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Abstract

A power conversion efficiency of polymer solar cells strongly depends on the microscale morphology of
interpenetrating network structures between polymer donor and acceptor materials. It is therefore
essential to understand the relationship between photovoltaic properties and phase-separated structures in
the blend active layer. Here, we discuss the relationship between charge generation and collection and
phase-separated structures analyzed by a ternary phase diagram for polymer solar cells based on blends of
a thiophene-based conjugated polymer donor P3HT or PDCBT and three different acceptors: a fullerene
derivative PCBM, a nonfullerene acceptor ITIC, and a conjugated polymer acceptor N2200. By
considering the ternary phase diagram based on the Flory—Huggins interaction parameters, we discuss
binodal point and acceptor volume fraction in mixed-phase in each material combination. Furthermore,
we suggest strategies for improving the efficiency of polymer solar cells according to the molecular weight
of acceptor materials. These findings will be a guideline for highly efficient polymer solar cells.

Key Words: Polymer solar cell, Charge generation, Charge collection, Phase-separated structure, Ternary
phase diagram

Introduction

Recently, polymer solar cells based on blends of a conjugated donor polymer and an acceptor material
have been regarded as one of the most brilliant next-generation energy sources since they have plenty of
advantages, inclusive of high flexibility, lightweight, and cost-effective manufacturing process.'™
Initially, intensive research efforts have been devoted to developing highly efficient polymer solar cells
based on fullerene derivatives. Consequently, their power conversion efficiency (PCE) has been
remarkably improved over the past decade, and exceeded 12% at the beginning of 2010 even for single-
junction cells.>  For such fullerene-based polymer solar cells, however, further improvements in PCE have
been limited because fullerene derivatives have low light-harvesting efficiency in the visible and near-
infrared (near-IR) regions and limited control of energy level.>” To overcome such limitations, various
conjugated acceptor polymers and nonfullerene acceptors (NFAs), which can harvest many more photons
from the visible to near-IR region of the solar spectrum, have been designed and synthesized as alternatives
to fullerene derivatives. As a result, the devices based on these materials exhibit high light-harvesting
efficiency in the visible and near-IR regions, thereby yielding a substantial increase in PCE up to ~16% for
devices based on conjugated acceptor polymers and ~19% for devices based on NFAs.%°

For further improvements in PCE, short-circuit current density (Jsc), open-circuit voltage (Voc), and
fill factor (FF) should be improved simultaneously. Among them, Jsc and FF are in trade-off relationship:
thicker active layers would improve Jsc but degrade FF. In other words, there is a trade-off relationship
between charge generation and collection efficiencies (17cg and 7cc). In terms of blend morphology, a
large phase-separated domain is beneficial for #cc while it is rather undesirable for 7cg because charge
carriers are likely to be transported efficiently to each electrode but most of excitons generated cannot arrive
at a donor/acceptor interface in such a large domain.  Thus, of particular importance is to optimize domain
size in blend films. Such phase-separated domain size would be dependent upon inherent characteristics
of materials employed. In the case of polymer/polymer blends, for example, the enthalpy term is likely to
be positive to promote phase separation while the entropy term is negative to promote mixing but negligibly
small according to the Flory—Huggins theory, giving rise to phase separation on a micrometer scale, which
has a negative impact on 5cg.! As such, the phase-separated structure is very closely related to
photovoltaic performance for polymer solar cells. For achieving highly efficient polymer solar cells, it is,
therefore, of paramount importance to understand the correlation between phase-separated structures and
photovoltaic conversion processes from a viewpoint of thermodynamics of phase separation during film-
forming.

Herein, we focus on three types of polymer solar cells based on blends of polymer/fullerene,
polymer/NFA, and polymer/polymer to discuss the relationship between photovoltaic parameters and blend
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morphology. More specifically, we fabricated polymer solar cells by using thiophene-based conjugated
polymer donors (P3HT or PDCBT), a fullerene derivative (PCBM), an NFA (ITIC), and a naphthalene
diimide-based conjugated polymer acceptor (N2200), as shown in Figure la, and then measured
photovoltaic performance under AM1.5G simulated solar illumination at 100 mW cm™2.  As a result, we
found that PDCBT-based solar cells exhibit PCE higher than P3HT-based solar cells without regard to
electron acceptor materials employed. In addition, the photovoltaic performance is significantly
dependent on acceptor materials used; it is higher in the devices based on PCBM and/or ITIC than in those
based on N2200. In particular, there is a large difference in PCE between PDCBT/ITIC and P3HT/ITIC
solar cells. To disclose the origin of such different photovoltaic properties in more detail, we first
estimated 7cg and #cc by evaluating photoluminescence (PL) quenching efficiency (®q) and the ratio of
Jsc to the reverse saturation photocurrent density (Jpnsat), respectively.  Subsequently, we measured
differential scanning calorimetry (DSC) to obtain ternary phase diagrams for solvent/donor/acceptor by
using Flory—Huggins interaction parameters (y) between the components that govern phase behavior for
the blend system. As a result, we found that #cg is correlated with the binodal point and that #cc is closely
related to the volume fraction of the acceptor in the mixed-phase. On the basis of our findings, we further
suggest potential strategies for improving the photovoltaic performance of polymer solar cells in terms of
phase separation.

