Organic Electronics 83 (2020) 105738

Contents lists available at ScienceDirect

Organic

Organic Electronics

e >

FI. SEVIER

journal homepage: http://www.elsevier.com/locate/orgel

Check for

High absorption coefficient n-conjugation-extended donor-acceptor | e
copolymers for ternary-blend solar cells

Hyeongjin Hwang ', Chaneui Park ', Dong Hun Sin ', Eunjoo Song, Kilwon Cho

Department of Chemical Engineering, Pohang University of Science and Technology, Pohang, 37673, South Korea

ARTICLE INFO ABSTRACT

Keywords:

High absorption coefficient copolymers
Donor-acceptor copolymers
n-Conjugation extension

Ternary-blend solar cells

The effects of one-dimensional (1D) and two-dimensional (2D) n-conjugation extensions of donor-acceptor (D-A)
copolymers on their intrinsic and photovoltaic properties in ternary-blend organic solar cells (OSCs) were
investigated systematically by using one polymer donor and two acceptors (PC71BM, ITIC). A series of wide
bandgap D-A copolymers (PBT-OTTs) were synthesized based on the benzo[1,2-b:4,5-b’]dithiophene (BDT) unit
and the thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD) unit, which extend in the backbone (1D) and side-group di-
rections (2D) respectively from the PBT-OTT backbone. These copolymers are PBT-OTT (the parent polymer),
PDTBT-OTT (with a 1D backbone extension consisting of dithieno[2,3-d; 2/,3'-d']benzo[1,2-b; 4,5-b']dithio-
phene), PTTBT-OTT (with a 2D side group extension consisting of 2-alkyl thieno[3,2-b]thiophene (TT)), and
PBTBT-OTT (with a 2D side group extension consisting of 2-alkyl benzo[b]thiophene (BT)). Light absorption is
significantly increased in the case of PBTBT-OTT due to its extended 2D n-conjugation length and high crys-
tallinity. This increase results from the extended delocalization length and the increased absorption coefficient a
of PBTBT-OTT. The wide bandgap polymer PBTBT-OTT has the highest a of the series, so the complementary
absorption of the low bandgap ITIC means that the ternary-blend OSCs based on PBTBT-OTT exhibit the highest
Jsc = 16.61 mA cm~2 and PGE = 8.61%. We believe that these findings provide systematic guidelines for the

n-conjugation extension of conjugated polymers and thus the design of high-efficiency ternary-blend OSCs.

1. Introduction

Organic solar cells (OSCs) are inexpensive, lightweight, flexible, and
amenable to solution-based processing for mass production [1-5]. To
achieve high power conversion efficiencies (PCEs), much research effort
has focused on the design and synthesis of high-efficiency donor and
acceptor (D-A) copolymers. The PCEs of single-junction OSCs now
exceed 15% [6,7].

Conventional OSCs employ a binary blend of a D-A copolymer as a
donor with a fullerene derivative as an acceptor. However, such systems
have only a limited capacity to harvest sunlight. To address these limi-
tations, ternary OSCs have been prepared in which a single photoactive
layer composed of three absorbing materials, i.e., either wide bandgap
(WBG) donors and a low bandgap (LBG) acceptor, or one WBG donor
and two LBG acceptors [8-13]. Furthermore, the use of an LBG acceptor
and a WBG donor as absorbing materials in the ternary active layer can
enable complementary absorption that increases the light-harvesting
efficiency and PCE of the OSC [14,15]. High-efficiency ternary-blend
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OSCs require the blending of appropriate LBG and WBG absorbing ma-
terials with PC7;BM in a single active layer; the LBG should have an
optical bandgap Eg < 1.8 eV, and the WBG should have E; > 1.8 eV [16].
Recently,3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-inda-

none))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2/,3'-d’]-s-

indaceno[1,2-b:5,6-b’]dithiophene) (ITIC) has been used as the LBG
acceptor because its main absorption band arises near 700 nm (700 < 1
< 800 nm) and its absorption spectrum complements the spectra of
WBG polymers [17]. Moreover, the energy levels of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of ITIC are positioned almost midway between the
HOMO and LUMO energy levels of WBG polymers and PC;;BM; the
resulting cascade of energy levels increases the effectiveness of hole
and electron charge transfer [18]. However, when ITIC is added to
polymer blends, the films typically have poor morphologies due to
aggregation [14]. This problem can be solved by adding an appropriate
amount of PC71BM to the blend of ITIC with the polymer; the resulting
morphologies have optimum phase separation [19]. To effectively
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combine the advantages of PC7;BM and ITIC, the ratio of ITIC to
PC71BM in the ternary-blend layer must be optimized.

