure 9b,c). This suggests the barrier to
charge extraction caused by the BTTP-F overlayer is sur-
mounted at —1 V. Closer examination of the annealed
film at —1 V demonstrates the interconnectivity of the
ripened domains. While the polymer overlayer limits
charge extraction, the small bias required to overcome
this suggests that this physical barrier is likely not se-
verely limiting device performance. Yet, removal of the
overlayer or disruption/penetration during cathode
deposition would still be advantageous for improved
electron extraction.

CONCLUSIONS

Treating BTTP-F/PCBM solar cells with solvent vapor
results in both the formation of mesoscopic PCBM crys-
tallites, ripening of electron-transporting domains, as
well as the formation of a copolymer-rich overlay. At the
same time, in spite of the unfavorable change in the
vertical film morphology we detected by c-AFM and
XPS, and the formation of the very large PCBM crystal-

METHODS

Devices were fabricated in a planar configuration: glass/ITO/
PEDOT:PSS/BTTP-F:PCBMY/LIiF/Al. ITO substrates (Colorado Con-
cept Coatings) were cleaned by stepwise sonication in detergent,
DI water, acetone, and IPA followed by 10 min of O, plasma etch-
ing. Filtered PEDOT/PSS (Baytron P VP Al 4083) was spun on the
ITO substrates at 4 krpm for 30 s and annealed at 120 °C for 1 h to
yield 40 nm thick films. PCBM was purchased from American
Dye Source, and BTTP-F was synthesized by Suzuki coupling po-
lymerization according to Zhu and Jenekhe.?® All BTTP-F/PCBM
solutions were prepared with anhydrous CHCl; (15 mg/mL). So-
lutions were heated and stirred at 55 °C to dissolve the constitu-
ents and filtered through 0.45 um PTFE filters. The polymer solu-
tions were spun in a N, glovebox at 0.8 krpm for 60 s, resulting
in 180 nm films. Solvent vapor annealing of the BTTP-F/PCBM
films was performed in enclosed glass Petri dishes in the glove-
box. Samples were taped to the top of a Petri dish, and 5 mL of
degassed chlorobenzene was added to the bottom. Cathodes of
1.0 nm of LiF and 80 nm of Al were deposited at 2 X 107° Torr,
defining 3.14 X 1072 cm? active areas.

All bulk solar cell measurements were performed in air us-
ing a 450 W Xe lamp and AM1.5 filter at 100 mW/cm? calibrated
to an NREL certified silicon reference diode. The spectral irradi-
ance of the light source and the responsivity of the reference cell
were measured and used to calculate the spectral mismatch.
Ten to 20 devices were averaged to obtain the results. External
quantum efficiencies were measured using an Optronic Labora-
tories OL 750D double monochromator with a beam size of 1
mm. Photocurrents were recorded by a Keithly 2400 source
meter in reference to a Si diode.

Hole-only SCLC devices were fabricated according to the
above procedure with a 50 nm Au cathode in place of LiF/Al.
The average BTTP-F/PCBM blend thickness was 180—200 nm.
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lites, the power conversion efficiency of the devices in-
creases by 40%. Correlation of morphology with the lo-
cal electrical properties at characteristic length scales
from 100 nm to tens of microns was made possible by
combining LBIC, c-AFM, and pc-AFM. While the large
crystallites do not directly improve device efficiency or
transport, they are associated with surrounding regions
of increased light absorption and improved photocur-
rent. The main source of the improved photocurrent fol-
lowing annealing is improvement in local charge trans-
port pathways and polymer packing and the resultant
increase in hole mobility.

These hierarchical structures and their interactions
help us better understand the role of varying degrees
of phase separation in methanofullerene-based solar
cells. The enhanced photocurrents in the annealed film
regions that show increased polymer absorption sug-
gests that the large PCBM crystallites may merely be
acting as sinks for excess PCBM in the film. If so, find-
ing ways to nucleate the desired local film morphology
during annealing (such as with surface chemistry)®2~¢*
without having to include such large fractions of PCBM
could lead to further increases in device performance.
Although they form during annealing, neither the very
large mesoscopic PCBM crystallites nor the polymer
overlayer are beneficial to the device performance. We
thus believe even higher performance could be ob-
tained from the BTTP-F/PCBM system through better
control of vertical and lateral film morphology.

I—V characteristics were measured with a Keithly 2400 source
meter under an 8 mTorr vacuum.

Optical images were taken with a CCD through a Zeiss axio-
vert optical microscope. A Philips EM420 TEM was used to char-
acterize the PCBM crystallites at a 100 kV accelerating voltage. All
XPS spectra were taken on a Surface Science Instruments
X-probe spectrometer at less than 5 X 10~° Torr. X-ray spot size
was on the order of 800 mm. Pass energy for survey spectra and
detail scans of C, O, N, S, and Si (composition) was 150 eV. Angle-
dependent data were acquired by varying the takeoff angle be-
tween the sample normal and the input axis of the energy ana-
lyzer. This allows for determining the composition of the sample
at various sampling depths (0° take off angle at 80—100 A, 55°
take off angle at 50 A, 80° take off angle at 20 A).

The Service Physics ESCA 2000AGraphics Viewer program
was used to determine peak areas and to calculate the elemen-
tal compositions from those peaks. Depth profile calculations
were performed using an algorithm developed by Tyler and
Ratner.®®%> The mean free path of the emitted photoelectron
used for the calculation was C =36 A,0 =32 A, N=354,5 =
38 A, and Si = 39 A. A smoothing factor was chosen to optimize
the output data.

AFM measurements were performed using an Asylum Re-
search MFP-3D AFM mounted on an inverted optical micro-
scope as described in detail elsewhere.*” A 2 mW, 632 nm
HeNe laser excitation source was used for all illuminated
measurements. LBIC was performed illuminating through
the anode while using the AFM and optical setup. The scan-
ner stage of the Asylum AFM is used for x—y translation, the
sample is enclosed in a fluid cell (N, environment), and the
macroscopic cathode of the device is connected to the cur-
rent preamplifier built into the AFM head via a 4 mil wire to
monitor the current flow. The laser is focused to a diffraction
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limited spot, and neutral density filters are used to attenu-
ate the intensity of the spot to 10 W/cm?. Correlating the
stage position with the current signal from the c-AFM head
generates spatial maps, and spectroscopic data can be gath-
ered at a fixed location by fixing the stage. The AFM tip is
not used during LBIC experiments, so no topographical fea-
tures are imaged.
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