Materials and methods
Materials and device preparation

The donor materials employed were poly(3-hexylthiophene-2,5-diyl) (P3HT, M,, = 44,000, M, = 22,000,
PDI = 2.0) and poly[2,2""-bis[[(2-butyloctyl)oxy]carbonyl]-[2,2":5",2":5",2""-quaterthiophene]-5,5 ""-diyl]
(PDCBT, M. = 60,000, M, = 24,000, PDI = 2.5) purchased from Sigma Aldrich and 1-Materials,
respectively. The acceptor materials employed were [6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM)
purchased from Frontier Carbon, 2,2'-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-
d:2',3'-d']-s-indaceno[1,2-b:5,6-b']dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-indene-2,1 (3 H)-
diylidene)]]bis[propanedinitrile] (ITIC) purchased from Solarmer Energy, Inc, and poly{[N,N-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (N2200, M,, =
125,000, M, = 54,400, PDI = 2.3) purchased from Ossila. The interlayer materials employed were
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS, PH-500) purchased from H.C.
Stark, and  Poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)] (PFN-Br) purchased from Solarmer Energy, Inc. Chlorobenzene (CB), o-
dichlorobenzene (DCB), toluene, acetone, and ethanol were purchased from Nacalai Tesque.

The solar cells with the layered structure of ITO/PEDOT:PSS/active layer/PFN-Br/Al were prepared for
photovoltaic performance measurements. Indium—tin-oxide (ITO)-coated glass substrates were washed
by ultrasonication in toluene, acetone, and ethanol for 15 min each in this order, and then dried with N;
flow. The washed ITO substrates were treated with a UV—-0O3; cleaner (Nippon Laser & Electronics Lab.,
NL-UV253S) for 30 min. A thin layer (~30 nm) of PEDOT:PSS was spin-coated onto the ITO glass
substrates at a spin rate of 3000 rpm for 99 s, and then annealed at 150 °C for 10 min in air. Subsequently,
PEDOT:PSS coated ITO glass substrates were moved to a nitrogen-purged glovebox. A donor/acceptor
blend layer was spin-coated from a DCB solution on the top of the PEDOT:PSS layer. The blend solution
was prepared by dissolving the donor and acceptor materials in DCB with a volume ratio of 1 to 1.
Sequentially, the interlayer was spin-coated on top of the active layer without any further treatments. The
interlayer solution was prepared by dissolving PFN-Br in anhydrous methanol with a concentration of 0.5
mgmL~". Finally, 100 nm of Al cathode was thermally deposited on the top of the interlayer at a pressure
of ~4 x 107 Pa with a shadow mask to ensure the electrode area 0.07 cm?. The current density—voltage
(J=V) characteristics of the devices were measured with a DC voltage and current source/meter (Keithley,
2611B) in the dark and under AM 1.5G simulated solar illumination at 100 mW ¢m 2 (Bunko-Keiki, ECT-
25WB). The light intensity was corrected with a calibrated silicon photodiode reference cell (Bunko-
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Keiki, BS-520).

The melting temperature of samples was evaluated with a DSC instrument (PerkinElmer, DSC8500-S).
For solid/liquid samples (donor or acceptor and DCB), 5 mg of the solid material were loaded into an Al
sample pan together with 0.5, 1, 3, and 7 mL of DCB. To prevent solvent evaporation during the
measurement, the sample was sealed under high pressure. For the solid/solid samples (donor and
acceptor), on the other hand, donor/acceptor blend films were prepared by drop cast from blend solutions
with different volume ratios and dried for 48 h to ensure solvent evaporation. All films were scratched
off, loaded into an Al sample pan, and sealed under high pressure. All samples were heated from 50 °C
to a temperature above each melting temperature together with an empty Al pan as a reference. The
measurements were carried out at a heating rate of 10 K min™! in a nitrogen flow of 20 mL min~'. The
melting point of each sample was evaluated from the intersection point between the baseline and tangent at
the inflection point of the DSC curve.!!