To increase the PCEs of ternary-blend OSCs based on an LBG
acceptor, a WBG polymer that has a high absorption coefficient «a is
required. Extending the n-conjugation length of the polymeric backbone
can increase its n-electron delocalization, and is therefore an effective
way to obtain high & values and to increase the light absorption of OSCs
[20]. Therefore, to increase a of the donor polymer, its delocalization
length should be extended in one (1D) or two dimensions (2D). For
instance, incorporating a thieno[3, 2-b]Jthiophene (TT) n-bridge as a
spacer into the WBG benzodithiophene (BDT)-thienopyrroledione (TPD)
backbone significantly increases the 1D n-conjugation length. Hence, in
the resulting polymer « is higher and the UV-vis absorption spectrum is
red-shifted with respect to that of the parent polymer [21]. Similarly, the
fused-ring ladder-type donor moiety indacenodithiophene (IDT) can be
extended by fusing two thiophenes to it; this process yields a highly
extended seven ring indacenodithienothiophene (IDTT) donor moiety
with a 1D n-conjugation extension system [22]. After copolymerizing
IDTT with 2F-substituted benzothiadiazole (DFBT), the resulting 1D
backbone-extended WBG polymer, PIDTT-DTBT, has a higher a value
than the parent polymer, PIDT-DFBT. Finally, to extend the 2D
n-conjugation length of the WBG polymeric backbone, oligothienyl
n-conjugated structures can be introduced as side groups into the donor
moiety BDT and the resulting BDT derivatives then copolymerized with
DFBT units [23]. This 2D n-conjugation extension significantly increases
the intensity of the UV-vis light absorption band of the corresponding
polymer.

Herein, with the aim of synthesizing a WBG polymer with high a, we
selected PBT-OTT [19] as the parent polymer, which is a copolymer of
the BDT derivative as the donor moiety and the TPD derivative as the
acceptor moiety, and systematically extended its polymer chains by
adding aromatic compounds in a 1D linear arrangement (PDTBT-OTT)
or a 2D planar arrangement (PTTBT-OTT and PBTBT-OTT) (Scheme 1
and Table S1). PBT-OTT is a good photovoltaic material when it is
paired as the donor polymer with ITIC and PC7;BM in ternary-blend
OSCs; under optimized device conditions, PCE = 8.18%); the optimized
overall acceptor ratio of ITIC and PC71BM is 2:8 (wt:wt %) fixed at a
donor-to-acceptor ratio of 1:1.5 wt:wt% [19]. Alkylated-BT-substituted
BDT-based PBTBT-OTT, which is extended in the 2D n-conjugation di-
rection, exhibits the highest a and Js¢ of our OSCs, and a PCE of 8.61%.
This high PCE is mainly due to the increased a of the polymer, the
complementary optical absorption properties of PBTBT-OTT and ITIC,
the well-cascaded energy levels of PBTBT-OTT, ITIC, and PC7;BM, and
the improved film morphology. The aim of this study was to investigate
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strategies for extending the n-conjugation length of the PBT-OTT
backbone so as to achieve high-efficiency ternary-blend OSCs.

2. Results and discussion
2.1. Design, synthesis, and characterization of the polymer

The =n-conjugated parent polymer PBT-OTT was systematically
extended. A 1D backbone extension was achieved by fusing thiophenes
onto both sides of the BDT structure (PDTBT-OTT). A 2D side-group
extension was achieved by substituting 2-ethylhexyl BT for the 2-ethyl-
hexyl selenophyl side group on the BDT unit of PBT-OTT to prepare
PBTBT-OTT, and 2-ethylhexyl TT for the 2-ethylhexyl selenophyl side
group on the BDT unit to prepare PTTBT-OTT (Scheme 1 and Table S1).
These n-conjugated copolymers were synthesized by performing
palladium-catalyzed Stille coupling reactions between the BDT and TPD
derivatives (Scheme S1). The resulting crude copolymers were purified
by successive washing with methanol, acetone, and hexane in a Soxhlet
extractor.

The solubilities of the synthesized polymers are different: PBT-OTT
and PDTBT-OTT have moderate solubility in chlorobenzene (CB)
whereas PTTBT-OTT and PBTBT-OTT have limited solubility in CB but
can be dissolved in 1,2-dichlorobenzene (DCB) to fabricate blend films.
PTTBT-OTT dissolves at a higher temperature in DCB than PBTBT-OTT;
this difference could be due to the rigid fused heteroaromatic BT and TT
rings and the symmetric structure of TT, so the polymer based on 2-eth-
ylhexyl-TT-substituted BDT is likely to exhibit lower solubility than the
polymer based on 2-ethylhexyl-BT-substituted BDT.

