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Quantification of Nano- and Mesoscale Phase Separation
and Relation to Donor and Acceptor Quantum Efficiency,
Jso» and FF in Polymer:Fullerene Solar Cells

Wei Ma, John R. Tumbleston, Long Ye, Cheng Wang, Jianhui Hou,* and Harald Ade*

Controlling the morphology of polymer/fullerene bulk hetero-
junction (BHJ) systems is one of the key strategies to obtain
high power conversion efficiencies (PCE)!!™13 and has con-
tributed significantly to the improvement of the PCE from
1% to ~9% in the last fifteen years.'*!% Various parameters
and methods employed have included the control of the
donor:acceptor ratio 22!l the molecular weight,??! the choice
of the solvent,’! thermal annealing,?3! solvent annealing,?!l and
the use of solvent mixtures and additives.”>?¢! The goal is to
obtain a favorable morphology that provides a large interfacial
area for exciton splitting and charge separation as well as path-
ways for charge transport to the electrodes and avoidance of
bimolecular recombination by having high mobility and/or
high purity.>182728] Among these, using solvent mixtures and
additives is often the most effective optimization strategy to get
improved efficiency for a given material system.[>2>29-31]
Expanding the canonical two-phase paradigm, com-
plex three-phase, hierarchical morphologies including pure
fullerene aggregates, pure polymer aggregates, and a mixed
phase, which is thought to consist of dispersed fullerene in
mostly amorphous polymer, have been observed or inferred
in several cases.>®32-3] This has caused a re-evaluation of
the actual morphologies, initiated by the observation of misci-
bility of fullerene in many donor polymers.#2336-38 Given the
apparent universality of miscibility and thus the likely pres-
ence of a mixed phase, the presence of at least one, if not two
pure phases was thought to be beneficial for good fill factor
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by reducing bimolecular recombination.l323%4% More recently,
it has been argued that the pure phases have different ener-
getic levels due to more extended conjugation/aggregation.
The electron affinity of pure fullerene domains is likely to be
higher than that of fullerene in mixed domains,**l whereas
pure polymers have longer conjugation lengths and lower ioni-
zation potentials than an amorphous polymer phase.*!#? This
generally favorable electronic landscape makes it more prob-
able for electrons and holes to exit the mixed regions and move
to purer fullerene and purer polymer domains, thus effectively
confining the electrons in the purer donor and acceptor phase,
respectively. Hence, a three-phase morphology of aggregated
fullerene, pure polymer, and a mixed polymer:fullerene domain
might be a more favorable morphology than initially thought,
as long the pure fullerene and polymer phases are sufficiently
connected (dispersed pure phases will trap holes or electrons).
Even within a three-phase morphology paradigm, due to the
small exciton diffusion length of ca. 10 nm, small scale, nano-
phase separation has to be present for efficient exciton dis-
sociation efficiency.?833434 Hence, domain size is the most
commonly investigated morphological factor in BH]J organic
solar cells and its influence on device performance is widely
considered critical.l132345#8] Fyurthermore, it is assumed that
high average purity will effectively reduce bimolecular recom-
bination and consequently improve device performance.l?3#
For example, highly pure domains in poly[2,6-(4,8bis(2-(4,5-
didecyl)thiophene)benzo[1,2-b:4,5-b’|dithiophene)-alt-3,7-(di(4-
hexyl-2-thienyl))-naphtho[1,2-c:5,6-c]bis[1,2,5]thiadiazole)]-based
PBDT-DTNT blends lead to reduced bimolecular recombina-
tion and thus improve the FF compared with less-pure domains
in the 2,1,3-benzothiadiazole-based counterpart, PBDT-DTBT,
blends film.2}l A similar observation is found in fluorine-sub-
stituted polymer based blends,*** while Monte-Carlo simu-
lations are also consistent with this argument.*+>% On the
other hand, if mixed domains larger than the exciton diffusion
length are themselves too pure (i.e., have insufficient nanomor-
phology), insufficient percolation pathways can lead to reduced
device performance as recently inferred by Bartelt et al.’*
and Ma and co-workers.[?>!l These studies reveal that average
domain purity of the mixed phase may have a critical threshold
value in some systems that yield maximized performance.
However, a systematic understanding on this trade-off and its
manipulation via solvent mixtures has not yet been achieved.
In order to start addressing these outstanding questions, we
used six solvents mixtures based on chloroform (CF), dichlo-
robenzene (DCB) and 1,8-diiodooctane (DIO), yielding CF, DCB,
DCB/CF, CF/DIO, DCB/DIO and DCB/CF/DIO to manipulate
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Figure 1. Characteristics for 120-140 nm thick PDPP3T:PC;;BM devices processed from different solvents: DCB, DCB/DIO, DCB/CF, DCB/CF/DIO,
CF and CF/DIO: a) UV-vis absorption spectra (chemical structure of PDPP3T and PC;;BM inset), b) current-voltage characteristics under 1-sun illu-
mination; c) external quantum efficiency (EQE) spectra of devices processed with different solvents, internal quantum efficiency (IQE) of blend films
processed with CF/DIO are shown as dashed line. d) J,. contribution from PCBM regions or PDPP3T regions. (On the left side of the solid line, no CF
is used and Jsc.pcam > Jscpolymen While on the right side of the solid line CF is used and Js.pcam < Jsc:polymer) -