Results and discussion
Absorption Spectra and Energy Diagrams

Figure 1b shows absorption spectra of two donor and three acceptor materials employed in this study.
The donor polymers P3HT and PDCBT exhibit similar absorption bands in the visible range from 350 to
650 nm with a vibronic shoulder at around 600 nm, which are indicative of a high crystallinity. On the
other hand, PCBM exhibits an absoption band in the UV region but a small absorption tail in the visible
region while ITIC and N2200 exhibit an absorption band at around 700 nm.  This absorption band is well
complemented with the donor absorption, leading to extended light-harvesting region. In particular, no
noticeable vibronic stuctures were observed for ITIC and N2200, indicating a moderate or less aggregation.
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy
level (Enomo and ELumo) of each material are summarized in Figure 1c. The Enomo Of the donor and
acceptor materials was evaluated by photoelectron yield spectroscopy, and the E,umo of the donor materials
was estimated from the Enomo and an optical bandgap energy (Eq°") based on the 0-0 transition absorption
peaks, and the E umo Of the acceptor materials was evaluated by cyclic voltammetry.  As shown in Figure
1c (see also Figure S1), the Enomo was deeper for PDCBT (—5.15 eV) than that for P3HT (—4.69 eV)
because of an introduction of electron-withdrawing carboxylate substituents to the side chain.> In
contrast, no large difference in the E umo Was observed for the acceptor materials, which was evaluated to
be ranging from —3.78 to —3.96 eV. In particular, there is a sufficient energetic offset in ELumo between
donor and acceptor materials that are enough to cause efficient charge transfer at the heterojunction of
donor and acceptor materials.

Photovoltaic Performance

Figure 2 and S2 shows J-V chacteristics and incident photon-to-current conversion efficiency (IPCE)
spectra of a series of polymer solar cells based on crystalline donor polymers with different side chains and
three different acceptor materials. As summarized in Table 1, photovoltaic performance of PDCBT-based
solar cells overwhelmed that of P3HT-based solar cells without regard to acceptor materials employed,
mainly because of larger Jsc and Voc. The improved Voc in PDCBT blends is simply because of the
deeper HOMO level of the PDCBT polymer. The improvement in Jsc is mainly ascribable to the enhanced
nce, as will be decribed later in more detail. Notably, the photovoltaic performance is considerably
dependent upon acceptor materials employed. More specifically, PCBM-based solar cells exhibited the
highest photovoltaic performance due to the highest FF as well as a moderate Jsc while N2200-based solar
cells exhibited the lowest PCE less than 1% as a result of the lowest Jsc and FF.  On ther other hand, ITIC-
based solar cells provided an intermediate photovoltaic performance among them. Interestingly, a definite
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difference in Jsc was found between P3HT/ITIC and PDCBT/ITIC solar cells, which will be discussed later
in more detail.

Charge generation and collection efficiency

To address the origin of the difference in Jsc for these solar cells, we evaluated PL quenching efficiency
@, of each blend film. The samples were excited at 500, 340, 700 and 700 nm for selective excitation of
donor polymers, PCBM, ITIC, and N2200, respectively. Detailed PL spectra of each neat and blend film
can be found in Figure S3. Note that the @4 is a good measure for #7cg, which is a product of exciton
diffusion efficiency (#ep) and charge transfer efficiency (ncr). In most cases, #cr can be assumed to be
100% if there is enough energy offset in HOMO or LUMO levels between donor and acceptor materials.
As this is true for all the blends, the ®q can be ascribed to #ep in this study. As shown in Table 2, ®,° of
the selective excitation of donor polymers was estimated to be more than ~90% except for the PAHT/N2200
blend. This is ascribed to long-range energy transfer from donor polymers to acceptors because of the
large spectral overlap between the donor emission and acceptor absorption bands.  Considering
contribution of the energy transfer to ®;° and ®¢*, we assumed that 7cc (7ep) can be estimated to be a
product of ®4° and ®* except for PCBM-based blends and can be estimated as ®¢° for PCBM-based
blends because of no energy transfer from PCBM to donor polymer. We therefore conclude that the higher
Jsc in PDCBT-based blends is partly due to the relatively larger #gp than that of P3HT-based blends, because
the PDCBT-based blends would be likely to form phase-separated domains smaller than the P3HT-based
blends.

