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Enhanced thermal stability of organic solar cells comprising
ternary D-D-A bulk-heterojunctions

Dominik Landerer'?, Adrian Mertens''?, Dieter Freis', Robert Droll', Tobias Leonhard'?, Alexander Deniz Schulz', Daniel Bahro'? and

Alexander Colsmann @'

Ternary absorber blends have recently been identified as promising concepts to spectrally broaden the absorption of organic bulk-
heterojunction solar cells and hence to improve their power conversion efficiencies. In this work, we demonstrate that D-D-A
ternary blends comprising two donor polymers and the acceptor PCg;BM can also significantly enhance the thermal stability of the
solar cell. Upon harsh thermal stress at 120 °C for 2 h, the ternary solar cells show only a minor relative deterioration of 10%.
Whereas the polymer/fullerene blend PTB7-Th:PCs;BM is rather unstable under these conditions, its degradation was efficiently
suppressed by incorporating the near infrared-absorbing polymer PDTP-DFBT. Spectroscopic ellipsometry investigations and an
effective medium analysis of the ternary absorber blend revealed that the domain conformation in presence of PDTP-DFBT remains
stable whereas the domain conformation changes in its absence. The ternary PTB7-Th:PDTP-DFBT:PCg;,BM solar cells yield thermally

stable power conversion efficiencies of up to 6%.
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INTRODUCTION

The continuous improvement of materials and device architec-
tures for organic bulk-heterojunction solar cells nowadays
constantly enables power conversion efficiencies (PCEs) beyond
10%." 2 While the PCEs of state-of-the-art organic solar cells are
sufficient to meet the demands of some first applications and
hence to foster market entry, the device stability often drags
behind. The stability of organic solar cells is often limited by a
metastable bulk-heterojunction morphology, the diffusion of
electrode or buffer layer components into adjacent layers, material
decomposition through oxygen and water ingress, irradiation,
mechanical stress or heat.3™ Yet, excellent thermal stability of the
organic solar cells is a prerequisite for most future applications.
Besides thermal stress when the solar cell is exposed to the sun,
the devices may have to endure harsh conditions during
fabrication, e.g., when manufacturing car roofs, tiles or facade
elements, typically requiring lamination temperatures of 120 °C for
several hours.® ’

Upon thermal stress, one of the major degradation mechanisms
is the aggregation of fullerene acceptors, commonly [6,6]-phenyl
C71-butyric acid methyl ester (PC;,BM) or [6,6]-phenyl Cg;-butyric
acid methyl ester (PCs;BM).2 ° In the recent literature, several
methods were discussed to hamper fullerene aggregation—for
example sample irradiation during annealing,'® structural mod-
ification of fullerenes'' or replacing fullerenes with non-fullerene
acceptors.'? Another promising concept to reduce degradation in
fullerene-based solar cells is the use of third components which
can improve the mechanical, photo, air and thermal stability of
organic solar cells.”® Such third components can be cross-
linkers,"*'® conventional fullerenes,’”'® modified fullerene deri-

vatives,?°%2 compatibilizers®® 2* or insulating polymers.*®

In this work, we overcome the aggregation of the fullerene
acceptor PCs;BM during thermal annealing by employing ternary
D-D-A blends comprising two commercially available donor
polymers. After thermal stress at 120 °C for 2 h, the corresponding
solar cells maintain over 90% of their initial performance. The
microscopic domain conformation was monitored by atomic force
microscopy and advanced spectroscopic ellipsometry.

