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here has been extensive research
Tin recent years to develop organic
bulk heterojunction (BHJ) photovoltaic
technology because of its potential applica-
tion as an inexpensive and lightweight en-
ergy source.' > An important strategy for
increasing the efficiency of BHJ photovol-
taics is controlling the nanoscale morphol-
ogy of the active layer. There are ways to
modify the BHJ morphology including
concentration and ratio of the donor and
acceptor in solution, choice of solvent,
casting methods,” thermal annealing,” solvent
additives,® 8 and molecular additives.®~ "7
To investigate the effect these processing
conditions have on the active layer mor-
phology, a variety of techniques have been
used including X-ray diffraction (XRD),'®2°
transmission electron microscopy (TEM),
scanning electron microscopy (SEM),>*?* and
scanning tunneling microscopy (STM).?* In
addition to these techniques, various forms
of scanning probe microscopy are used to
investigate nanoscale morphology such as
tapping mode atomic force microscopy (t-
AFM), >3 electrostatic force microscopy
(EFM),*"32 scanning kelvin probe microscopy
(SKPM),3273* as well as conductive AFM (c-
AFM)>°35737 and photoconductive AFM (pc-
AFM). 23844
One of the most widely studied BHJ
systems in terms of nanoscale morphology
is poly(3-hexylthiophene) (P3HT) as the
electron donor and [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) as the electron
acceptor.**~*” When blended with PCBM
under certain processing conditions, such
as thermal annealing or choice of solvent,
P3HT fibers can form. However, thermal
annealing can cause large-scale phase sep-
aration or crystalline PCBM domain forma-
tion. Thus, controlling the self-assembly of
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ABSTRACT
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The effect of molecular self-assembly on nanoscale photoinduced charge generation of

fullerene-capped poly(3-hexylthiophene) (PCB-c-P3HT) films and its effectiveness as a

molecular additive in bulk heterojunction P3HT:[6,6]-phenyl-C¢;-butyric acid methyl

ester (PCBM) is investigated through photoconductive atomic force microscopy. ortho-

Dichlorobenzene-cast films of PCB-c-P3HT are found to form interconnected fibrous networks

that show high photocurrent generation, while tetrahydrofuran-cast films show nanospheres

with relatively low photocurrent generation. The nanofiber size and current generated from

these nanowires are shown to vary with additions of PCBM. The PCB-c-P3HT amphiphile is

shown to be a successful molecular additive in P3HT:PCBM films. These observations

demonstrate how the self-assembly of PCB-c-P3HT into specific nanostructures is crucial to

charge generation and transport.

KEYWORDS: bulk heterojunction photovoltaic - nanowires - photocurrent -
conductive AFM - photoconductive AFM - fullerene - poly(3-hexylthiophene) -

self-assembly

conjugated polymers via chemical modifi-
cation is desirable. To this end, these two
functional units have been incorporated
into a dyad designed to serve as a molecular
additive for the highly optimized P3HT:
PCBM system.*®

Recently, we found that capping a P3HT
chain with PCBM, PCB-c-P3HT (Figure 1a),
leads to well-defined nanostructure formation
where the solvent plays a vital role in deter-
mining the morphology and nanostructures
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Figure 1. (a) Chemical structure and (b) normalized UV—vis
spectra of PCB-c-P3HT solutions and films: THF (green
squares) and 0-DCB (black diamonds) solutions and THF-
(blue circles) and o-DCB-cast films (red triangles).