As shown in Figure 3, the absorption band of ITIC in the P3HT/ITIC blend film is much blue-shifted
compare to that of the ITIC neat film, suggesting that ITIC molecules are likely not to be aggregated but
rather molecularly dispersed in the P3HT/ITIC blend film. This finding suggests that the ®¢* for
P3HT/ITIC is not reliable because the PL quantum yield may be different between ITIC neat and
P3HT/ITIC blend films. We therefore do not adopt the ®¢* for PRHT/ITIC for the following discussion.

To evaluate 5cc in all the polymer blends studied, we measured J-V characteristics over a wide voltage
region under the simulated solar illumination. The Jpnsa Was estimated by using the Hecht equation®®
where Jpn is the difference between the photocurrent density and the dark current density, Vin is assumed to
be V — Voc, utVin/d is the mean free path of charge carriers, and d is the active layer thickness (the average

transit distance is d/2).
UTVin g
]ph =]ph,sat a /ﬂ 1—exp| — z d 1)
2

HtVin

Figure 4 shows the Jpn—Vin curve with the fitting curve based on Eq. 1 for various polymer solar cells.
As summarized in Table 2, the 5cc of PDCBT blends is greater than that of P3HT blends, regardless of
acceptor materials employed.  As for acceptor materials, the 7cc was highest for PCBM-based blends, and
about the same between ITIC- and N2200-based blends. This would be partly due to higher electron
mobility of PCBM.'* However, the lower 5cc in N2200-based blends is not consistent with high electron
mobility of N2200.® Thus, this should be rather related to blend morphology rather than materials
properties as will be discussed later.

Furthermore, we can see a certain tendency that the Jsc is correlated to the product of #ep and #cc.
Comparing PDCBT- and P3HT-based solar cells, for example, the larger Jsc is consistent with the larger
product of #ep and n7cc.  In addition, we can see another tendency that the FF is correlated to the 5cc.  For
example, PCBM-based solar cells exhibit the highest FF, which is consistent with the largest #cc.  This
tendency suggests that the ncc can be well reproduced by the Hecht equation. On the other hand, there
are some discrepancies in these tendencies as well: in contrast to the product of »#ep and #cc, i) Jsc of
P3HT/ITIC is too low, ii) the experimental Jsc of P3HT/ITIC is higher than that of PDCBT/PCBM. The
low Jsc of P3HT/ITIC is probably due to low charge dissociation efficiency in P3HT/ITIC where ITIC are
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not aggregated but rather molecularly dispersed as mentioned above. The high Jsc of P3HT/ITIC is partly
because of different absorption ranges between them. In this study, we focus on the overall tendencies
rather than individual minor discrepancies.

Thermodynamic miscibility between donor, acceptor, and solvent

As described before, the #ep and 5cc are closely related to phase-separated structures in polymer blends.
We therefore consider thermodynamic miscibility between donor, acceptor, and solvent to discuss phase-
separated structures in various polymer blends studied. The thermodynamic miscibility was analyzed on
the basis of the Flory—Huggins interaction parameter y. The larger y1, indicates lower miscibility between
components 1 and 2, which can be an advantage in terms of domain purity. In this study, we evaluate the
x parameters by using the melting point depression equation.!® In general, the melting point of crystalline
materials is depressed by the reduction of chemical potential when blended with minor materials. Thus,
the y parameter can be evaluated from the melting point change due to the volume fraction change. The
melting point reduction was measured by DSC measurements for the various binary blends of donor,
acceptor, and solvent.

Figure 5 shows DSC heat flow of PDCBT measured over a wide temperature range. As shown in the
figure, we evaluated the melting point from the intersection point between the baseline and tangent at the
inflection point of the DSC curve. The y parameter can be estimated by Eq 2 with the melting points and
volume fractions'®

11 RVau_ o [lnﬁ + (L — mil) (1—=¢@3) + x12(1 = ‘PZ)Z] )

Tm Tm®  AHyViy m; m;

where Ty, is melting point when mixed with a minor material, 7’ is melting point of the pure material, V,,
is the molar volume of repeating unit for polymer, AHs is the enthalpy of fusion per mole for pure crystalline,
@ is volume fraction, m; is the degree of polymerization of component i, and R is gas constant.

As summarized in Table 3 and Figure S4, the y parameter between the solvent and donor polymers is
relatively low, indicating that DCB is a good solvent for the donor polymers employed. However, the y
parameter between the solvent and acceptors is quite high, especially for N2200, implying that N2200 is
likely to form aggregates even in DCB solutions. Among them, PCBM and ITIC exhibit relatively good
miscibility with DCB. This is probably due to polar groups in PCBM and ITIC molecules. In terms of
thermodynamic miscibility between donor and acceptor materials, N2200 is most well-miscible with donor
polymers regardless of them, meanwhile, PCBM is most immiscible.