RESULTS AND DISCUSSIONS
Choice of materials

Being one of the “fruit-flies” of modern organic photovoltaics, we
deliberately investigated the thermal stability of solar cells
comprising the wide-bandgap donor polymer poly[[4,8-bis[5-(2-
ethylhexyl)thiophen-2-yllbenzo[1,2-b:4,5-b’ldithiophene-2,6-diyl]
[3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7-Th) to enable comparison with previous literature reports.?®
Advanced solar cells comprising PTB7-Th can exhibit PCEs beyond
10%*” but the thermal stability of PTB7-Th solar cells and solar
cells of its derivatives is moderate.'” '® On the other hand, we
studied the thermal stability of solar cells comprising the narrow-
bandgap donor polymer poly[[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-
dithieno(3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia-
diazole)]] (PDTP-DFBT), which is often employed to efficiently
harvest near-infrared light?® 2° Initially, both donor polymers
were investigated in binary bulk-heterojunctions using the
acceptor PC4,BM. We intentionally opted for PCg,BM rather than
PC,1BM as it is the industrially more relevant, yet less stabilizing,
fullerene. For example, certain binary bulk-heterojunctions were
reported to be stabilized by PC,;BM alone, whereas use of PCs,BM
leads to rapid device failures.>°
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a Chemical structures of the light-harvesting organic components PBT7-Th, PDTP-DFBT and PCs;BM. b UV-Vis absorption spectra of

thin-films. For better visibility, the spectra are normalized to their maximum. ¢ Diagram of the relevant charge carrier transport energies:
HOMO energies were estimated by PESA, LUMO energies were estimated from HOMO energies and Eg. d Solar cell device architecture

The chemical structures of all components are depicted in Fig.
1a, and their ultraviolet-visible (UV-Vis) absorption spectra (thin-
films) are shown in Fig. 1b. With an optical bandgap of
Eq=1.6¢€V (calculated from long-wavelength absorbance onset),
PTB7-Th absorbs mainly between 500-750 nm. Using photoelec-
tron yield spectroscopy in air (PESA), we estimated its highest
occupied molecular orbital (HOMO) energy to Epomo=-5.0eV
(Fig. S1a, Suppl. Information). The corresponding lowest unoccu-
pied molecular orbital (LUMO) energy was estimated £, ymo = —3.4
eV from the HOMO and E;. PDTP-DFBT mainly absorbs at
650-850 nm and exhibits an additional small absorption peak
around 420nm. We found an optical bandgap Egj=14eV, a
HOMO energy Eomo = —5.1 eV (Fig. S1b, Suppl. Information) and a
LUMO energy E,ymo =—3.7 eV. PCs:BM mainly absorbs between
300 and 500 nm, the bandgap is Eg=2.0eV, and its HOMO and
LUMO energies are Eyomo =—6.0 eV (Fig. S1¢, Suppl. Information)
and Eymo=-4.0eV. The relevant energy levels of all three
components are summarized in Fig. 1c.

All polymer:fullerene absorber blends (1:1.5 w/w) were depos-
ited from o-xylene using the co-solvent p-anisaldehyde®® and
incorporated into the inverted device architecture glass/ITO/ZnO/
absorber/molybdenum oxide (MoO,)/silver (Ag) as depicted in Fig.
1d. Importantly, the co-solvent p-anisaldehyde exhibits a com-
paratively low boiling point, ensuring its complete evaporation
after thin-film deposition,>’ whereas common other co-solvents
such as 1,8-diiodooctane may partly remain within the bulk-
heterojunction where they may accelerate device deterioration.>
To investigate the thermal stability of the solar cells, we annealed
the samples at 120 °C for 2 h, which is often considered the critical
condition for industrial relevant lamination processes for con-
sumer products.® ’

Binary polymer:fullerene blends and their thermal stability

The current density-voltage (J-V) curves of PTB7-Th:PC4,BM solar
cells are depicted in Fig. 2a, and their key performance parameters
(short-circuit current density Js, fill factor FF, open-circuit voltage
Voc and PCE) are summarized in Table 1.