the morphology of the promising low bandgap polymer poly[{2,5-
bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]
pyrrole-1,4-diyl}-alt-{[2,2":5",2"-terthiophene]-5,5”-diyl}] and [6,6]-
phenyl C71 butyric acid methyl ester, PDPP3T:PC;;BM-based
device. This complements a recent report on use of ternary
solvents to optimize, for the time being, the same DPP based
system.”’l However, rather than seeking to optimize perfor-
mance, we use the systems to elucidate complex morphology—
performance relations. The samples are freshly prepared to min-
imize the morphological changes prior to X-ray characterization,
and showed similar performance to the prior study. With a novel
multipeak-fitting analysis method, the length scale that charac-
terizes polymer-rich and fullerene-rich domains (referred to as
mesoscale) and the internal structure of polymer-rich phases
(referred to as nanoscale) as well the average composition vari-
ations at these length scales are determined with resonant soft-
X-ray scattering (R-S0X$).F7255253 The polymer aggregate struc-
ture as revealed by grazing-incidence wide-angle X-ray scattering
(GIWAXS) corresponds to the R-SoXS revealed nanoscale. Anti-
correlated composition variations are determined for the first
time between the mesoscale phase separation and the nanoscale
phase separation, as one would expect when PC,;BM is moving
from the nano- to the mesoscale. We find that the current den-
sity Jq is strongly dependent on the nano-length-scale of the
polymer-rich domains. The total photocurrent generated from
PC;BM and polymer is considered separately and we find the
nanophase plays an important role. Our studies support a mor-
phology paradigm in actual devices in which a suitably mixed
phase and percolation within a polymer-rich phase are critical
in order to optimize performance within a given preparation
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protocol or materials system. Our work also suggests that sol-
vent choice has selective impact on the polymer and fullerene
quantum efficiency and that the PDPP3T: PC;,BM system has
not yet been optimized. Furthermore, we find that lack of high
composition variations (i.e. purity) on either the mesoscale or
nanoscale can negatively impact FF.

The UV-vis absorption spectra of PDPP3T:PC,,BM (D/A
ratio is 1:2) processed with the six solvent mixtures used are
shown in Figure 1la. We note that the 120-140 nm thick films
(details in Table 1) have a very broad response from 300 nm
to 900 nm, where 300-620 nm is mainly covered by PC;;BM
absorption and 620-900 nm is highly absorbed in PDPP3T
(except PDPP3T has a small absorption shoulder at 400 nm).5
We note that there are no significant differences between any
of the solvent mixtures, indicating that aggregation is very
high for all devices, consistent with the work by Janssen et al.
on lower molecular weight PDPP3T.PY The polymer is thus
strongly aggregated in blend films, likely resulting in pure
polymer phases in blend films.