Ternary phase diagram and phase separation

The Flory—Huggins mean-field theory®” postulates that the enthalpy contribution to the free energy of
mixing (AGw) of a system composed of different two types of substances dissolved in a particular solvent
depends on the interactions between the components given by the interaction parameter 1. The AGn is
given by,

AGy 1 1
— = N_l(Plln(P1 + N_2<P21n(l’2 + @3In@; + 1P x12 + P1P3X13 + P2P3X23 3)

kgT
where kg is the Boltzmann constant, T is absolute temperature, N; and N, are the effective molecular size
of the components1 and 2 in the lattice sites, and ¢; is the volume fraction of the component i (i =1 and 2:
polymers, i =3: solvent). The coexistence curve (binodal line) can be obtained under the equilibrium
condition of chemical potential between two phases.!”?! On the basis of the y parameters evaluated by
the melting point depression equation, we obtained ternary phase diagrams to discuss the phase separation
behavior of the P3HT and PDCBT blends in different three acceptor materials.
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Figure 6 shows the ternary phase diagrams for three components of solvent/donor/acceptor systems.
The solid line represents the binodal line of the one-phase stable region and two-phase stable region for the
different acceptor blends. A vertical line corresponds to a drying pathway of polymer solution during the
spin-coating with a volume fraction of polymer to acceptor materials (v/v 1:1). During the spin-coating,
phase-separation starts at the intersection point of the drying pathway and binodal line, since the outer of
the binodal line is a one-phase stable region and the inner of that is a two-phase stable region. At the
beginning of the spin-coating, the ternary solvent/donor/acceptor mixture is homogeneous because the
solvent is present in the majority. At the intersection point between the drying pathway and binodal line
in the ternary phase diagram, the mixture undergoes internal phase separation into mixed-phase and pure
acceptor-phase.?22®  Note that the thickness of active layers was adjusted to be about 50 — 70 nm for all
the polymer blends as summarized in Table S2 in order to minimize the effect of thickness on the phase
separation. In addition, phase-separated structures were clearly observed as shown in Figure S5,
suggesting surface segregation is not dominant in these blend films.  We thus can safely discuss the phase
separation in terms of intermolecular interaction. We also note that the self-diffusion coefficient of each
component in the solvent is almost the same, and the diffusion on phase separation is governed by the
thermodynamic driving force. Thus, the domain size would be larger as the phase-separation time is
longer,?® and hence the domain size of each polymer blend can be predicted from the intersection point.
As shown in figure, the intersection point is found earlier in the order of solvent/donor/N2200,
solvent/donor/ITIC, and solvent/donor/PCBM, except for the dispersed DCB/P3HT/ITIC system.

Comparing P3HT with PDCBT systems, the intersection point is found earlier in the solvent/P3HT/acceptor.

These results are consistent with the #gp observed for each blend described before. Specifically, for
example, excitons in N2200 blends would be deactivated before reaching a donor/acceptor interface
because of a large phase-separated domain and a shorter diffusion length of N2200 excitons.?

We next focus on the closed circles in the ternary phase diagrams in Figure 6, which represent an
acceptor volume fraction (pacceptor) in Mixed-phase after the phase-separation is completed. Figure 7
illustrates a phase-separated structure in mixed-phase according to the acceptor volume fraction. For the
N2200 blends, @acceptor in mixed-phase was almost zero, regardless of the donor polymer. As shown in
Figure 7a, electron carriers cannot be transported in the mixed-phase and hence #cc would be degraded
because of isolated and discontinuous acceptor materials.??  For the ITIC blends, on the other hand, gacceptor
in the mixed-phase was more than 0.3 regardless of the donor polymer.  As shown in Figure 7b, acceptor
molecules would be well-connected but at the same time donor molecules would be disconnected, resulting
in severe bimolecular recombination and hence less #cc.?®  For the PCBM blends, @acceptor in the mixed-
phase was ranging from 0.1 to 0.2 regardless of the donor polymer, which corresponds to the percolation
threshold, as reported previously.®® As shown in Figure 7c, it can be expected that the charge transport
occurs effectively with suppressed bimolecular recombination in the range of percolation threshold.
Furthermore, it can be seen that P3HT/ITIC blend has exceptionally large gacceptor in the mixed-phase, which
supported the dispersed phase-separation in P3HT/ITIC blend. These gacceptor in the mixed-phase are in
good agreement with the 5cc observed. Consequently, we conclude that the @acceptor IS @ good measure for
the miscibility between the donor polymer and acceptor.