After annealing of the devices (120 °C, 2 h), the PCE of the PTB7-
Th:PCs:BM solar cells decreased by 30% (rel.), i.e., a drop from 7.4
to 5.2%. Although the V, slightly improved upon thermal stress,
which may be attributed to the diffusion of the fullerenes to the
transport layer interface during annealing®® or a better phase
separation and purer material domains after annealing,' the
reduced FF and J,. caused significant device deterioration. To
investigate the origin of the lower J;. after thermal annealing, we
recorded the external quantum efficiency (EQE) of the solar cell.
The annealing process dramatically reduces the EQE of the PTB7-
Th:PC4:BM solar cell over the whole spectrum (Fig. S2a, Suppl.
Information). Figure 2b depicts the EQEs before and after sample
annealing, normalized to their maximum amplitude. The stronger
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EQE deterioration below 550 nm indicates that the degradation
was mainly driven by the fullerene.

Fullerenes are known to aggregate under thermal stress. Larger
fullerene domains can lead to declined exciton dissociation since
photo-generated excitons on the fullerenes may not reach an
interface within their lifetime. Indeed, in atomic force micrographs
(Fig. 2c), we find foot prints of large fullerene domains on the
sample surface, i.e., sharp peaks with a maximal height R, = 74.8
nm (surface roughness R;ns=1.2nm before and 2.4 nm after
annealing). We note that replacing PCs;BM by PC;,BM resulted in
an even stronger degradation with a decrease in PCE of more than
30% (rel.), since PC;;BM contributes even more to the device's
photo current'® (Fig. S3, Suppl. Information).

For reference, we also studied the degradation of PTB7-Th:
PCg:BM solar cells that were fabricated omitting the co-solvent p-
anisaldehyde (Fig. 2a). On a lower efficiency level, we observed the
same 30% (rel.) performance degradation upon thermal anneal-
ing, indicating that the co-solvent does not influence the observed
device deterioration.

Employing PDTP-DFBT:PCs;BM to harvest sunlight draws a
completely different picture: remarkably, after thermal annealing
for 2h at 120°C, the solar cells’ key performance parameters
remained nearly constant (Fig. 2d, Table 1). Again, the V, slightly
increases. However, this time, FF and Jy. as well as the EQE (Fig.
S2¢, Suppl. Information) showed hardly any of the deterioration
that we observed in PTB7-Th:PC¢;BM solar cells before. Normal-
ized to its maximum, in Fig. 2e, the EQE shows only a marginally
enhanced degradation in the fullerene’s spectral regime. Accord-
ingly, annealing had only minor effect on the surface of the bulk-
heterojunction, as visible in the atomic force micrographs in Fig.
2f. Although the surface roughness of PDTP-DFBT:PCg,BM
absorber layers is somewhat higher (R;,s=4.6 nm before and
4.8 nm after annealing) than the surface roughness of PTB7-Th:
PCs:BM photo-active layers, we find only a minor increase of the
relative maximal height of a few nanometer. We observed none of
the sharp peaks that we observed in PTB7-Th:PCs;BM after
annealing. This indicates an almost completely suppressed
aggregation of PCs;BM in PDTP-DFBT. This outstanding thermal
stability may originate from a better miscibility of PDTP-DFBT and
PCs1BM versus PTB7-Th and PC4,BM, and hence a more favorable
conformation of the fullerene domains,'" *° or from a higher glass
transition temperature T, of PDTP-DFBT.*

Optoelectronic properties of ternary blends

PDTP-DFBT suppresses the aggregation of fullerenes in binary
bulk-heterojunctions and hence obtains thermally stable organic
solar cells. In the next step, we explored whether PDTP-DFBT can
also stabilize PTB7-Th:PCg,BM bulk-heterojunctions that, left alone,
are not thermally stable.

