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Structural Origins for Tunable Open-Circuit Voltage in

Ternary-Blend Organic Solar Cells

Petr P. Khlyabich, Andrey E. Rudenko, Barry C. Thompson, and Yueh-Lin Loo*

Ternary-blend bulk-heterojunction solar cells have provided a unique oppor-
tunity for tuning the open-circuit voltage (V,) as the “effective” highest
occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital
(LUMO) energy levels shift with active-layer composition. Grazing-incidence
X-ray diffraction (GIXD) measurements performed on such ternary-blend
thin films reveal evidence that the two polymer donors interact intimately;
their ionization potentials are thus reflections of the blend compositions.

In ternary-blend thin films in which the two polymer donors do not interact
physically, the polymer donors each retain their molecular electronic char-
acter; solar cells constructed with these ternary blends thus exhibit V,s that
are pinned to the energy level difference between the highest of the two
lying HOMO and the LUMO of the electron acceptor. These observations
are consistent with the organic alloy model proposed earlier. Quantification
of the square of the square-root differences of the surface energies of the
components provides a proxy for the Flory—Huggins interaction parameter
for polymer donor pairs in these ternary-blend systems. Of the three ternary-
blend systems examined herein, this quantity has to be below 0.094 in order

Organic BHJ solar cells comprising
ternary-blend absorbing layers, based
either on two donors and one acceptor
or one donor and two acceptors, provide
an attractive and effective pathway to
increase efficiencies while preserving pro-
cessing simplicity.''?2l In early studies,
the efficiency enhancement of such solar
cells was attributed to an increase in the
spectral response upon the introduction
of an additional donor having an absorp-
tion profile that is complementary to
that of the parent donor-acceptor pair,
effectively increasing the number of har-
vested photons and ultimately the photo-
current.'131618] Until recently, the open-
circuit voltage (V,) of such devices was
thought to be pinned by the difference in
the energy levels of the lowest unoccupied
molecular orbital (LUMO) of the acceptor

for ternary-blend solar cells to exhibit tunable V..

1. Introduction

Organic solar cells provide an attractive platform for energy
conversion, given the promise of processing ease, mechanical
flexibility, and lightweight form factor.'3l The predicted prac-
tical efficiency limit for single-junction organic solar cells whose
absorbing layers comprise bulk-heterojunctions (BHJ) of a
donor and acceptor pair is in the 10%-12% range, even though
higher efficiencies are potentially achievable.[8] The efficiency
can be pushed to 14%-15% for solar cells with a tandem archi-
tecture in which two absorbing layers are connected in series
or parallel.#6210 However, tandem organic solar cells lose one
of the main attractive features of organic photovoltaics (OPVs),
trading fabrication, and processing ease for a boost in efficiency.
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and the higher of the two highest occu-
pied molecular orbitals (HOMO) in active
layers comprising an acceptor and two
donors.?3 Given that the third component
that is introduced often has a smaller bandgap than the parent
donor in order extend the spectral response of the existing
active layer, it almost always has a higher lying HOMO com-
pared to the parent donor. As such, the V, of these devices are
generally smaller than the V. of counterpart solar cells com-
prising only the parent donor—acceptor pair.!!31418,23-26]

With a series of papers, Thompson and co-workers/!1:12:19.27-30]
demonstrated that the V.. of ternary-blend solar cells need not
be pinned by the smallest energy level difference of the con-
stituents, as described above. In fact, with proper selection of
materials combination for ternary-blend active layers, the V.
of these solar cells can be continuously tuned with composi-
tion between those derived from the HOMO energy levels of
the individual donors. As such, the increase in short-circuit cur-
rent densities (J,) with the introduction of a third constituent
in these solar cells need not come at the expense of V,’s that
are pinned to the smallest energy level difference of the constit-
uents. By breaking this paradigm, Thompson and co-workers
showed that ternary-blend solar cells with efficiencies exceeding
parent binary-blend solar cells while maintaining high fill
factor (FF) can be made across the blend composition while
maintaining the simplicity of processing. Since this discovery,
numerous other materials combinations have demonstrated
tunable V,. in devices having ternary-blend BH]Js.[11:17:27:31-34]
Equally many other materials combinations have resulted in
ternary-blend solar cells whose V,. is pinned to the smallest
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Figure 1. Chemical structures of P3HTT-DPP-10%, P3HT;s-co-EHT,5 and PCqBM and GIXD images of films containing ternary blends of P3HTT-
DPP-10%, P3HT;s-co-EHT,5s and PCqBM, at weight ratios of a) 1:0:1.3 (P3HTT-DPP-10%:P3HT;s-co-EHT,5:PCsBM); b) 0.9:0.1:1.1; c) 0.8:0.2:1.0;
d) 0.7:0.3:1.0; ) 0.6:0.4:1.0; f) 0.5:0.5:0.9; g) 0.4:0.6:0.9; h) 0.3:0.7:0.8; i) 0.2:0.8:0.8; j) 0.1:0.9:0.9; k) 0:1:0.8.