formed.*® PCB-c-P3HT films cast from a tetrahydrofu-
ran (THF) solution were found to form spherical aggre-
gates, while PCB-c-P3HT films cast from an ortho-
dichlorobenzene (o-DCB) solution were found to form
nanowires as long as micrometers with a diameter of
15—20 nm. It has been suggested in previous work*’
that, in PCB-c-P3HT solutions cast from THF, the metha-
nofullerene moieties aggregate into a micelle core and
are stabilized by P3HT chains that extend to the solvent
medium, while in the fibrous PCB-c-P3HT structures
cast from 0-DCB, P3HT chains crystallize to form a core
which is surrounded by a monolayer of C4; moieties.
These different self-assembling structures of the PCB-
¢-P3HT provide an interesting model system to study
the relationship between photoinduced charge trans-
fer and nanoscale morphology at well-defined full-
erene/polymer interfaces. Herein, we utilize c-AFM
and pc-AFM to study the nanoscale photoinduced
charge generation in two distinct self-assembled nano-
structures of PCB-c-P3HT films: nanospheres and nano-
wires. Our results clearly indicate that the charge
generation is strongly dependent on the self-assembly
of PCB-c-P3HT such that the nanowires of PCB-c-P3HT
show dramatically higher short-circuit photocurrent
than the nanospheres under the same conditions.

RESULTS AND DISCUSSION

In a P3HT:PCBM BHJ, when an exciton separates into
mobile carriers, holes and electrons remain in the P3HT
and PCBM, respectively. The free carriers can travel
through percolated pathways to be collected by their
respective electrodes: holes are collected by the anode,
and electrons are collected by the cathode.®® In this
PCB-c-P3HT system, it is reasonable to expect that
holes travel through the P3HT segments while elec-
trons travel through the PCB segments of the dyad.
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Figure 2. Surface topographic images and schematic draw-
ings of proposed molecular self-assembled models of PCB-
¢-P3HT prepared from THF (a—c) and o-DCB solutions (d—f)
casted onto Si/SiO, (a,d) and APTMS-ITO (b,e). Image sizes
are 5um x 5um.

Normalized absorption spectra of solutions and films
are shown in Figure 1b. The THF solution shows an
absorption peak around 430 nm, while 0-DCB solution
shows an absorption peak at 445 nm. This difference in
the absorption peak is a result of different polymer
chain conformation in solution as has been observed
for other conjugated polymers.>®>" The more ex-
tended chain conformation of PCB-c-P3HT in o-DCB
solution leads to a longer absorption wavelength
onset. When the films are cast onto cleaned indium
tin oxide (ITO), this absorption peak is significantly red-
shifted for films cast from both solutions. The peak for
the THF-cast film shifts from 430 to 500 nm, and the
peak for the 0-DCB-cast film shifts from 445 to 495 nm.
Both films also show a small shoulder at 550 nm. These
absorption spectra are similar to the absorption spec-
tra of P3HT:PCBM blends as well as polythiophene-
based diblock copolymers with a fullerene block
attached.>?

Tapping mode AFM images of THF- and o-DCB-cast
films were collected to examine the impact of substrate
and solvent on the film morphology (Figure 2). In all
THF-cast films, nanospheres are observed (Figure 2a,b),
while 0-DCB-cast films show interconnected wire net-
works (Figure 2d,e), absent in THF-cast films. How-
ever, the sizes of nanospheres and fibers depend on
underlying substrates. Nanospheres on silicon/silicon
dioxide (Si/SiO,) and aminopropyltrimethoxysilane
(APTMS)-ITO show average diameters of 257 + 108
and 72 + 20 nm as well as average heights of 40 and

VoL.6 = NO.2 = 1149-1157 = 2012 ACNJANC)

WWww.acsnhano.org

11D1L¢

1150



(@)

= THF Dark Current
= 0-DCB Dark Current

Pixel Count (a.u.)

2
Current (pA)

Figure 3. Dark current images collected at +1 V from (a) THF- and (b) o-DCB-cast films and (c) corresponding dark current
distributions: THF- (black line) and o-DCB-cast (red line) films. Image sizes are 2 yum x 2 um.

a

C
= THF Photocurrent

= = 0-DCB Photocurrent
£

-

c

=1

o

Q

B 1

X

o

0 10 20 30
Current (pA)

Figure 4. Photocurrent images collected at 0 V from (a) THF- and (b) 0-DCB-cast films and corresponding photocurrent
distributions (c): THF- (black line) and o-DCB-cast (red line) films. Image sizes are 2 um x 2 um.