Published in partnership with Nanjing Tech University
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Fig. 2 a Typical J-V curves of binary PTB7-Th:PC4;BM solar cells under AM1.5 illumination (solid lines) and in the dark (dashed lines),
processed after adding 2% p-anisaldehyde (AA) to the stock solution (black) and processed omitting the co-solvent (blue). The samples were
measured before annealing (open symbols) and after thermal annealing (120 °C, 2 h, closed symbols). b Corresponding normalized external
quantum efficiencies. 1 out of 5 data points is marked with a symbol to guide the eye. ¢ Topography images of the binary PTB7-Th:PCs;BM
blends processed with AA before (back) and after annealing (front). d-f Same data set for solar cells comprising binary PDTP-DFBT:PC4,BM

absorber layers

Therefore, we successively increased the PDTP-DFBT content x
and reduced the PTB7-Th content 1-x with an overall constant
polymer:fullerene ratio (1:1.5 w/w), and studied the optoelectronic
device properties as well as their thermal stability. The key
performance parameters of the respective solar cells comprising
non-annealed PTB7-Th:PDTP-DFBT:PCg,BM ([1-x]:x:1.5 w/w/w)
absorber layers versus PDTP-DFBT content x are depicted in Fig.
3a. Figure 3b shows the corresponding EQEs of the solar cells.
Starting from the binary PTB7-Th:PCs,BM absorber layer, J,. = 14
mA/cm? remains constant up to a PDTP-DFBT concentration of x
=40%. In this regime, the EQE reduction in the PTB7-Th
absorption regime is compensated by the EQE enhancement in
the long-wavelength PDTP-DFBT absorption regime. Above x =
40%, the EQE enhancement caused by PTPD-DFBT is insufficient to
compensate the EQE reduction in the PTB7-Th absorption regime.
Consequently, the J;. of the ternary absorber blend decreases and
eventually reproduces the J;. of the binary PTPD-DFBT:PC4BM
solar cells. Despite the spectrally broadened absorption, ternary
PTB7-Th:PDTP-DFBT:PCs;BM blends do not generate more photo-
current (Js¢) than the binary PTB7-Th:PC4;BM solar cells. Likewise,
the FF decreases from 66 to 55% upon increasing the PDTP-DFBT

Published in partnership with Nanjing Tech University

content in the absorber blend. Together with the nearly linear
reduction in Vpc, the PCE of solar cells comprising ternary blends
is constrained between the binary extremes, PCE =7.4% at x=0%
and 4.5% at x=100%.

Commonly, ternary absorber blends are classified in two
categories: (i) In a parallel-like bulk-heterojunction, holes are
generated and transported individually on the two polymer
domains without any notable interaction. 7 (i) Two compo-
nents (here: two donor polymers) form an organic alloy with
strong physical and electronic interaction.3*° To classify the
ternary absorber PTB7-Th:PDTP-DFBT:PC4,BM, we investigated the
interaction of PTB7-Th and PDTP-DFBT by photoluminescence
(PL) spectroscopy on PTB7-Th:PDTP-DFBT blend films omitting
PCs1BM. In the PL spectra in Fig. 3c, neat PTB7-Th exhibits a broad
emission peak from 720 to 850 nm, which overlaps well with the
absorption of PDTP-DFBT (see Fig. 1 for PDTP-DFBT absorption).
Upon mixing PDTP-DFBT into PTB7-Th, the PL signal of
PDTP-DFBT increases continuously while the emission of PTB7-
Th is efficiently quenched, providing evidence for energy transfer
from PTB7-Th to PDTP-DFBT. Hence we conclude that the PTB7-
Th:PDTP-DFBT:PCs;BM blend is a type (ii) system.

npj Flexible Electronics (2017) 11
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Table 1.

Key performance parameters of solar cells comprising PTB7-Th:PDTP-DFBT:PC¢;BM ([1-x]:x:1.5 w/w/w) light harvesting layers before and
after thermal annealing (120°C, 2 h). The data set represents more than 20 samples per entry