The device characteristics (J-V) are shown in Figure 1b and
are summarized in Table 1 and are highly dependent on which
solvent/additive mixture is used. For example, it is noted that
Jsc can be significantly improved by adding the DIO additive in
both pure host solvents and binary host solvents. The FF ranges
from a poor 52.9% (CF/DIO) to an excellent 70.1% (DCB/CF)
and has a complex dependence. The current density is relatively
field-independent below 0 V. Overall, the highest PCE is pres-
ently obtained by the ternary solvent DCB/CF/DIO.

The external quantum efficiency (EQE) curves are shown
in Figure 1c and, unlike the UV-vis spectra, are highly solvent

Adv. Mater. 2014,
DOI: 10.1002/adma.201400216



ADVANCED
MATERIALS

'a\
Me \Iiir’ﬁ

www.MaterialsViews.com

www.advmat.de

Table 1. Performance and structure parameters for PDPP3T: PC7;BM blend films processed with different solvents.

Solvent d Voc Jse FF PCE Jsepcriem Jscpoly & <Ac>, & (100) coher.  <Ac>; SIE; /TSI
[nm] I\ [mA/cm?] [%] [%] [mA/cm?]  [mA/cm?) [nm] [nm] length

DCB 140 0.65 12.4 58.9 4.74 4.74 6.02 109 0.57 26.2 22.1 0.24 0.16
DCB/DIO 120 0.66 14.0 62.4 5.75 5.75 6.66 140 0.58 36.9 34.7 1.00 0.46
DCB/CF 125 0.68 11.4 70.2 5.44 5.44 5.21 104 0.74 23.7 19.2 0.53 0.18
DCB/CF/ 125 0.66 15.0 66.0 6.51 6.51 6.60 109 0.87 273 26.6 0.41 0.15
DIO

CF 130 0.67 6.07 51.8 2.1 2.11 3.46 194 0.36 <10 10.1 NA NA
CF/DIO 130 0.63 15.2 52.9 5.06 5.06 7.45 54 1 153 19.6 0.19 0.04

dependent. The internal quantum efficiency (IQE) is calculated
for all blends (Figure S1). The example IQE (CF/DIO, highest
Jso) shown in Figure 1c, reveals that the IQE of the polymer
is much lower than of the PC;BM. Quantitative analysis of
this effect has been performed by integrating the product
of EQE and the solar spectrum in the range of 300-620 nm
and 620-900 nm and referring to these quantities as Ji.pcam
and Jocpolymer respectively (Figure 1d and Table 1). Due to the
absorption shoulder of the PDPP3T polymer at 400 nm, this
separation is an estimate of the lower limit for the differences
observed, a lower limit for the PDPP3T and an upper limit for
the PCBM contribution, respectively. It is found that Ji.pcpm
and Jipoymer €xhibit different solvent dependence. This indi-
cates that the relative photocurrent contribution from PDPP3T
or PCBM domains is strongly morphology dependent, which
in turn is driven by the solvent mixture used. Mixtures that
include CF have generally better EQE for the polymer but
worse for the PCBM (shown right in Figure 1d), whereas mix-
tures with DIO have better EQE for both polymer and fullerene
compared to w/o DIO.

The molecular order of the six PDPP3T:PC;;BM blend thin
films is characterized using grazing incidence wide-angle X-ray
scattering (GIWAXS) (see Figure S2, Supporting Information).
The in-plane (100) coherence length is revealed and tabulated
in Table 1 with detailed analysis presented in the Supporting
Information. Since GIWAXS probes only the molecular order
between the same material, transmission R-SoXS is employed
to probe in-plane composition variations over length scales
spanning ca. 10-1000 nm.~7:25°253551 A photon energy of 283
eV was selected to provide high polymer:fullerene contrast
while reducing mass-thickness contrast!!¥l and avoiding high
absorption above the absorption edges which can lead to beam
damagel®® and fluorescence background. Figure 2 shows the
scattering profiles for the PDPP3T: PCyBM blends. Improved
data and a novel analysis allow us to fit the scattering by a set
of three log—normal distributions including a separate peak at
high g (q3) which modifies our prior analysis of this g-range (see
Figure S4 in the Supporting Information for details).?”! Tt is
noted that CF-cast sample data cannot be successfully fitted by
three log—normal distributions in a manner consistent with the
other five samples. We thus fit the high-q data with the scaling
exponent function similar to our prior work.?’! The fitting for
the DCB/DIO data is plotted in Figure 2a as an example and the
fitted peaks are displayed on the bottom of Figure 2a. The very
low g peak (q;) has a nearly identical location as the scattering
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profile for 270 eV, an energy where the material:vacuum
contrasts are dominant,®! thus indicating that this peak
corresponds to mass—thickness variations.