energy level difference between the HOMO and LUMO of the
donor and acceptor constituents, respectively.l'3143536] Under-
standing the morphological origins of this phenomenon should
bring about predictive power for designing materials combi-
nation that routinely yield solar cells with high photocurrent
without compromising V..

Morphological studies on ternary-blend BH]J active layers
performed to-date have only examined materials combina-
tions that, when incorporated in devices, resulted in pinned
V,’s. Further, these studies were only conducted on active
layers in which the third component comprises <20 wt% of
the blends.?*3"~#] While increases in crystallinity and spatial
distribution of the third component are said to be responsible
for the J,. increase in these ternary-blend solar cells,*3”] these
studies do not comment on how active layer morphology influ-
ences V..

While morphological studies on materials combinations
that result in solar cells exhibiting V,/s that are tunable with
blend composition have not been reported, an organic alloy
modell>194] has been proposed on the basis that an average
HOMO and an average LUMO energy level must exist in these
BHJ active layers and that these energy levels must be composi-
tion dependent. That these blends exhibit average HOMOs and
average LUMOs that are composition dependent, as opposed to
the distinct HOMOs and LUMOs of the constituents, was borne
out by photocurrent spectral response (PSR) measurements
showing that the energy of the charge-transfer (CT) state in these
blends vary continuously with composition.l'#1%3% By implica-
tion, constituent miscibilities in such ternary blends must play
an important role in determining their electronic structures.?%l
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Here, we investigate the morphology of three-component
materials combinations, that when incorporated as BH]J active
layers in solar cells, result in devices that show variable V.
with blend composition. For reference, we have also character-
ized the morphology of a ternary blend that resulted in solar
cells having composition independent, pinned V,. Per prior
reports, the processing and composition of these blends have
been individually optimized so the devices comprising them
maintain high J,. and FF. In all the blends investigated for this
study, poly(3-hexylthiophene-thiophene-diketopyrrolopyrrole),
P3HTT-DPP-10%,1*! is our parent donor polymer and phenyl-
Ce1-butyric acid methyl ester (PCq;BM) is the acceptor. Ternary
blend A comprises the addition of poly(3-hexylthiophene-co-
3-(2-ethylhexyl)thiophene), P3HT,s-co-EHT,5;*] devices com-
prising ternary blend A exhibits composition-dependent V,. In
ternary blend B, the third constituent is poly[N-9-heptadecanyl-
2,7-carbazole-alt-5,5-(4",7’-di-2-thienyl-2",1’,3"-benzothiadiazole)],
PCDTBT;* devices having ternary blend B as active layers
instead show pinned V,/’s. Finally, we also examined the
morphology of ternary blend C, whose third component is
poly(3-hexylthiophene-thiophene-thienopyrroledione), P3HTT-
TPD-10%;1 these devices exhibit composition-dependent V.