PTB7-Th:PDTP-DFBT:PCs;BM  annealing  Jsc (MA/cm?)  Voc (MV)  FF (%)  PCE (%)  PCE® (%)  PCE/PCE® (%)  Rims (NM)  Rumax @ (NM)
1.0:0.0:1.5 (w/o AA) w/o 13.8+0.3 793 +3 60+1 65+02 69 70 04 3.1
2h@120°C  112+0.1 805+3 5142 46+01 48 18 187
1.0:0.0:1.5 w/o 143+4 789 + 4 66+1 74+02 79 70 12 9.4
2h@120°C  11.4+04 808 +4 52+ 52+02 55 24 74.8
0.8:0.2:1.5 w/o 14.1+05 767 +6 65+2 70+02 75 83 13 122
2h@120°C  12.8+03 792 +2 58+2 58402 6.1 14 169
0.6:0.4:1.5 w/o 140+ 0.3 749 +5 + 66+02 7.1 91 16 142
2h@120°C 134402 777 +3 + 60+0.1 6.1 18 162
0.4:0.6:1.5 w/o 134+ 04 736 +5 61+1 60+02 65 93 24 187
2h@120°C  12.9+0.2 759 + 4 57+1 56+01 58 29 28.0
0.2:0.8:1.5 w/o 125+05 722+3 57+1 51402 54 98 3.1 214
2h@120°C  12.0+05 748 +2 56+1 50+02 52 33 25.1
0.0:1.0:1.5 w/o 114+04 724+8 55+1 45+03 49 100 48 384
2h@120°C 113 +0.2 750 +2 53+1 45+01 48 46 421

2 PCE of the best performing device

P ratio of the PCEs after and before annealing
 root-mean-square roughness of the photoactive layer
d peak-to-valley roughness of the photoactive layer

We note that the gradual change of V.. towards the V.. of the
binary blends (x=0% or x=100%) is often observed in type (i)
ternary blends. Yet, this phenomenon has occasionally also been
observed in type (ii) ternary material systems>* 3”4 %" and can be
caused by an electronic alloy charge transfer state*® or by two
mixed distinct charge transfer states.>®

Thermal stability of ternary blends

To investigate the thermal stability of the ternary PTB7-Th:
PDTP-DFBT:PC¢;BM blend at different PDTP-DFBT concentrations,
we thermally stressed all samples discussed previously at 120 °C
for 2 h. The respective device performance data are depicted in
Fig. 3a and is summarized in Table 1. We found that the J;. of the
thermally annealed devices increased towards a PDTP-DFBT
concentration x =40%, where it almost matched the J;. of the
devices before annealing. Beyond x =40%, J;. decreased, even-
tually yielding the J;. of binary PDTP-DFBT:PC4;BM solar cells.
With the FF being rather constant and the V.. showing the same
behavior as in the non-annealed devices, the PCE followed the J,
trend. Under the harsh thermal stress conditions employed in here
(120°C, 2 h), we found optimum device performance and stability
at x=40%, i.e., PTB7-Th:PDTP-DFBT:PCs;BM (0.6:0.4:1.5) solar cells.
Figure 4a specifically compares the J-V curves of the PTB7-Th:
PDTP-DFBT:PC4:BM (0.6:0.4:1.5) solar cells before and after
annealing. Again, the V,. improved slightly from 749 mV before
to 777 mV after thermal stressing. The FF declined from 62 to 57%
but still surpasses binary PDTP-DFBT:PC4;BM. After annealing, we
obtained Jic = 13.4 mA/cm? which remained close to the J,. = 14.2
mA/cm? before annealing—a relative loss of only 6%. Most
remarkably, after thermal annealing for 2 h at 120 °C, the PCE of
the ternary solar cells still yielded 6%, generating 15% more
photocurrent than the binary PTB7-Th:PCs;BM solar cell. This
stabilization of the device performance is also reflected in the EQE
measurements in Fig. 4b. The EQE losses upon annealing all over
the spectral regime are far less pronounced than in the binary
PTB7-Th:PC4;BM mixture and rather resemble the magnitude of
relative losses observed in the binary PDTP-DFBT:PC4;BM
absorber (Fig. 2). We observed only a minor EQE decrease in the
fullerene absorption regime which also nicely matches the

npj Flexible Electronics (2017) 11

observation on PDTP-DFBT:PCs;BM binary solar cells. Again, we
observed about no change in the surface topography of the
ternary PTB7-Th:PDTP-DFBT:PC4;BM layer (Fig. 4c), which indi-
cates that PC4,BM aggregation is effectively suppressed.