The separate peaks at medium and high g (g, and g3)
dominate the total scattering intensity (TSI) as can be readily
observed in the linear-linear scattering plot shown in Figure 2b.
The energy dependence of the scattering intensity (SI) of g, and
g3 follows the scattering contrast of PCBM-polymer (Figure 2c),
demonstrating that these peaks measure the composition varia-
tions. ¢, reveals larger (i.e. mesoscale) separation and generally
dominates the SI (see Table 1). Hence, it should correspond to
polymer-rich and PCBM-rich phase separation. The scattering
profiles represent the distribution function of spatial frequency,
s = q/2m, of the samples. The median of the distribution syegian
corresponds to the characteristic median length scale, & of
the corresponding distribution in real space with & = 1/spegian-
From g, which corresponds to the peak with highest fractional
SI&,, we obtain the polymer-rich and PCBM-rich phase separa-
tion length scale &,. We find that blend films processed with
DCB have a &, of ca. 109 nm. When 20% CF is added to DCB,
&, slightly decreases to 104 nm. When 5% DIO is used, &,
slightly increases compared to the pure DCB solvent sample.
The effects of CF and DIO largely negate each other, and the
mixture of CF and DIO in DCB (DCB/CF/DIO) does not alter
&, compared to pure DCB. When CF is the majority solvent (i.e
CF and CF/DIO), it induces the largest and the smallest length
scale, respectively. Scanning transmission X-ray microscopy
(STXM)P”! of the CF blend films reveals a length scale and low
contrast that is consistent with the R-SoXS (see Figure S5, Sup-
porting Information). STXM also reveals a low residual PCBM
concentration of only 4.5% PCBM in a polymer matrix of
aggressively thermally annealed blends for which the majority
of the PCBM has segregated into huge agglomerates. This is
one of the lowest residual values observed to date.[®233751,58] [t
indicates very low miscibility of the fullerene in the polymer,
reflects the very large molecular weight (M, = 780 kg/mol) and
strong aggregation of the DPP used, and is one of the major
driving forces for phase separation.

The high-g peaks from R-SoXS reveal a & for DCB, DCB/
DIO, DCB/CF, DCB/CF/DIO and CF/DIO of 26.2, 36.9, 23.7,
27.3 and 15.3 nm, respectively (Table 1). Although there appears
to be a tiny shoulder in the CF data, no clearly quantifiable
high-q peak is observed in the measured q range for CF, which
could indicate &; is too small to be captured in this experiment
or there is no well-defined second length scale of importance
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Figure 2. Lorentz corrected® R-SoXS scattering profiles (283 eV) of
blend films processed from solvents as indicated. a) Log-log plot, with
log—normal fits for the DCB/DIO samples on bottom. b) Lin-lin plot, the
natural representation to visually judge the total scattering intensity (i.e.,
area under the curves), which is proportional to the average composition
variations, <Ac>, over the lengthscale probed. c) The contrast function of
PDPP3T:PCBM, PDPP3T:vacuum, and PCBM:vacuum along with the total
scattering intensity TSI.

presentin the CF blends. Importantly, the (100) in-plane coherent
length revealed by GIWAXS is correlated to &; (see Table 1, and
Figure S6a, Supporting Information). This constitutes the first
time that a length-scale that measures only polymer related
ordering (from WAXS) can be related to a length-scale arising
from compositional variations (from R-SoXS). This provides
additional details about OPV blend morphologies previously
unobserved. The smallest coherence length by far is observed
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for CF blends, consistent with our inability to observe a high
q R-SoXS peak.