2. Results and Discussions

Figure 1 contains the X-ray diffraction images acquired on
films comprising ternary blend A with increasing P3HTs-co-
EHT),s fraction. These films were processed in a manner iden-
tical to those in devices from which the V,.s were extracted.
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As reference, we have included the grazing-incidence X-ray
diffraction (GIXD) patterns of the polymer donor constitu-
ents in Figure Sla,b (Supporting Information). Both polymer
donors are crystalline, as evidenced by the presence of strong
out-of-plane reflections; the GIXD patterns also reveal higher
order reflections, indicating that the polymer donors exhibit
long-range order. Quantification of these GIXD patterns reveal
the positions of the out-of-plane reflections associated with
the polymer donors, with the (100) and (200) reflections of
P3HTT-DPP-10% located at 0.41 A and 0.81 A™' and those
of P3HTys-co-EHT,s located at 0.38 A™! and 0.76 A™!, respec-
tively. The GIXD images, taken on binary blends comprising
PCqBM and each of the polymer donors, in Figure 1ak, look
qualitatively similar to those in Figure S1a,b (Supporting Infor-
mation). This observation indicates that the polymer donor
constituents each retain their crystallinities upon introduc-
tion of PCsBM. The GIXD images of ternary blend A with
increasing P3HTys-co-EHT),s fraction are provided in Figure 1b
through 1j. We observe one set of reflections, whose positions
are between those of the polymer donor constituents that shift
monotonically with composition. This trend is more clearly
seen in the out-of-plane line cuts in Figure S2 (Supporting
Information), which were extracted from the corresponding
X-ray diffraction patterns in the vicinity of the reflections, and
is quantified by tracking the scattering vector, g,, in Figure 2a
and Figure S3 (Supporting Information). Our data thus suggest
that the two polymer donors interact, resulting in changes in
the characteristic spacing of the crystallites upon the addition of
P3HT;5-co-EHT)s.

We have also quantified the full width at half the maximum
(FWHM) intensity of the X-ray diffraction peaks shown in Figure
S2 (Supporting Information); the FWHM of the peaks associ-
ated with the (100) and (200) reflections are tracked as a func-
tion of P3HT,5-co-EHT,5 content in Figure 2a and Figure S3,
Supporting Information, respectively. First, we notice that the
FWHM is uniformly narrow; the quantities are in fact compa-
rable to those associated with the (100) and (200) reflections of
P3HT in binary blends of P3HT:PC¢;BM (0.040 A~'and 0.047 A7,
respectively). Moreover, the FWHM extracted from the ternary-
blend data are flanked by those of the binary blends comprising
the polymer donor constituents and PCyBM, suggesting that
the introduction of the third component does not substantially
perturb the crystallite correlation lengths (CCL) in the out-of-
plane direction. We have estimated the CCL from the FWHM
per Scherrer equation;% our data indicate that the CCL in the
ternary blends is smaller than those exhibited by the crystallites
of P3HT5-co-EHT,5 but larger than those exhibited by the crys-
tallites of P3HTT-DPP-10%.

Figure 2b tracks the V. of solar cells comprising ternary
blend A as a function of P3HT;s-co-EHT,s.l'!] The V. is con-
tinuously tunable spanning a 15% change over the entire
composition window. This increase in V. is consistent with a
decrease in the average ionization potential (IP) of the polymer
donors, shown also in Figure 2b. A progressively decreasing
IP with increasing P3HTys-co-EHT,s content translates to a
larger energy difference between the LUMO of PCqBM and
the ensemble-average and composition-specific HOMO of the
polymer donors, leading to a correspondingly increasing V,. in
devices. Consistent with our structural characterization, that
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Figure 2. a) Position of the primary reflection (squares) and FWHM
(stars) of the primary reflection extracted from the GIXD of the ternary-
blend films, containing P3HTT-DPP-10%, P3HT;s-co-EHT,5 and PC¢BM,
as a function of the fraction of P3HT;5-co-EHT,s. b) Open-circuit voltage
(Vo) (squares) of ternary-blend BH] solar cells and ionization potential
(stars) of blends of the two polymer donors as a function of the fraction
of P3HT;5-co-EHT,s.

the IP of the polymer blends is continuously tunable across the
composition window suggests mixing of the polymer donors in
ternary blend A. While the IP changes by 280 meV over the
entire composition range, the V,. of corresponding devices only
increases by 100 meV over the same composition range. That
the absolute magnitude of change differs likely stems from
structural and electronic changes at the donor—-acceptor inter-
face with composition. In contrast, the energy of the CT state,
which solely reflects the energetics at the donor—acceptor inter-
face, changes by the same amount as the V,.l14