Herein, we have explored in detail the stability of PTB7-Th:
PDTP-DFBT:PCs:BM bulk-heterojunctions under thermal stress
that is typically applied during device lamination (120 °C, 2 h). Yet,
the solar cells also withstand other annealing processes. Figure S5
in the supplementary information depicts the relative perfor-
mance of the ternary blends during 200 h at 85 °C, 30 h at 120 °C
and 30 min at 150 °C.

We note that PDTP-DFBT can also stabilize other bulk-
heterojunctions such as the omnipresent PTB7:PCq4;BM, as detailed
in Fig. S6 and Table S2 in the supplementary information.

Domain conformation

The origin of the thermal stability of the ternary PTB7-Th:
PDTP-DFBT:PC4:BM solar cells is hidden in the molecular and
domain conformation of its components. Since non-destructive
measurements are always preferred to probe bulk properties,
spectroscopic ellipsometry is one of the methods of choice.
Probing the shape of nanodomains in binary bulk-heterojunctions
by spectroscopic ellipsometry was previously described by
Engmann et al. and exemplified on P3HT:PC¢;BM blends.*? They
employed an effective medium approximation to describe
molecular distributions in thin-films by the complex refractive
indices (n, k). Following this procedure, we recorded the dielectric
functions ¢ of the neat components PTB7-Th, PDTP-DFBT and
PC¢1BM on glass substrates, and then modeled ¢ by fitting a
generalized (Gauss) oscillator model to the corresponding data as
previously described in the literature.** ** The optical constants (n,
k) of the neat materials were then combined into an effective
medium to describe the ternary blend. k essentially represents the
absorption of the ternary blends (Fig. S7a, Supp. Information),
which is in excellent agreement with the previously discussed
thin-film absorption and device EQE (Fig. 3b and Fig. S4, Supp.
Information).

The description of such an effective medium strongly depends
on the size and shape of the material domains formed by its

Published in partnership with Nanjing Tech University
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Fig. 3 a Photovoltaic performance of ternary PTB7-Th:PDTP-DFBT:PCg:BM ([1-x]:x:1.5 w/w/w) solar cells versus PDTP-DFBT concentration x
measured under AM1.5 irradiation before and after annealing (120°C, 2h). b Corresponding external quantum efficiencies. ¢
Photoluminescence spectra of binary PTB7-Th:PDTP-DFBT donor blends excited at A =610 nm, showing efficient quenching of the PTB7-

Th photoluminescence by PDTP-DFBT

components. The underlying theory is well described in the
literature.*® The interaction of domains with the electromagnetic
field and hence the effective dielectric function e, depend on the
domains’ polarizability. The latter in turn depends on the volume
fractions of the components as well as the shape of the domains.
According to Bruggeman theory, for two materials, €. can be
calculated by:

&&p + Ken(fa€a + fosb)
Kep + (fh8 + fo€a)

Eeff = Q)]

(ref. 43) where g, and ¢, represent the dielectric functions of the
neat materials while f; and f,, represent the corresponding volume
fractions. &, is the dielectric function of the host material, i.e., the
surrounding matrix. In Bruggeman theory, the host is the blend of
the two materials described by €, and ¢, i.e, &, =& (ref. 46).
Equation 1 can be extended to any number of involved materials.