Charge generation efficiency, charge collection efficiency and phase-separated structure

We next consider the solubility parameter to discuss the improvement in #gp according to the acceptor
molecular weight. Here, we focus on PCBM as a small molecule acceptor and N2200 as a polymer
acceptor. The y» is related to the difference in the solubility parameters Adi2, which is given by equation

(4)’31

X1z € Aby, = \/(5D1 — 0p2)* + (Opy — 8p2)* + (Ouy — Ou2)? )

where &p;, Op;, and du; (i = 1 and 2) represent the dispersion contribution, polar contribution, and hydrogen
bonding contribution of the components i. Table S3 shows the solubility parameters of the two acceptor
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materials used in this study, PCBM and N2200, and two solvents DCB and CB for comparison.’>** As
summarized in the table, the dispersion contribution Jdp is the largest in the all the materials, the hydrogen-
bonding contribution &y is the second largest in the acceptor materials, and the polar contribution &p is the
second largest in the solvents. As summarized in Table S3, the Adacceptor-solvent 1S Smaller when CB is
employed as a solvent because of the smaller difference in &p of solubility parameter between solvent and
acceptor materials, regardless of the types of acceptors. This result implies that the lower yacceptor-solvent
when CB is employed as a solvent.  Figures S6 shows the ternary phase diagram of the
solvent/P3HT/PCBM and solvent/P3HT/N2200 system with the binodal point based on the different yacceptor-
solvent.  We note that the binodal point represents the phase separation starting point. As shown in the
figures, the binodal point is downshifted in the drying pathway if CB was used instead to DCB, which
would result in a smaller domain size regardless of acceptor employed. In other words, the smaller yacceptor-
solvent can delay the phase reparation, resulting in a smaller domain size and therefore, the exciton diffusion
property would be better.  Consequently, it is expected to improve the #ep, and hence 7cg, by using solvent
that have smaller difference in solubility parameter.

Furthermore, as mentioned above, it is appropriate that the @acceptor in the mixed-phase is ranging
between 0.1 and 0.2 for efficient charge collection.?® From the ternary phase diagram, it can be seen that
@acceptor In the mixed-phase was estimated to be 0.1-0.2 in PCBM blends, more than 0.3 in ITIC blends, and
almost 0 in N2200 blends, regardless of donor polymers. Figures 8a and S7 show the binodal line plotted
against the volume fraction of the small molecular weight acceptor. In order to achieve the @acceptor 0f 0.1—
0.2 in the mixed-phase, we need materials combination with a ydonor-acceptor Of 1.4—1.9 for PAHT/PCBM and
of 1.37-1.85 for P3HT/ITIC blends. At room temperature, Ydonor-acceptor 1S €stimated to be 1.68 for
P3HT/PCBM, and to be 0.84 for P3HT/ITIC blends. Consequently, appropriate percolation pathways are
likely to be formed in the mixed phase in the PSHT/PCBM blend, resulting in effective charge collection.
On the other hand, P3HT and ITIC are likely to be too mixed in the mixed phase in the P3HT/ITIC blend,
resulting in increasing bimolecular recombination. This is consistent with the blue-shifted absorption
band observed for the P3HT/ITIC blend film. On the other hand, as shown in Figure 8b, even if the value
of Ydonor-acceptor 1 quite small to 0.1 or less, the phase is separated into the pure phase in the P3HT/N2200
blends. In fact, ydonor-acceptor Of PZHT/N2200 is estimated to be 0.17 at room temperature, which represents
much more severe phase separation in P3HT/N2200 blends. These severe phase separation structures are
disadvantageous in terms of 7cc, because the acceptor domain in the mixed-phase cannot connect
continuously, and hence electron transfer is hindered.?® For this, it is necessary to frozen the phase
separation in a non-equilibrium state. This could be achieved by cooling the material down to the glass
transition temperature (7). At temperatures lower than Tg, the change in volume fraction due to phase
separation is stopped because the main chain motion of the polymer is frozen. Therefore, a polymer with
a high 7, would be beneficial for #cc. We therefore suggest that the yacceptor-solvent Should be reduced and
use a polymer acceptor with a high 7y, in order to achieve a high PCE value.