The average composition variations of the samples at meso-
and nano-length-scales are obtained by calculating the frac-
tional R-SoXS SI of q, and q3.'*?°] The average composition
variations of the mesophase domains, <Ac>,, for DCB, DCB/
DIO, DCB/CF, DCB/CF/DIO, CF and CF/DIO scaled to the
highest variations are 0.57, 0.58, 0.74, 0.87, 0.36 and 1, respec-
tively (Table 1). The domains of CF thin films are very mixed,
but when CF is mixed with other solvents, the domains can be
effectively purified; for example, <Ac>, increases from 0.71 in
DCB to 0.82 in DCB/CF. Purification also occurs when DIO is
employed. Combining the purification effect of CF and DIO,
the purest domains are achieved (for which <Ac>, is set to 1 as
a reference). The average composition variations of the nano-
phase separation, <Ac>; are 0.24, 1, 0.53, 0.41 and 0.19 for
DCB, DCB/DIO, DCB/CF, DCB/CF/DIO and CF/DIO, respec-
tively, again scaled to the largest variations (results summa-
rized in Table 1). With the exception of DCB, which is the least
crystalline system along with CF, <Ac>, and <Ac>; are highly
anticorrelated (see Figure 3b), representing a unique aspect of
our measurements. This would be expected for similar overall
morphologies, as the removal of PCBM from the nanophase
to the PCBM-rich aggregated phase reduces the contrast from
within the nanophase and increases the contrast between the
PCBM-rich phase and the nanophase.

A self-consistent picture of most aspects of the mor-
phology emerges (Figure 3a). The correlation of the (100) in-
plane coherence length and &; (see Figure Sé6a, Supporting
Information), the energy dependence and magnitude of SI
and its subcomponent SI and the anti-correlation of <Ac>,
and <Ac>; (see Figure 3b), reveal that the nanoscale separa-
tion is between pure polymer crystallites/aggregates and a
mixed polymer:fullerene phase of low average PCBM con-
centration which together constitute the polymer-rich phase.
Interestingly, the ratio of &,/&; is close to 4 for all systems
except for CF for which we cannot determine a meaningful
nanoscale morphology (see Figure S6b, Supporting Informa-
tion). Given the overall PDPP3T:PCBM volume fractions, this
indicates that two coherent polymer lamellae stacks within a
polymer-rich mesodomain determine roughly the interface to
interface distance to the larger PCBM-rich aggregate phase.
Specifically, the size of PCBM-rich and polymer-rich domains
has to be similar on account of the similar volume fraction of
each component. When polymer crystals are located in-between
PCBM domains with face-on orientation as revealed by WAXS
with respect to the electrode interface (shown in Figure 3a) the
meso-length-scale spacing &, is about 4 times the nanoscale
spacing &;. This novel finding indicates that the mesoscale
and nanoscale length scales are determined by the polymer
crystallization.

The effect of the morphology manipulated via solvent com-
binations on device performance is significant for J,. and FF.
In contrast, V,. is controlled by the HOMO-LUMO level and
does not show a strong morphology dependence. The evolution
of J, and FF as a function of solvents can be explained only
to some degree within the classical two phases morphology
paradigm. Figure 4a shows the correlation of mesoscale &, with
Jse. In general, smaller domains induce higher J,. and larger
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Figure 3. a) Scheme of morphological picture revealed in this work for PDPP3T:PC;;BM blend. b) The anti-correlation between relative <Ac>, and

relative <Ac>; at different length scales.

domains lead to worse J,.. We note though that the blend films
processed with DCB, DCB/CF and DCB/CF/DIO show very
similar &), but J is different. This indicates that &, is not the
only factor to control J.. Given the morphological complexity at
hand, two length scales and two composition variations, as well
as polymer ordering as inferred from GIWAXS, all parameters
must be considered when analyzing the dependence of ], and
FF on the morphology. We will discuss this below when con-
sidering separately the photocurrent generated from the PCBM
and the polymer, considering yet more variables and complexi-
ties that have not been investigated much.