The screening factor g € [0,1], k = (1 —q)/q describes the
screening of the electromagnetic field by the two components.
We found that g changes when the domain conformation
changes. Hence, g is well suited to describe the domain
conformation, also in ternary bulk-heterojunctions. We recorded
ellipsometric data from PTB7-Th:PDTP-DFBT:PCsBM thin-films
comprising different polymer mixing ratios before and after
annealing and used g as a modeling parameter. g versus the
PDTP-DFBT concentration x is plotted in Fig. 5. At x=0%, i.e., a
binary PTB7-Th:PC4;,BM blend, the screening factor g multiplies by
a factor of three upon annealing. This indicates a change in
domain conformation (order, size or shape) within the bulk-
heterojunction which is the origin of the PTB7-Th:PC¢;BM solar cell
performance loss during annealing as observed above. On the
other hand, the screening factor of binary PDTP-DFBT:PC¢,BM
bulk-heterojunctions g=0.1 (x=100%) does not change upon
annealing. This can be attributed to a stable domain conformation

Published in partnership with Nanjing Tech University

and is very much in accordance with the stable performance of
PDTP-DFBT:PC4:BM solar cells before and after annealing. In
between both extremes, g changes depending on the PDTP-DFBT
concentration x. At x=40% and beyond, g remains mostly
unaffected by thermal annealing, reflecting the enhanced stability
of the ternary blends with high PDTP-DFBT content and in
particular of the PTB7-Th:PDTP-DFBT:PC4,BM (0.6:0.4:1.5 w/w/w)
blend investigated above. We note that the observed changes in
PTB7-Th:PCe,BM surface topography in Fig. 2c may also stem from
the change of domain shapes that is reflected in the screening
factor g.

CONCLUSION

In this study, we observed excellent thermal stability of solar cells
comprising binary PDTP-DFBT:PC4;BM  bulk-heterojunctions,
whereas PTB7-Th:PC4:BM solar cells show a 30% relative
performance loss upon annealing at 120°C for 2h. When
replacing 40 wt% of PTB7-Th with PDTP-DFBT, the performance
of PTB7-Th:PCs;BM solar cells is maintained. At the same time,
however, this ternary blend exhibits the enhanced thermal
stability of PDTP-DFBT:PC4,BM binary blends. A comprehensive
spectroscopic ellipsometry study and the interpretation of the
screening factor indicate that the ternary blend exhibits a stable
domain conformation. This is in accordance with atomic force
microscopy investigations. Notably, the annealing conditions
investigated herein are also compatible with plastic substrates
such as PET.

This leads us to conclude that ternary D-D-A blends comprising
two polymers are not only a promising concept for enhancing the
PCEs of organic solar cells, but may also be a facile route to
devices with improved thermal stability, either on short terms
during fabrication (e.g., lamination processes), or on long terms
during device operation.
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Fig. 4 a Typical J-V curves of PTB7-Th:PDTP-DFBT:PC4,BM
(0.6:0.4:1.5) solar cells under AM1.5 irradiation (solid lines) and in
the dark (dashed lines) before and after thermal annealing (120 °C, 2
h), demonstrating excellent thermal stability of the ternary bulk-
heterojunction. b The (normalized) corresponding external quan-
tum efficiencies show only minor deterioration in the fullerene
absorption regime. ¢ Typical AFM images of PTB7-Th:PDTP-DFBT:
PCs1BM (0.6:0.4:1.5) thin-films before (back) and after annealing
(front), qualitatively showing no change in surface topography

METHODS
Device fabrication

All organic solar cells were fabricated according to the device architecture
depicted in Fig. 1d. Patterned indium tin oxide (ITO, layer thickness 125 nm,
Ro=15 Q/sq) -coated glass substrates were cleaned by sequential
ultrasonication in acetone and 2-propanol (10 min). Afterwards the
substrates were transferred into a nitrogen glovebox for the entire
fabrication and characterization process. A zinc oxide (ZnO) electron
extraction layer was spun from nanoparticle dispersion (Nanograde Ltd., 1
wt% in 2-propanol, 4000 rpm, 30s, 30 nm) and thermally annealed on a
hotplate (80°C, 10 min). Poly[[4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]benzo
[1,2-b:4,5-b’1dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno
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Fig. 5 The evolution of the screening factor g of ternary PTB7-Th:
PDTP-DFBT:PCs:BM blends versus the PDTP-DFBT concentration x
before (open squares) and after annealing (closed squares)