Conclusion

In summary, we discussed the relationship between the charge generation and collection properties and
the thermodynamic miscibility for various polymer blends on the basis of ternary phase diagrams. The J—
V characteristics was evaluated as higher PCE for the PDCBT blend with the advantage of Jsc, regardless
of acceptor material. The overall Jsc tendency is consistent with the 7cg and #cc product.  Focusing on
such overall tendency, we evaluated the thermodynamic miscibility through the ternary phase diagram by
using the y parameter, since the 7ep and 7cc are closely related to thermodynamic miscibility. From the
binodal point in the ternary phase diagram, it can be said that later phase separation results in smaller
domain size, leading to higher #gp. In PCBM blends, the @acceptor in the mixed-phase was 0.1-0.2, which
corresponds to a percolation threshold at which charge collection would be efficient. In ITIC blends, on
the other hand, it was more than 0.3, suggesting that bimolecular recombination would be dominant in
competition with the charge collection. In N2200 blends, it was close to zero, suggesting that acceptor
molecules are likely to be isolated in the mixed-phase and hence electrons are difficult to be transported to
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electrode. On the basis of these findings, we propose strategies for improving PCE in polymer solar cells
via improvement in 7ep and ncc.  For small molecule acceptors, a good solvent would be beneficial for
delayed phase separation to obtain moderately small domains and thus achieve high #ep. For polymer
acceptors, such delayed phase separation would be beneficial as is the case of small molecule acceptors but
actually should be difficult to be achieved because of the large number of repeating units. Instead, we
therefore suggest polymer acceptors with higher 7; would be beneficial for such delayed phase separation
to increase #cc.
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Figure legends

Figure 1. (a) Chemical structures, (b) absorption spectra, and (c) energy diagrams of each mater
ial employed in this study.

Figure 2. J-V characteristics of P3HT-based (broken lines) and PDCBT-based (solid lines) solar cells
with different acceptor materials.

Table 1. Photovoltaic parameters of P3HT-based and PDCBT-based solar cells.

Table 2. Photovoltaic parameters, PL quenching efficiencies, charge generation and collection
efficiencies for the various polymer blends.

Figure 3. Normalized absorption spectra of (a-b) PCBM-based, (c-d) ITIC-based, and (e-f) N2200-based
blends and each neat films. Gray and black solid lines represent donor and acceptor neat films, respectively.
Each colored solid line represents donor/acceptor blend film, respectively.

Figure 4. J-V characteristics of (a) P3HT-based and (b) PDCBT-based polymer solar cells. Open
circles and solid lines represent experimental data and the fitted curve, respectively.

Figure 5. DSC heat flow of PDCBT plotted against temperatures. Dotted and broken lines represent
baseline and tangent at inflection point of the DSC curve, respectively. Red circle shows the intersection
of the tangent and baseline, which gives the melting point Tr,.

Table 3. y parameters for the various blends of donor polymer, acceptor, and solvent at room temperature
(300 K).

Figure 6. Ternary phase diagrams for three components of (a) solvent/P3HT/acceptor and (b)
solvent/PDCBT/acceptor systems. Solid lines represent binodal line of each donor with PCBM (red),
ITIC (green), and N2200 (blue). Broken lines correspond to a drying pathway at an acceptor fraction of
0.50 (@ponor : @accepror = 1 2 1).  Open and closed circles represent the binodal point of each system and
acceptor volume fraction in the mixed-phase, respectively.

Figure 7. Schematic illustration of phase-separated structure in mixed structure when @acceptor IS () low,
(b) high, (c) 0.1 -0.2.

Figure 8. Illustration of the Flory—Huggins interaction parameter (y)-volume fraction of acceptor (¢)
phase diagram of (a) P3HT:PCBM and (b) P3HT:N2200 blends. Black solid line represents the binodal
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line of each system. The vertically highlighted area represents the percolation threshold of acceptor
volume fraction. The corresponding y parameter is 1.4-1.9 for P3HT:PCBM and less than 0.01 for
P3HT:N2200 blends, respectively.
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Table 1.
Voc Jsc JscPCE PCE
Donor Acceptor /' V / mA cm? / mA cm? FF ! %
PCBM 0.64 3.9 4.7 0.63 1.6
P3HT ITIC 0.60 0.63 0.99 0.43 0.16
N2200 0.49 0.71 0.76 0.39 0.13
PCBM 0.83 8.9 8.72 0.66 4.9
PDCBT ITIC 0.88 11.7 11.96 0.43 4.4
N2200 0.83 2.6 2.98 0.42 0.89
Table 2.
Jsc Vg o NED 7cC
Donor  Acceptor S mA em?  FF /% /% ne (Meo)  nec
PCBM 3.9 0.63 92 — 0.92 0.85 0.78
P3HT ITIC 0.63 0.43 98 — — 0.63 —
N2200 0.71 0.39 47 3 0.014 0.51 0.0071
PCBM 8.9 0.66 96 — 0.96 0.97 0.93
PDCBT ITIC 11.7 0.43 96 67 0.64 0.79 0.51
N2200 2.6 0.42 96 49 0.47 0.84 0.39

D The samples were excited at 500 nm for selective excitation of donor polymers.
2 The samples were excited at 340, 700, and 700 nm for selective excitation of PCBM, ITIC, and

N2200, respectively.

