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ABSTRACT: Processing additives are used in organic
photovoltaic systems to optimize the active layer film
morphology. However, the actual mechanism is not well
understood. Using X-ray scattering techniques, we analyze
the effects of an additive diiodooctane (DIO) on the
aggregation of a high-efficiency donor polymer PTB7 and
an acceptor molecule PC71BM under solar cell processing
conditions. We conclude that DIO selectively dissolves
PC71BM aggregates, allowing their intercalation into
PTB7 domains, thereby optimizing both the domain size
and the PTB7−PC71BM interface.

Increasing worldwide energy demands and environmental
concerns about the impact of fossil fuel combustion have

stimulated the quest for alternative energy sources. Bulk
heterojunction (BHJ) organic photovoltaic (OPV) cells1 are
promising devices for alternative energy sources because they
are composed of earth-abundant materials that are solution-
processable and, therefore, cost-effective for large scale
manufacture. Large scale implementation is currently limited
by power conversion efficiencies (PCEs) of ∼7.5%2 while
>10% is highly desirable for commercial viability.3 One factor
constraining BHJ device PCEs is the morphology of the
interpenetrating networks of donor and acceptor materials in
the photoactive layer. To achieve high PCEs, the network must
have multiple interfaces for efficient charge separation and long
percolation pathways for efficient charge transfer, requiring an
ideal BHJ donor/acceptor domain length scale of ≤10 nm.4

Many largely empirical methods have been applied to achieve
such morphologies, including postproduction annealing,5

solvent annealing,6 and the introduction of processing
additives.7

OPV processing additives offer an attraction over annealing
processes in that they do not require an additional fabrication
step. Two general guidelines for additive design are as follows:
(1) the boiling point must be significantly greater than that of
the processing solvent to maximize the interaction time
between the additive and the active layer components during

thin film formation, and (2) one active layer component must
be significantly more soluble in the additive than the other
component.7a Recent promising additives fulfilling these
guidelines include alkanedithiols, for which fullerene acceptor
solubility and the resulting BHJ film morphologies have been
characterized,8 and di(X)octanes, where X is a small, polarizable
group such as a halogen.9 For BHJ systems containing donor
polymers such as PTB7,2 PCPDTBT,9 and others,10 1,8-
diiodooctane (DIO) affords the largest PCE enhancements
observed to date.
The high-PCE donor polymer PTB7, composed of

alternating thieno[3,4-b]thiophene and benzodithiophene
units, affords a PCE of 7.4% when combined with the fullerene
acceptor, [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM;
Chart 1).2 The large PCE is attributed to both the low PTB7

band gap, affording efficient capture of solar photons, and an
ideal film morphology with domain sizes of ∼10 nm,2 with
PC71BM molecules intercalating into the PTB7 network.11

Note that this efficacious morphology is only achieved by DIO
addition, which increases the PCE by 33%.2 While several
studies reveal that processing additives promote more favorable
BHJ morphologies,12 little is understood about the micro-
structural evolution occurring in the transformation from
solution-phase BHJ precursors to thin photoactive films.8 In
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Chart 1. Structures of Active Layer Components
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this small-angle X-ray scattering (SAXS) investigation on active
layer PTB7:PC71BM solutions, we find that these species are
heavily aggregated and that DIO significantly affects the level of
aggregation. A mechanism for thin BHJ film formation is hence
proposed based on our results.
BHJ solution characterization was carried out by trans-

mission SAXS at Beamline 5ID at the Advanced Photon Source
(APS) of Argonne National Laboratory. Results are presented
in terms of the reciprocal space variable Q which is
approximately related to the d-spacing by Q = 2π/d. The
experimental Q range (0.01 Å−1< Q < 0.8 Å−1) corresponds to
8 Å < d < 628 Å. The scattering profiles were fit using
Modeling I, Standard Models developed by J. Ilavsky for Igor
Pro13 based on the standard small angle scattering equation,

(1)

where I(Q) is intensity, Δρ the difference in electron density
between the scattering particle and the surrounding medium,
F(Q,r) the form factor, V(r) the particle volume, N the total
number of particles that scatter, and P(r) the probability of a
scattering particle with radius r. For all systems, we assume
spherical aggregates and fit experimental I(Q) as a function of
Q assuming either two or three log-normal distributions of
aggregate size, allowing the mean size, aggregate volume, and
distribution widths to vary. This fitting yields an approximate
aggregate size and allows comparison of relative aggregation
patterns rather than determination of absolute aggregate size. It
is also important to note that this fitting will give the minimum
size and a range rather than an absolute size.
To mimic BHJ cell fabrication conditions, the concentrations

of the active layer components used were the same as those for
optimized devices. Both single component PTB7 and PC71BM
solutions as well as mixed PTB7:PC71BM solutions (1:1.5 w/
w) in chlorobenzene (CB) were studied either with the
standard concentration of 3% v/v DIO or without DIO. The
PTB7 and PC71BM concentrations were 10 and 15 mg/mL,
respectively.
PTB7 aggregation in CB solutions with and without DIO