6 nm, respectively, while fibers have an average width
of 65 £ 23 and 88 4+ 26 nm, respectively. It has been
previously reported that, because P3HT is more soluble
in THF than C; (~2.3 mg/mL versus 0 mg/mL),>*** it is
possible that the PCB unit of this polymer aggregates
into a micellar core, leaving the P3HT tails exposed to
provide colloidal stability in this solvent (Figure 2c).
These micelles formed in solution are then transferred
onto the film when the solution is cast and the end
effect is the self-assembly of nanospheres on the film.
Cs1 shows much higher solubility in 0-DCB than P3HT
(107 mg/mL versus 20 mg/mL). This difference in
solubility drives the P3HT portions to aggregate to-
gether. The high boiling point of 0o-DCB results in a slow
drying process during film preparation, thus it allows
for crystallization of a P3HT core with a shell of PCBs
surrounding them (Figure 2f), where the end effect is
the formation of fibers that can span greater than 10
um in length. These topography images confirm that
casting PCB-c-P3HT from different solvents changes
the self-assembled nanostructures formed in the film,
and although substrates affect the dimensions of
nanospheres and fibers, they do not affect the types
of nanostructures formed.

The electrical properties of these different self-
assembled nanostructures can be probed by c-AFM
(Figure 3). In the THF-cast film scanned at +1 V applied
bias in the dark, the surface is featureless and the dark
current histogram shows a Gaussian distribution of
currents centered at 0.6 pA (fwhm = 0.7 pA), which
signifies that there are no preferential pathways for
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current to travel at this applied bias. The dark current
image of 0-DCB-cast film collected at +1 V comprises
high current networks. The average width of these high
current wires is 73 + 32 nm. When looking at the
current histogram, there is a Gaussian centered at
0.5 pA (fwhm = 0.3 pA), which is attributed to the
background current, but there is also a tail of currents
that extends to about 4.5 pA, which is attributed to the
current gathered from the nanowires. This observation
signifies that the nanowires are a pathway for injected
charges to travel as opposed to the nanospheres,
which show no conduction pathways.

Next, using pc-AFM, we probe whether charge gen-
eration would be possible in these nanostructures and
what effect self-assembly has on photocharge genera-
tion in PCB-c-P3HT (Figure 4). Due to the inverted
device architecture utilized in this study, the gold-
coated probe, having a work function of 5.0 eV, collects
photogenerated holes and the APTMS-ITO bottom
contact, having a work function of 4.3 eV, collects
photogenerated electrons.3¥°> The photocurrent im-
age from the THF-cast film shows very low current with
an average current of 1 pA. Several circular shape
domains with a diameter of 87 & 20 nm, similar to
the features observed in Figure 2, have almost no
photocurrent. In contrast, the fibers of PCB-c-P3HT
from the o0-DCB-cast film show remarkably high photo-
current when compared to the background, and from
the histogram, we can make out two Gaussian distribu-
tions of photocurrent. The narrow Gaussian with
lower photocurrent centered at 1 pA (fwhm = 0.8 pA)
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Figure 5. Average |-V curves of THF- and o-DCB-cast films
collected under white light illumination: THF-cast film (blue
circles), o-DCB-cast film collected on fibers (red triangle),
and o-DCB-cast film collected off fibers (black diamond).

corresponds to the background current, while the
broader Gaussian with higher photocurrent centered
at 12 pA corresponds to the photocurrent on the
nanowires.