Figure 3 contains the chemical structures of the constituents
of ternary blend B, its structural characterization, and the evo-
lution of V,, with active-layer composition of solar cells com-
prising this ternary blend. Different from devices comprising
ternary blend A, solar cells comprising ternary blend B exhibit
composition-invariant V. that is not different from the V,. of
P3HTT-DPP-10%:PC¢;BM solar cells (V. = 0.57 V).3% Given
that the HOMO energy level of P3HTT-DPP-10% is higher than
that of PCDTBT, it thus appears that the V,. of solar cells com-
prising ternary blend B is pinned to the higher lying HOMO
of P3BHTT-DPP-10%. This characteristically different behavior
in V,. compared to solar cells comprising ternary blend A is
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Figure 3. a) Chemical structures of P3HTT-DPP-10%, PCDTBT and PC¢BM. b) The position of the primary reflection (squares) and FWHM (stars)
of the primary reflection of P3HTT-DPP-10% extracted from the GIXD images of the ternary-blend films as a function of the fraction of PCDTBT (only
P3HTT-DPP-10% is crystalline; PCDTBT is amorphous). c) Open-circuit voltage (V,) of ternary-blend BH) solar cells as a function of the fraction of

PCDTBT.

accompanied by differences in the morphology of these active
layers. These data are consistent with earlier PSR measure-
ments on the same blend that suggests an absence of mixing
between the two polymer donors.['?l The presence of two CT
states originating from the two polymer donors, rather than one
composition-dependent CT state, as in case of ternary blend
A, mandates that hole transport is dominated by the higher
HOMO energy level of the two polymer donors (that of P3HTT-
DPP-10%). The GIXD patterns corresponding to ternary
blend B as a function of composition are shown in Figure S4
(Supporting Information); the GIXD pattern of PCDTBT is
shown in Figure Slc (Supporting Information) for complete-
ness. We see that PCDTBT is amorphous under the condi-
tions in which the active layers for solar cells are processed.
The out-of-plane reflection observed in the GIXD patterns in
Figure S4 (Supporting Information) must thus stem from crys-
talline P3HTT-DPP-10%. The out-of-plane line cuts extracted
from these X-ray diffraction patterns are provided in Figure S5
(Supporting Information). As the concentration of PCDTBT is
increased, we observe a gradual decrease in the intensity of the
peak corresponding to the (100) reflection of P3HTT-DPP-10%,
indicating that the films become progressively less crystalline.
This decrease in crystallinity, however, is less than one would
expect based on composition alone. Interestingly, the position
of this (100) reflection is retained on dilution with PCDTBT.PY
This trend is quantified in Figure 3b in which the out-of-plane
scattering vector, g, is tracked with composition. This observa-
tion is strikingly different from the structural evolution of ter-
nary blend A and suggests that while there may be less P3HTT-
DPP-10% crystallites with increasing PCDTBT in films com-
prising ternary blend B, the crystallites that exist preserve the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

out-of-plane periodicity. Figure 3b also tracks the FWHM of the
peak associated with the (100) reflection of P3HTT-DPP-10%
in ternary blend B with composition. The FWHM resembles
that of P3BHTT-DPP-10% and remains largely independent of
concentration up to 70 wt% loading of PCDTBT, above which
it increases dramatically. This observation indicates that the
CCL of P3HTT-DPP-10% remains largely constant up to this
threshold loading of PCDTBT. The decrease in peak intensity of
the (100) must thus reflect a progressive decrease the number
of crystallites present, as opposed to thinning of crystallites.
Different from our findings with ternary blend A, this study
suggests little interaction between the two polymer donors
in ternary blend B; the addition of PCDTBT to the parent
donor-acceptor pair does little to change the crystallite struc-
ture of P3HTT-DPP-10%. Accordingly, the V,. of solar cells
comprising ternary blend B are dictated by the energy level dif-
ference between the LUMO of PC¢BM and the higher lying
HOMO of the two polymer donor constituents, in this case
P3HTT-DPP-10%.