The number molecular weights Mn and polydispersity indexes (PDIs)
of the polymers were measured with gel permeation chromatography by
using DCB as the eluent at 220 °C (Table S2). PBT-OTT has Mn = 23 kDa
and PDI = 2.9; PBTBT-OTT has Mn = 26 kDa with PDI = 2.0, PTTBT-
OTT has Mn = 24 kDa and PDI = 2.7, and PDTBT-OTT has Mn = 52 kDa
with PDI = 2.0. The 1D n-conjugation-extended polymer PDTBT-OTT
has the highest Mn of the synthesized polymers. This high Mn might
arise because of the steric hindrance between the donor and acceptor
derivatives in the PDTBT-OTT polymeric backbone (Section 2.3), which
would increase its solubility in the reaction solvents (toluene and DMF)
[24]. Therefore, the DTBT-OTT derivatives dissolve more in the reaction
solvents during polymerization than the other derivatives, so
PDTBT-OTT has the highest degree of polymerization.

All four polymers are thermally stable with decomposition temper-
atures Tq > 400 °C under a N3 atmosphere (Fig. S1, Table 52); this result
indicates that their thermal stabilities are high due to their extended

R;= 2-Ethylhexyl
R,= 2-Butyloctyl
R;=n-Octyl

backbone
extension

Scheme 1. Chemical structures of 1D or 2D n-conjugation-extended donor polymers, PC;;BM, and ITIC.
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n-conjugation lengths. Therefore, the polymers have adequate thermal
stabilities for use in optoelectronic devices [25]. No thermal transitions
were found with differential scanning calorimetry for these polymers.

2.2. Optoelectrical properties

Cyclic voltammetry was conducted to estimate the HOMO energy
levels of the polymers and ITIC, and their bandgaps E; were used to
determine their LUMO energy levels (Fig. 1a and Fig. 52). All HOMO
levels were found to be increased by the 1D or 2D extensions of the PBT-
OTT backbone n-conjugation length, except that of PBTBT-OTT. This
increase is due to the electron-donating strength of the fused and
substituted thieno[3,2-b]thiophene structure and their greatly extended
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Fig. 1. a) Energy levels diagrams for synthesized polymers, ITIC, and PC;;BM,
UV-Vis absorption and ITIC in b) solution and c) film; the ¢ in the legend
represents absorption coefficient of the polymers. The thicknesses of the poly-
mer films were 99 nm for PBT-OTT, 112 nm for PBTBT-OTT, 97 nm for PTTBT-
OTT, and 106 nm for PDTBT-OTT.
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n-conjugation systems [21,22,26]. Furthermore, extending the poly-
meric backbone (PDTBT-OTT) has a stronger effect on the HOMO en-
ergy level than extending the side group (PTTBT-OTT). On the other
hand, the HOMO energy level of PBTBT-OTT is lower because of the
addition of 2-ethylhexyl BT as a side group: the benzene ring is
n—deficient when compared with a thiophene ring [27]. When conju-
gated polymer chains are fused to benzene, their electron density de-
creases; therefore, this decrease in the HOMO energy level will increase
the open circuit voltage, Voc, of the OSCs based on PBTBT-OTT (Section
2.5). By extending the n-conjugation length of PBT-OTT, the LUMO
energy levels of the resulting polymers are upshifted in proportion to
their Eg, but the opposite occurs in PBTBT-OTT. PDTBT-OTT has a
higher LUMO energy level than the other polymers, possibly due to the
significant increase in Eg resulting from the backbone conjugation
extension. As a result, incorporating 2-ethylhexyl BT onto the BDT unit
simultaneously decreases the HOMO and LUMO energy levels of
PBTBT-OTT.

The cascade energy level alignment of the four polymers, ITIC, and
the PC71BM neat film is shown in Fig. 1a. The HOMO and LUMO energy
levels of ITIC lie between those of the four polymers and PC71BM; this
relationship means that holes are transferred efficiently from PC;1BM
and that electron transfer from the polymers is promoted.