The photocharge generation and transport of these
different nanostructures can be revealed in greater
detail through nano current—voltage (I-V) curves
(Figure 5). The average nano /—V curve for the THF-
cast film gives a short-circuit current (Isc) of 2.4 pA and
an average open-circuit voltage (Voc) of —0.63 V. The
average nano /—V characteristics of the 0-DCB-cast film
are collected from the flat regions as well as atop of the
wires. The nano /—V curve collected from the flat
regions shows an Isc and V¢ of 13 pA and —0.69 V,
respectively, whereas the nano /—V curve collected
atop the fibers shows a Isc and V¢ of 35 pA and —0.67 V,
respectively. Using an estimation of contact area of
our gold AFM probe to be 110 nm? the short-circuit
current densities (Jsc) are calculated to be 2180, 11820,
and 31820 mA/cm? for THF-cast films, flat region in o-
DCB-cast films, and atop wires in 0-DCB-cast films,
respectively.** These observations indicate that charge
generation and collection are much more efficient in
film containing wires, perhaps due to the wires acting
as a percolation network for electron transport. It
should be noted that the difference in Isc when scan-
ning compared to collecting nano /—V measurements
is due to the increase in the contact force and therefore
contact area and tip—sample interaction when collect-
ing nano /—V curves. This increase in contact area
increases the effective volume of the sample probed,
and better tip—sample contact reduces the charge
collection barrier leading to an increase in measured
photocurrent.

To further understand the formation of these fiber-
like domains, films of PCB-c-P3HT with additional
PCBM are cast from 0-DCB and their photocurrent
images are shown in Figure 6. In as-cast films
(Figure 6a—c), additional PCBM allows the wires to
increasingly pack and aggregate together to form
“bundles” of wires (proposed self-assembly can be

KAMKAR ET AL.

Figure 6. Photocurrent images of as-cast (a—c) and 110 °C
annealed (d—f) o-DCB-cast film with 45.5% (a,d), 47.9% (b,e),
and 66.5% (c,f) of Cs; in PCB-c-P3HT solution. Image sizes
are 2 um x 2 um.

seen in Supporting Information). In Figure 6b, individ-
ual wires can be resolved within the bundles. The
widths of these nanowire bundles for the as-cast PCB-
¢-P3HT films with additional PCBM bringing the per-
cent of Cg; in the solution to 45.5, 47.9, and 66.5% are
162 + 54, 195 £ 82, and 91 + 45 nm, respectively. For
as-cast films, wire bundling reaches its maximum in the
PCB-c-P3HT film with 47.9% of C4; and further addition
of PCBM causes wire coalescence. Subsequent films
annealed for 10 min at 110 °C (Figure 6d—f) show
drastic changes in nanoscale morphology. The widths
of the wire bundles for the annealed PCB-c-P3HT films
with 45.5 and 47.9% of Cg; are 1277 2835 and 171 &+
70 nm, respectively, while the annealed PCB-c-P3HT
film with 66.5% of Cs; no longer shows wires at all. The
annealed PCB-c-P3HT film with 47.9% of Cgs; shows
massive bundling, which is not seen in the as-cast film,
but annealing of PCB-c-P3HT with greater additions of
PCBM causes thinner bundling until wires disappear
altogether (Figure 6f). The formation of wire bundles
and the increase in the bundle diameter with thermal
annealing perhaps stem from the fact that fullerenes
have a strong tendency to crystallize.

The |-V characteristics of 0-DCB-cast PCB-c-P3HT
films processed with additional PCBM are shown
in Figure 7. In the as-cast films, the Isc values for the
PCB-c-P3HT films with 45.5, 47.9, and 66.5% of Cg; are
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Figure 7. Average |-V curves of (a) as-cast and (b) annealed
PCB-c-P3HT 0-DCB-cast films with added PCBM collected
under white light illumination on fiber-like domains: 45.5%
of Ce; (black circles), 47.9% of Cg, (red squares), and 66.5%
of Ce; (green triangles).