were first investigated. The SAXS results reveal a double peak
structure, suggesting multiple aggregate dimensions from
multiple sizes of spherical aggregates or a nonspherical
aggregate shape. When the scattering profile is fit assuming
spheroidal aggregates, the mean radii of the peak distributions
are 34.2 ± 0.4 and <8 Å within the limits of the experiment
(Figure 1a, red trace). Since the second value is too small to
attribute to aggregation, we suggest it corresponds to an intra-
aggregate distance, such as π−π stacking of the polymer
backbone1,2 within an aggregate. The PTB7 aggregate radius is
34.2 Å, and this large size likely reflects the high PTB7
concentration and low PTB7 solubility. When DIO is added to
the CB solution, the PTB7 scattering signals have very little
changes (Figure 1a), and the data fitting results in a slightly
larger aggregate radius of 36.7 ± 0.8 Å with a similar small
intra-aggregate distance of <8 Å. Hence, upon DIO addition,
there is a small increase in the overall aggregate size.
Next, the effects of DIO on PC71BM aggregation were

investigated. The single peak in the scattering profile and the
spheroidal PC71BM shape suggest that PC71BM forms
spheroidal aggregates (Figure 1b). Using the aforementioned
fitting procedure, we find that the mean radius of the aggregates
is 11.5 ± 0.5 Å without DIO and <8 (fit radius of 5.7 ± 1.1) Å
with DIO. In addition, the signal intensity is significantly lower

for the PC71BM species in the CB:DIO solution, suggesting
that there are fewer aggregates. While DIO molecules cause
only slight changes in the size of the PTB7 aggregates in
solution, they selectively and completely dissolve the PC71BM
aggregates.
We next confirmed that the aggregation patterns in the single

component solutions are the same as those in the blend
solution by two methods. The first was a component fit in
which the scattering intensity contributions of the PTB7 and
PC71BM aggregates are separated by fitting the blend solution
scattering trace B(Q) with the traces of the single component
solutions,

(2)

where B(Q) is the scattering profile of the blend solution, P(Q)
the scattering profile of the PTB7 solution, C(Q) the scattering
profile of the PC71BM solution, and k0, k1, and k2 are fitting
coefficients that describe the relative contributions of P(Q) and
C(Q) to B(Q). For the CB solutions, we find k0 = 0.904 ±
0.001, k1 = 0.363 ± 0.007, and k2 = 0.004 ± 0.002 indicating
that the blend solution scattering has 71% PTB7 character,
meaning that the PTB7 aggregates display increased scattering
intensity compared to PC71BM (Figure 1c). Increased
scattering intensity can be related to a higher electron density,
arguing that the strong PTB7 scattering is due in part to the
higher PTB7 aggregate electron density versus the PC71BM
aggregates. For the CB:DIO solutions (Figure 1d), k0 = 0.861
± 0.001, k1 = 1.894 ± 0.093, and k2 = −0.019 ± 0.002,
suggesting that PC71BM now scatters more strongly than the
PTB7 aggregates. Since there is very little change in the
aggregation of PTB7, its electron density remains the same in
both solutions. However, the PC71BM electron density
increases when DIO is added to the CB solution. This increase
is due to a change in the unit volume electron density of the
PC71BM aggregates rather than a change in the average
electron density over the entire solution. The electron density
of a single molecule of PC71BM in the CB:DIO solution may
be higher than the electron density of a cluster of PC71BM
molecules in the CB solution, and therefore, the PC71BM
molecule will have a stronger scattering signal than the
PC71BM aggregate. Because of the large PTB7 component in

Figure 1. Experimental scattering profiles of active layer solutions
(solid lines) and fits (dotted lines), comparing aggregation in CB and
CB:DIO solutions of (a) PTB7 (offset) and (b) PC71BM, and two-
component fits of PTB7:PC71BM in (c) CB and (d) CB:DIO.
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the blend scattering profiles, the PTB7 scattering profile was
next subtracted from that of the blend to determine the
PC71BM aggregate size. It is found that PTB7 addition to the
PC71BM solution has little effect on the PC71BM aggregate size
(see Supporting Information).
DIO is an effective additive in this BHJ OPV system since it

fulfills the requirement of a high boiling point and selective
PC71BM dissolution. Without DIO, the PC71BM aggregates are
large which hinders PC71BM intercalation into the PTB7
network during film formation, so that large, segregated
domains form (Figure 2a). However, on DIO addition, the

PC71BM aggregates dissolve (Figure 2b). This facilitates
integration of the PC71BM molecules into the PTB7
aggregates. Furthermore, because PC71BM is selectively
dissolved in DIO and DIO is relatively nonvolatile, there is
sufficient time for the PC71BM molecules to integrate into the
PTB7 aggregates, resulting in a greater donor−acceptor
interface density and smaller domains.
Using solution phase SAXS we have shown that DIO

addition to a CB solution completely dissolves the PC71BM
aggregates, promoting formation of smaller domains and
greater donor−acceptor interpenetration within the film. A
possible explanation is that the iodine atom bears a partial
negative charge and PC71BM is electrodeficient, which may be
the reason for their relatively strong interactions with each
other and the enhanced solubility of PC71BM in the presence
of DIO. A deeper understanding of the mechanism of film
formation will assist in the selection of ideal processing
additives for future BHJ solar cell systems.
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Figure 2. Schematic of PTB7 and PC71BM aggregation in (a) CB and
(b) CB:DIO, and the resulting film morphology.
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