We also characterized the structural evolution of ternary
blend C with composition. Figure 4a contains the chemical
structures of the constituents of ternary blend C. Like in ternary
blend A, both polymer donor constituents here are crystalline,
exhibiting distinct out-of-plane reflections in their X-ray diffrac-
tion patterns (see Figure Sla,d, Supporting Information). The
GIXD patterns taken on ternary blend C as a function of compo-
sition are provided in Figure S6 (Supporting Information); the
corresponding out-of-plane line cuts are provided in Figure S7
(Supporting Information). We observe from Figure S7 (Sup-
porting Information) that the two peaks associated with
the (100) reflections of P3HTT-DPP-10% at 0.41 A~! and

Adv. Funct. Mater. 2015, 25, 5557-5563
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Figure 4. a) Chemical structures of PZHTT-DPP-10%, P3HTT-TPD-10% and PC¢BM. b) The positions of the primary reflections of P3HTT-DPP-10%
(solid squares) and P3HTT-TPD-10% (open triangles) from GIXD images of the ternary-blends films as a function of the fraction of P3HTT-TPD-10%.
c) Open-circuit voltage (V,) (squares) of ternary-blend BH) solar cells and ionization potential (stars) of blends of the two polymer donor as a func-

tion of the fraction of P3HTT-TPD-10%.

P3HTT-TPD-10% at 0.31 A" are largely retained, though they
shift progressively towards each other on dilution. This trend
is quantified by tracking g, as a function of composition in
Figure 4b. This shift in g, suggests that PSHTT-DPP-10% crys-
tallites are able to accommodate P3HTT-TPD-10% on dilution
and vice versa. Given that the primary peak of P3HTT-TPD-10%
shifts by over 12% over the composition window whereas the
primary peak of P3HTT-DPP-10% only shifts by 5% over that
same composition range, P3HTT-TPD-10% is more able to
accommodate P3HTT-DPP-10% than P3HTT-DPP-10% is at
accommodating P3HTT-TPD-10% in their respective crystal
structures on dilution. Figure 4c tracks the V.. of solar cells
comprising ternary blend C as a function of composition.?8! We
observe that the V,_ is tunable across the composition window,
not unlike what we had observed for devices with ternary blend
A. This V. tunability originates from an “effective” IP that can
be continuously increased as P3HTT-TPD-10% is added to the
parent donor-acceptor pair of P3HTT-DPP-10%:PCq;BM.
Collectively, the structural evolution of ternary blends A, B,
and C with composition implicates the key role of polymer—
polymer interactions in determining the V,. behavior in ter-
nary-blend solar cells. When the polymer donor constituents
interact, as noted by the accommodation of one polymer into
another’s existing crystal structure in ternary blends A and
C, we measure an ensemble-average IP that is tunable within
the range bracketed by the IPs of the polymer donor constitu-
ents. Accordingly, solar cells comprising these ternary blends
exhibit tunable V,. that can be tracked to changes in the effec-
tive IP. The polymer donor constituents in ternary blend B,
however, do not interact. Solar cells comprising ternary blend
B are thus pinned to the energy difference between the LUMO
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of the acceptor and the higher lying HOMO of the two donor
constituents.

It is therefore not surprising that surface energy differ-
ences between the constituents of these ternary blends pro-
vide a good indication of whether the blends would result in
solar cells having pinned or tunable V,.. The surface energies
of P3HTT-DPP-10% is reported to be 19.9 mN m™! and those
of P3HTy5-co-EHT,; and P3HTT-TPD-10% are 22.1 mN m™!
and 20.7 mN m™, respectively, whereas that of PCDTBT is
29.5 mN m™1.2830 The surface energy difference between the
polymer donor constituents in ternary blends A and C (2.2
and 0.8 mN m™, respectively) are thus small compared to that
between the polymer donor constituents in ternary blend B
(9.6 mN m™). We can alternatively invoke the Flory-Huggins
interaction parameter to quantify the interactions between
these polymer donor constituents. The Flory—Huggins inter-
action parameter is proportional to the square of the square-
root differences of the surface energies of the components
in question.’?) As a proxy for the Flory-Huggins interaction
parameter, the absolute measurement of which is difficult
given the polymers in hand, we have quantified the square of
the square-root differences of the surface energies in Table 1
for the three blends under study here. We see that this quan-
tity is 0.058 for the polymer constituents in ternary blend A,
0.094 and 0.008 for those in ternary blends B and C, respec-
tively. The idea that polymer donor interactions are key in
dictating the V. behavior in the resulting ternary-blend solar
cells is further consistent with the organic alloy model and the
PSR measurements!'21% that a single charge transfer state is
detected in ternary blends A and C whose energy is continu-
ously tunable with composition.
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Table 1. Open-circuit voltage (V,.) tunability and the square of the
square-root differences of surface energy of the polymer donor pairs in
the ternary blends examined in this study.