5, 23, and 28 pA, respectively, while the V¢ values
are —0.2, —0.65, and —0.73 V, respectively. Annealing
of the films causes the Isc values for the PCB-c-P3HT
film with 45.5, 47.9, and 66.5% of C¢; to change to 24,
8.7, and 2.1 pA, respectively, while the Voc values
change to —0.54, —0.59, and —0.84 V, respectively.
These changes in Isc correlate well to the degree of
fiber bundles seen in the corresponding photocurrent
images and are exemplified by the annealed film with
66.5% Cg; showing the lowest Isc when nanowires are
nonexistent. The changes in V¢ in the films can also be
attributed to changes in morphology, where it is well-
known that casting and processing conditions affect
the Voc.”% %8 In as-cast films, small additions of PCBM
disrupts the electron transport networks of the PCB-c-
P3HT nanowires giving rise to the low Vp¢, while
further additions contribute to nanowire formation,
which appear as nanowire bundles. Annealing of these
films can help to induce similar quasi-Fermi level of the
active layers through morphology, which contributes
to similar V¢ values for all devices.

Next, we investigate whether PCB-c-P3HT can func-
tion as a molecular additive for P3HT:PCBM films using
pc-AFM (Figure 8). Molecular additives or surfactants®'
are different from solvent additives® ® because they
remain in the film whereas most of solvent additives
evaporate during the film drying process. Molecular
additives or surfactants have been shown to improve
BHJ solar cell performance.”’48 In P3HT:PCBM films,
prepared with and without PCB-c-P3HT, both samples
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show similar fiber-like structures with high photocurrent;
however, the P3HT:PCBM samples prepared with PCB-
¢-P3HT show a more than 100% higher photocurrent than
that of P3HT:PCBM. As seen in the average nano /—V
curves collected from as-cast and annealed P3HT:PCBM
with and without additive, addition of PCB-c-P3HT in-
creases the Isc and Vo of P3HT:PCBM films. The as-cast
film's Isc and V¢ increase from 13.9 pA and —0.35 V to
30.3 pA and —0.48 V, respectively. Thermal annealing of
the PCB-c-P3HT:P3HT:PCBM film further doubles the /sc
from 22.7 to 47.7 pA, whereas the Vo changes slightly
from —0.44 to —0.49 V. Interestingly, the as-cast film with
PCB-c-P3HT additive shows higher /sc and Vo character-
istics with respect to the annealed film without the
additive. This shows that PCB-c-P3HT is a suitable molec-
ular additive to control the nanoscale morphology in BHJ
P3HT:PCBM devices.

The ability of the nanowires of PCB-c-P3HT to con-
duct charge better than the nanospheres is attributed
to the nanomorphology. When photocurrent is gener-
ated in the nanospheres, holes are located on the outer
P3HT shell of the micelle nanospheres and it is difficult
for the holes to travel to the anode because there is
insufficient ordering of the P3HT tails. The electrons are
further isolated from any percolated pathways be-
cause each Cg; micelle core is separate from other
micelle cores. This limits the mobility, as was discussed
earlier, but with the combination of both holes and
electrons being localized on the nanospheres where
they originate, the probability of photoinduced charge
recombination is high.

In contrast, in the o-DCB-cast film, the crystallization
of the P3HT portion of the dyad in the core of the wires
and the shell of methanofullerene around them can
allow for the PCB and P3HT domains of the dyad to be
able to transport charges.>® The crystallization of the
P3HT allows for increased mobility and long-range
order and further elucidates why higher dark current
is seen on the fibers. High photocurrent is also seen in
the nanowires with respect to the nanospheres, as
both P3HT and PCB segments are oriented to provide a
well-defined pathway for photogenerated holes and
electrons, respectively, to transport to the anode and
cathode, respectively. This could explain the increase
in Isc from the background in nano /—V measurements
of the 0-DCB-cast film when compared to that of the
nanospheres from the THF-cast film. The background of
the o-DCB-cast film is penetrated by what might be
considered a charge transporting nanowire “highway”,
which can decrease the amount of charges lost in that
layer due to recombination causing an increase in the
photocurrent measured in the background morphology.