[3,4-b]thiophenediyl]] (PTB7-Th, 1-Material Inc., M,, = 108 kg/mol, Dy, = 2.5)
and poly[[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2’,3'-d]pyran)-
alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)]] (PDTP-DFBT, 1-Material Inc.,
M,, =37 kg/mol, By, =2.4) were dissolved in o-xylene with different mass
ratios. The overall polymer concentration was kept constant at 10 g/L. [6,6]-
phenyl Cg;-butyric acid methyl ester (PCg;:BM, Solenne, 99%) was dissolved
separately. The solutions were mixed to yield a polymer:fullerene ratio of
1:1.5. The solution was stored overnight on a hotplate at 85 °C. Afterwards,
2 vol% of the co-solvent p-anisaldehyde were added to the stock solution.
The photoactive layer was spin cast from the warm solution (1500 rpm,
60s, 100 nm). After initial film drying at room temperature (10 min), the
films were dried on a hotplate at moderate temperature (60 °C, 10 min).
The molybdenum oxide/silver (MoO,/Ag, 10 nm/100 nm) counter electrode
was vacuum deposited (base pressure 107® mbar) using a shadow mask to
define the active area of the solar cell (3 x 3.5 mm?).

Characterization

Stability tests of solar cells were performed on non-encapsulated solar cells
in inert atmosphere and under continuous heating on a hotplate at 120 °C
for 2 h. Current density-voltage (J-V) curves were recorded with a source-
measurement unit (Keithley 238) under illumination from a spectrally
monitored solar simulator (Oriel 300 W, 1000 W/m?, ASTM AM 1.5G),
calibrated by a KGS5 filtered silicon reference cell (91150-KG5, Newport). We
note that light-soaking did not show any effect on the optoelectronic
properties of the solar cells. Layer thicknesses were measured with a tactile
stylus profiler (Dektak XT, Bruker). Absorbance and transmittance spectra
were recorded using a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent
Technologies) equipped with an integrating sphere (=150 mm). PL
spectra of films were measured on a fluorescence spectrophotometer (Cary
Eclipse, Agilent Technologies) using an excitation wavelength A=610 nm.

HOMO energies of the semiconductors were estimated from the
ionization potential measured by photoelectron yield spectroscopy in air
(PESA, AC-2E, Riken Keiki, beam power 10 nW). The EQE was measured
using chopped monochromatic probe light, generated by a high-pressure
xenon plasma lamp (450 W LSH601, LOT Oriel) and a monochromator
(Omni-A300, LOT Oriel), including a set of wavelength filters (MSZ3122, LOT
Oriel) and optics. The solar cell response was measured using a lock-in
amplifier (DLPCA-S, Femto Messtechnik GmbH and eLockin 203, Anfatec
Instruments AG) synchronized with the chopped monochromatic probe
light. No bias light was applied. The J,. calculated from the EQE and the J;
measured under the solar simulator matched within 5% (PTB7-Th) and 15%
(PDTP-DFBT) range. Atomic force microscope (AFM, Dimension ICON,
Bruker) images were recorded on fully functional solar cells next to the top
electrodes in tapping mode (TESP tip).

Spectroscopic ellipsometry measurements and data analysis were
carried out on a Woollam VASE® system with an AutoRetarder and the
corresponding WVASE32 Data Acquisition and Analysis Software®. Data
were recorded at wavelengths from 300 nm to 1600 nm in steps of 10 nm
and at angles of incidence from 35° to 75° in 5° intervals. Additionally, a
transmission spectrum at normal incidence was recorded to validate the
obtained thicknesses and imaginary parts of the refractive indices. Since
Mueller-Matrix measurements do not show any distinct in-plane
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anisotropy, an isotropic sample type was assumed. All ellipsometry
measurements were performed using neat material films on glass at room
temperature and under ambient conditions.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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