Polymer:polymer pairs V,,. Tunability e~ (Vin-V1e)?

P3HTT-DPP-10%:P3HT;s-co-EHT,s5 Tunable 0.058
P3HTT-DPP-10%:P3HTT-TPD-10% Tunable 0.008
P3HTT-DPP-10%:PCDTBT Pinned 0.094

Surface energies (Ya, ¥s) for neat constituents are from refs.1262°]

3. Conclusion

In summary, we have performed the first direct structural study
of ternary-blend BH]J active layers whose solar cells demon-
strate tunable V,.. Our structural studies suggest that some
level of molecular mixing between the polymer donor constitu-
ents are necessary in order to tune the V. of solar cells com-
prising these materials combinations. While quantifying the
Flory-Huggins interaction parameter is difficult with these
polymer donor pairs, the extent of molecular mixing can be
quantified by the square of square-root differences in the sur-
face energies as a proxy. Comparison across the three ternary
blends under study suggests this quantity needs to be below
0.094 for materials combination to exhibit tunable V,. when
incorporated into solar cells.

4. Experimental Section

Materials: All reagents from commercial sources were used without
further purification, unless otherwise noted. Solvents were purchased
from VWR and used without further purification except for THF, which
was dried over sodium/benzophenone before distillation.

Synthetic  Procedures:  The  synthesis of P3HTT-DPP-10%,
P3HTT-TPD-10%, P3HT;5-co-EHT,s, and PCDTBT, followed reported
procedures in the literature without further modification.[30:46:47.49]

Thin Films: Indium tin oxide (ITO)-coated glass substrates (Colorado
Concept Coatings LLC) were sequentially cleaned by sonication in
de-ionized water, acetone, and isopropyl alcohol, and dried in a
nitrogen stream. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (Baytron P VP Al 4083, dispersion filtered with a 0.45 pm
polyvinylidene fluoride (PVDF) syringe filter from Pall Life Sciences
prior to deposition) was first spin-coated on pre-cleaned ITO-coated
glass substrates and baked at 130 °C for 40 min. Individual solutions
of P3HTT-DPP-10%, P3HT;s-co-EHT,s, PCDTBT, P3HTT-TPD-10%, and
PC¢1BM were prepared in o-dichlorobenzene. The solutions were stirred
for 24 h before they were mixed at the desired mass ratios and stirred
for 24 h to ensure uniformity. The concentrations and mass ratios were
determined to yield optimized solar cells per reports elsewhere.[1:30
Solutions comprising materials combination that yielded the ternary
blend thin films were spin-coated after they have been passed through
a 0.45 pm polytetrafluorethylene (PTFE) syringe filter from Pall Life
Sciences atop PEDOT:PSS. While solution deposition was carried out at
ambient conditions, the films were placed in a N, cabinet during which
residual o-dichlorobenzene was allowed to slowly evaporate. Consistent
with active layers employed in ternary-blend solar cells, these films were
not subjected to further thermal annealing.

GIXD Measurements: GIXD experiments were conducted at the G2
station of the Cornell High Energy Synchrotron Source (CHESS) with
X-rays at 10.05 £ 0.01 keV. At the G2 station, the beam was selected
to be 0.2 mm tall and 2 mm wide. The beam energy was selected
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using a beryllium single-crystal monochromator. Scattered intensity
was collected using a 640-element 1D diode array. The X-ray beam was
aligned above the film'’s critical angle and below that of the substrate, at
0.16-0.17° with respect to the substrate. Variations in detector-to-sample
distance were accounted for during data processing. Additionally, all
GIXD images have been background subtracted, and polarization and
absorption corrections polarization and absorption corrections were
applied during data processing.

lonization Potential (IP) Measurements: Ambient IP measurements
of binary blends of the polymer donors were performed on an AC-2
photoelectron spectrometer from Riken Keiki. These films were prepared
as outlined above from o-dichlorobenzene solutions at a total polymer
concentration of 10 mg mL™".

Supporting Information

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