The bundling of wires in PCB-c-P3HT films processed
from o-DCB with additional PCBM further supports the
proposed structure of PCB-c-P3HT wires. The addi-
tional PCBM acts as a sort of glue for aggregation
of the wires and, at certain concentration, provides
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Figure 8. Photocurrentimages collected at 0 V under white light illumination of annealed P3HT:PCBM films (a,b) without and
(c) with PCB-c-P3HT as a molecular additive and corresponding average nano white light /—V curves (d): as-cast (solid lines
with solid markers) and annealed (dashed lines with open markers) o-DCB-cast P3HT:PCBM films without (black circles) and
with (red squares) added PCB-c-P3HT. Photocurrent image of annealed P3HT:PCBM film without PCB-c-P3HT (b) is shown with
the same current scale as that with PCB-c-P3HT for better comparison. Images sizes are 5 um x 5 um.

percolation path to transport electrons,®® thus, leading
to higher Jsc (see Supporting Information Supplemen-
tal 3 for a schematic drawing). Though this bundling
occurs at moderate PCBM concentrations, at low con-
centrations, the PCBM seems to interfere with the
packing of PCB-c-P3HT wires causing a low Jsc relative
to pristine PCB-c-P3HT fibers. This can be overcome by
thermal annealing, which drastically increases the
bundling of wires at low PCBM concentrations while
dissociating fibers into an amorphous layer with no
charge generation or transportation pathways at high-
er PCBM concentrations. The low injected and photo-
current observed from the THF-cast film data is
consistent with previous studies*® that, in THF-cast
PCB-c-P3HT films, the PCB units aggregate into a nano-
sphere structure with the P3HT chains extending out-
ward, while the fibrous PCB-c-P3HT structures in o-
DCB-cast films P3HT chains crystallize to form a core,
which is surrounded by a monolayer of Cs; moieties. The
low current is due to the lack of percolation pathway to
transport charges in the micelle morphology.

In addition to the nanoscale formation, we show that
PCB-c-P3HT acts as a suitable molecular additive to
P3HT:PCBM BHJ's by increasing both the /sc and V.
Thermal annealing can be used to improve nanoscale
formation in films, but as we can see when comparing
the annealed nano /—V curve without additive with
that of the as-cast film with additive in Figure 8, addi-
tion of PCB-c-P3HT increases the |-V characteristics
more than that of annealing. Annealing of P3HT:PCBM

KAMKAR ET AL.

film with PCB-c-P3HT additive further increases the
nano /—V characteristics of the film, which shows that
addition of the molecular additive enhances the self-
assembly of the P3HT:PCBM BHJ without the need for
thermal annealing.

CONCLUSIONS

In summary, we have studied the nanoscale elec-
tronic and optoelectronic properties of two distinct
self-assembled nanostructures of a PCB-c-P3HT dyad
using c-AFM and pc-AFM. In contrast to previous
studies of physically mixed polymer:fullerene blends,
the covalent link between the methanofullerene and
the P3HT block creates well-defined interfaces of
phases in thin films. The pc-AFM study of the self-
assemblies of PCB-c-P3HT provides direct evidence at
the nanoscale level of how the structure and morphol-
ogy of the polymer/fullerene interface determines the
photoinduced charge generation and the subsequent
charge migration to electrodes. The nanospheres
formed from THF solution show low dark current and
photocurrent because both the PCB and P3HT portions
of the dyad are isolated from the rest of the film, which
decreases mobility and increases the recombination
probability of charges. On the other hand, the crystal-
lization of the P3HT core and alignment of the PCB of
the dyad in the wires from the o-DCB-cast film allows
for high mobility and delocalization of charges, giving
high dark current and photocurrent. This is supported
by PCB-c-P3HT films created with additional PCBM
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where the free PCBM can allow for bundling of the
wires but can also inhibit wire formation under anneal-
ing conditions. We have also shown that PCB-c-P3HT
can be used as a suitable molecular additive in P3HT:

METHODS

The P3HT precursor used in the synthesis of PCB-c-P3HT
contained an average degree of polymerization of 24 (M, =
4000 g/mol and PDI = 1.4). The change in nanostructure
formation of a PCB-c-P3HT film is due to the difference in
solubility of each component of the dyad.** To form different
nanostructures, solutions of 2 mg/mL in THF and 1 mg/mL in o-
DCB of PCB-c-P3HT were prepared in a glovebox and sonicated
overnight at room temperature.*’