The photo currents Jqcpoiymer aNd Jspcpm Show strong solvent
dependency (see Figure 1d). When CF is used, the polymer-

generated photocurrent contributes more than PC;BM, but
when CF is absent, the contributions are reversed. When DIO
is used, the quantum yield over the entire spectrum is improved
relative to the respective devices w/o DIO. This demonstrates
that CF and DIO show different impact on quantum efficiency
of polymer and PCBM. CF and CF/DIO exhibit largest and
smallest mesoscale &, and consequently low and high Jqcpolymer
and J.pcpy are obtained. The correlation between J.pcpy and
the internal characteristic length scale &; in the polymer-rich
nanophase is plotted in Figure 4b. For DCB-based solvents,
Jsepcem increases as a function of &;. This indicates that a larger
phase separation is favorable for exciton dissociation efficiency
if the size scale is similar to the exciton diffusion length. This
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is consistent with Monte-Carlo simulations, which demonstrates
that domains too small induce higher recombination.** For
Jscpolymen the ranking is DCB < DCB/CF <DCB/CF/DIO, which
is consistent with the ranking of the (010) coherence length in
the out-of plane direction (the charge transport direction in the
device) as revealed by GIWAXS (010) peak (see Figure 4c). This
ranking is also consistent with the hole mobility of these three
blends.!?”! Furthermore, Figure 4d shows the correlation between
<Ac>; and Jicpolymer, Where Jpolymer almost linearly increases
on average with <Ac>,. This indicates that charge transport
efficiency is enhanced when fullerene and polymer-rich phase
become purer and once the carriers have escaped the recombina-
tion in the mixed phase. Most interestingly, the three DCB-based
blends that have almost identical &,, are now nicely differentiated
by considering the composition variations. We also note that the
(010) coherence length is loosely correlated to <Ac>, as purer
domains can lead more readily to longer-range order.

The relation of FF with the various device and morphology
parameters is complex, as both field-dependent geminate
recombination and bimolecular recombination can impact the
FF.[% Our discussion will assume that the field dependent gem-
inate recombination is similar for all devices, and that bimolec-
ular recombination is governed by how fast the charges travel
to reach the electrodes (i.e., mobility) and how many recombi-
nation sites (impurities/composition variations) they encounter
during this time. The relation of FF with <Ac>, is plotted in
Figure 4e. A continuous, but non-monotonic evolution is
found.B2*1 When mixed domains dominate the devices (films
processed with CF), i.e. FF is low as holes and electrons readily
recombine in the mixed domains via bimolecular recombina-
tion. This is consistent with previously reported work.[234% How-
ever, the FF initially improves and then drops when the <Ac>,
is higher than 0.74 (i.e., blend films processed with CF/DIO
showing the second lowest FF and also the highest relative com-
position variations). The situation is similar when the relation of
the compositional variation of the nanophase <Ac>; and FF are
considered (Figure 4f, DCB is an exception as mentioned above),
the best FF is observed again for intermediate <Ac>;. Given that
higher <Ac>; corresponds to a lower <Ac>; the observed reverse
ordering with respect to the solvent is not surprising.

The hierarchical morphology observed reveals thus a com-
plex impact on device performance. What the ideal a priori
composition variations are in a hierarchical system is unclear.
Here, the anti-correlation of the mesoscale <Ac>, and nanoscale
<Ac>; reveal that FF can be reduced when the compositional
variations of either the mesoscale or the nanoscale are too
small. Hierarchical structures are thus not intrinsically superior
to a monomodal morphology. While hierarchical structures are
thought to improve charge separation and transport, our results
indicate that additional conditions on purity and transport path-
ways have to be met for optimal performance. It is unclear what
the ideal hierarchical morphology would be, and its delineation
might be an interesting subject of advanced modeling to eval-
uate the impact of &), &, <Ac>, and <Ac>; on charge transport
and bimolecular recombination.