Table 3.
X P3HT PDCBT PCBM ITIC N2200
P3HT — — 1.68 0.84 0.17
PDCBT — — 1.34 1.01 0.17
DCB 0.17 0.34 0.67 0.84 1.68
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Figure S1. Photoelectron yield spectra of (a) P3HT, (b) PDCBT, (c) PCBM, (d) ITIC, and (e) N2200
films.
80 = = P3HT:PCBM
= = P3HTITIC
70 = = P3HT:N2200
= PDCBT:PCBM
== PDCBT:ITIC
—— PDCBT:N2200
0 A LS
300 400 500 600 700 800 900
Wavelength / nm
Figure S2.

The IPCE spectra of polymer solar cells: P3HT/PCBM (red broken line), P3HT/ITIC
(green broken line), P3HT/N2200 (blue broken line), PDCBT/PCBM (red solid line), PDCBT/ITIC
(green solid line), and PDCBT/N2200 (blue solid line).
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Figure S3.  PL spectra of (a) P3HT in neat (black), in PSHT/PCBM (red), in P3HT/ITIC (green),
and in P3HT/N2200 blends (blue), (b) PDCBT in neat (black), in PDCBT/PCBM (red), in PDCBT/ITIC
(green), and in PDCBT/PCBM blends (red), (c) ITIC in neat (black), in P3BHT/ITIC (orange), and in
PDCBT/ITIC (red) blends, and (d) N2200 in neat (black), in P3HT/N2200 (orange), and in
PDCBT/ITIC (red) blends.
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Figure S4. Melting point depression of (a) P3HT in DCB (black), in PCBM (red), and in ITIC (green),

(b) PDCBT in DCB (black), in PCBM (red), and in ITIC (green), (c) PCBM in DCB, (d) ITIC in DCB,
and (e) N2200 in DCB (black), in P3HT (red), and in PDCBT (blue).
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Figure S5. AFM images of (a) P3HT/PCBM, (b) P3HT/ITIC, (c) P3HT/N2200, (d) PDCBT/PCBM,
(e) PDCBT/ITIC, and (f) PDCBT/N2200 blend films, respectively.
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Figure S6. Ternary phase diagrams for three components of (a) solvent/P3HT/PCBM, (b)
solvent/PDCBT/N2200 systems with different binodal points, respectively.



_ A Self-archived copy in

= 'J?: #B j( % Kyoto University Research Information Repository
¥/ KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

Running Head: Phase Separation in Polymer Solar Cells

S 2t
o

81'85

(8]

<

21.37

A

R qf

1 | L
0 0.10.2 1

qDAcceptor

Figure S7. |lllustration of the Flory—Huggins interaction parameter (y)-volume fraction of acceptor
(p) phase diagram of P3HT/ITIC blend according to the acceptor volume fraction. Black solid line
represents the binodal line of correspond system. The vertically highlighted area represents the
percolation threshold of acceptor volume fraction. The corresponding y parameter is 1.37-1.85 for
this system.

Table S1. Thermodynamic parameters used for the interaction parameter evaluation.

Material 1 Material 2 Viu V2u AHe/J ¢! mi m2
DCB 113 1 177

~ PCBM  P3HT 687 151 48 1 29
- ITIC 929 1 22
DCB 113 1 193

~ PCBM  PDCBT 687 685 42 1 32
~Imc 929 1 23
PCBM 113 687 15 1 6.1

DCB  ITIC 113 929 35 1 8.2

113 1 434

~ P3HT  N2200 151 899 32 55 325
~ PDCBT 685 55 72

Table S2. The thickness of the polymer blend films.

Donor Acceptor Thickness
PCBM 50
P3HT ITIC 69
N2200 59
PCBM 53
PDCBT ITIC 61

N2200 50
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Table S3. Solubility parameters of each component.

op / MPa%s op / MPa%s ou / MPa%s AdpcBM-Solvent ASN2200-Solvent

PCBM 20.3 0.4 8.4 — —

N2200 18.4 0.7 2.3 —

DCB 18.3 7.7 2.8 9.4 7.0

CB 18.0 4.3 2.0 7.8 3.6
Graphical Abstract

Solvent / Donor
—PCBM
ITic
N2200

= = =Drying pathway

T
b
ffffff -4
'

1

)
~ T LA 7 Ll
wAccemor