Films of PCB-c-P3HT were prepared by drop casting the
solutions under nitrogen atmosphere. Silicon, unmodified
transparent ITO, and ITO modified with a self-assembled mono-
layer of APTMS, which has a work function of 4.30 eV® (similar
to the work function of aluminum), were used as substrates.
APTMS-ITO was prepared according to previously reported
procedures.>**%®" Cleaned ITO was activated by sonicating in
H,0/NH3/H,0, (5:1:1 by volume) solution for 15 min and then
soaked in 1% APTMS in methanol for an hour to allow APTMS to
self-assemble onto ITO. THF- and o-DCB-cast films were left to
dry under nitrogen atmosphere for 1 and 3 days, respectively,
before measurements were taken because of the high boiling
point of o-DCB. Further, three 0-DCB solutions of PCB-c-P3HT
with additional PCBM were created by adding 28.5, 57, and 144
ug of PCBM to 100 uL of 1 mg/mL PCB-c-P3HT, bringing the total
percent of Cg; in the solution to 45.5, 47.9, and 66.5%. Resulting
films were cast on APTMS-ITO substrates with the methods
stated. Subsequent PCB-c-P3HT films with 45.5, 47.9, and 66.5%
of Cg; were prepared and annealed for 10 min at 110 °C. To test
the effect of PCB-c-P3HT as a molecular additive, 50 uL of a 1:1
by weight ratio of P3HT:PCBM in a 5 wt % 0-DCB solution was
prepared with 10 uL of 1 mg/mL of PCB-c-P3HT added to it.
Films of this solution were spin-cast at 600 rpom on APTMS-ITO.
After measurements were preformed on as-cast films, the
films were annealed at 110 °C for 10 min inside a nitrogen
glovebox. Thicknesses of all films are reported in the Supporting
Information.

After the films were cast and dried, the electrical and opto-
electrical properties of PCB-c-P3HT were examined. To elucidate
these properties, we utilized t-AFM, c-AFM, and pc-AFM, using
an Asylum Research MFP-3D AFM sitting atop an inverted
optical microscope (Olympus, I1X71) as described in previous
publications.>*#3° In pc-AFM measurements, light from a xenon
lamp source is coupled into an inverted optical microscope
through the use of a fiber optic cable and focused with an
objective into a spot size ~160 um in diameter. Power from the
spot size was measured to be ~300 suns (~ 30 W/cm?). All
measurements were performed using an airtight sample holder
continuously flushed with nitrogen to prevent exposure of the
sample to moisture and oxygen. Silicon probes with a resonant
frequency of 62 kHz and spring constant of 3 N/m were used for
t-AFM measurements (Vista Probes), and gold-coated AFM
probes with a resonant frequency of 13 kHz and a force constant
of 0.2 N/m were used for c-AFM and pc-AFM measurements
(Budget Sensors). The c-AFM scans were collected without
illumination and at a constant bias applied to the substrate
with current recorded by the internal preamplifier (Asylum
Research ORCA head model). In the c-AFM mode, charges are
injected from either the substrate or the AFM probe through the
active layer. This allows for surface mapping of percolated
pathways for current to travel through a film. In pc-AFM mode,
scans are collected in the same manner as c-AFM but the film is
scanned under short-circuit conditions (no applied bias) and the
sample is illuminated from below through the transparent
APTMS-ITO electrode. In both modes, surface topography
and injected current or photocurrent images are collected
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PCBM devices. This study underscores the importance
of molecular design and morphological control of
phase separation for developing highly efficient poly-
mer:fullerene BHJ photovoltaics.

simultaneously. Nano /—V curves were collected either under
dark or white light conditions and are averages of at least 25
individual locations. In nano /—V measurements, the metal
probe was positioned at one location and biases were scanned
from —5 to +5 V while current was collected.
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