Regarding the dependence of the morphology on solvent
parameters, it is interesting to note that in the host solvent
DCB, <Ac>; increases when either CF or DIO is employed, and
further increases if both CF and DIO are added. This can be

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oS
Mo N
www.MaterialsViews.com

rationalized by the solubility of the materials in the solvents.
We measured the solubility of PDPP3T in DCB, CF and DIO
and find both CF and DIO are better solvents for PCBM than
for PDPP3T (see Figure S7, Supporting Information). However,
the strength of the relative solubility limits (as judged by con-
sidering ratios) indicates that, compared to DCB, CF is a com-
paratively poor solvent for PCBM and DIO is a poor solvent
for the polymer. Hence, when added to DCB, 20% CF strongly
purifies the polymer phase and 5% DIO purifies both the
polymer domains and the PCBM aggregates.

In summary, we have quantified for the first time the com-
position variations in a complex three-phase, hierarchical
morphology using PDPP3T:PC,;BM devices and established
novel structure—function relations that include separate consid-
eration of the EQE of the polymer and fullerene components.
We have revealed a structural relation between inter-polymer
molecular ordering and composition variations with a novel
R-SoXS analysis method. Furthermore, anti-correlated compo-
sition variations are found between mesoscale and nanoscale
structures that determine the FF. High composition variations
cannot be achieved simultaneously at the two different length
scales and consequently the highest FF is obtained for a mor-
phology that is a compromise between the competition of the
different length scales. Similarly, the photocurrent generated
from fullerene or polymer is intimately linked to the complex
morphology, but neither of the two currents is optimized by
the same morphology, nor for the morphology that gives the
highest FF. Thus, although PDPP3T:PC;;BM devices reached
a PCE of 6.7% by processing the blends with DCB/CF/DIO
ternary solvent,?> and this PCE is one of the highest reported
for DPP based blends;®!l the three-phase morphology revealed
here is not ideal yet. None of the solvent mixtures simultane-
ously optimize FF, . and V,. and overall, the IQE, particularly
of the polymer, is poor. Further improvements of this mate-
rial system should be possible. The results suggest that the
strong aggregation of high molecular weight PDPP3T and low
fullerene miscibility might be detrimental and needs to be con-
trolled and moderated through improved fabrication methods,
and/or reduced molecular weight or side-chain modifications of
the polymer. Importantly, our results point out that hierarchical
structures are very complex and delineation of an ideal hierar-
chical morphology requires significant additional research.

Experimental Section

Materials: PDPP3T (M, = 780 kg/mol, PDI = 3.25) was purchased
from Solarmer Material Inc. and PC;;BM was purchased from Nano-C.
The ultra dry solvents used in device fabrication process were purchased
from Alfa Aesar. The solvents used are CF, DCB, DCB/CF (4:1), CF/
DIO (DIO 5% v), DCB/DIO (DIO 5% v) and DCB/CF/DIO (4:1, DIO
5% v). The other chemicals are commercial available products and used
without any further purification.

Measurements: The thickness of the active layer was controlled by
changing the spin speed during the spin-coating process and measured
on profilometer (Ambios Tech. XP-2). GIWAXS,R-SoXS,and reference
spectroscopy/miscibility measurements were performed at beamline
7.3.3,1% beamline 11.0.1.2,% and beamline 5.3.2.2,57) respectively, at
the Advanced Light Source, Lawrence Berkeley National Laboratory,
Berkeley, CA. EQE measurements were performed at Solar Cell Spectral
Response Measurement System QE-R3011 (Enli Technololy Co. Ltd).
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The J-V curves were measured under the illumination of 100 m\W/cm?
AM 1.5G using a XES-70S1 (SAN-EI Electric Co., Ltd.) solar simulator
(AAA grade, 70 mm x 70 mm photo-beam size). The 2 cm X 2 cm
monocrystalline silicon reference cell (SRC-1000-TC-QZ) was purchased
from VLSI Standards Inc.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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