The UV-Vis absorption spectra of solutions and thin films of these
materials were determined in the visible region (Fig. 1b and c). The
absorption spectra of the four polymers and ITIC contain strong ab-
sorptions with absorption maxima at ~ 600 nm (polymers) and 672 nm
(ITIC) (Fig. 1b). Therefore, the absorption spectra of the polymers are
complementary to that of ITIC, which extends into the near-infrared
region; this complementarity means that the light harvesting of the
ternary blends will be superior to that of their binary blends (polymer:
PC71BM) [19].

The absorption coefficient @ of PBTBT-OTT is the highest of these
polymers, followed by those of PBT-OTT, PTTBT-OTT, and then
PDTBT-OTT (Fig. 1c). In the wavelength range (300-640 nm), the « of
PBTBT-OTT was superior to that of other polymers. On the other hand,
in the wavelength range (640 — 700 nm), the a of PBT-OTT was the
highest. This trend in « is expected to be reflected in the Jgc values of the
associated ternary OSCs (Section 2.5). When the 2D r-conjugation
length is extended by using 2-ethylhexyl TT as a side group, the a value
is decreased, possibly because the 2-ethylhexyl TT side groups reduce
the crystallinity and thereby reduce the light absorption (Fig. 3a). Pat-
terns of light absorption in conjugated polymers are affected by crys-
tallinity of polymers as well as conjugation system of polymers [20,21,
28,29] When 2-ethylhexyl BT is introduced, the resulting polymer
PBTBT-OTT has a higher o than PTTBT-OTT. This increase might occur
because not only n-conjugation length on PBTBT-OTT is extended from
the parent polymer but also the crystallinity of PBTBT-OTT is superior
to that of PTTBT-OTT (Fig. 3a).

After the introduction of the two thiophene groups, one on either
side of the BDT unit copolymerized with TPD derivatives, the a value of
the resulting 1D conjugation-extended PDTBT-OTT is lower than that of
the parent polymer. This change might occur because the curved
structure of the PDTBT-OTT backbone absorbs sunlight inefficiently
[23]; this curved structure is due to the steric hindrance between the
2-ethylhexyl selenophyl side groups on the DTBT unit and the adjacent
octyl chain on the TT rn-bridge in the PDTBT-OTT backbone (Fig. S3).
This steric hindrance increases Eg and blue-shifts the UV-Vis spectrum,
and thus means that PDTBT-OTT has the lowest a value.

2.3. Theoretical calculations

To better understand the effects of n-conjugation extension on the
molecular orbital distribution and molecular architecture of the poly-
mers, density functional theory (DFT) calculations were performed with
the B3LYP/6-31G* model [30-32]. To avoid excessive computation
demand, the linear and branched alkyl chains on the polymeric
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Fig. 2. (a) Energy-minimized structure (B3LYP/6-31G*) of the HOMO and LUMO of the trimer model compounds. (b) The HOMO energy levels were measured by
cyclic voltammograms in thin film. (¢) The LUMO energy is estimated by adding the absorption onset to the HOMO.

backbone were replaced with methyl groups, and the backbones were
simplified to two repeating units (di-DTBT-OTT, di-BTBT-OTT, di-TTB-
T-OTT or di-BT-OTT) in optimized geometries in an energy-minimized
structure (Fig. 2). For dimers, the HOMO wave functions are well
delocalized along the dimeric backbones whereas their LUMO wave
functions are more localized at the acceptor components (Fig. 2).

After extending the n-conjugation length, the dihedral angles ¢; and
05 of the dimeric backbones were found to increase, where 6; is the
dihedral angle between the side group and the BDT or DTBT unit and 65
is the dihedral angle between the BDT unit and the adjacent 3-octyl TT
n-bridge (Fig. 2 and Table S3). When compared with di-BT-OTT, the 2D
side group extensions with methyl TT and methyl BT slightly increase 6;;
they are 58.4° in di-BTBT-OTT, 57.0° in di-TTBT-OTT, and 54.8° in di-
BT-OTT (Table S3); The 6; of di-BTBT-OTT is larger than that of di-
TTBT-OTT because the methyl BT side-group is a larger than the
methyl TT side group.

The 1D backbone extension through the introduction of the DTBT
unit significantly increases ¢; between methyl selenophene and the
DTBT unit to 79.3° (Fig. 2, Table S3). This increase might occur because

PTTBT-OTT

0.0 05 1.0

Ay [A7]

1.5 2.0-05 00 05

PDTBT-OTT

1.0

Ay [A7]

the shape of the dimeric backbone is changed from linear to curved,
which induces much steric hindrance between the methyl selenophyl
side group on DTBT and the adjacent methyl chain on the TT n-bridge
(Fig. S3 and Table S3). This steric hindrance is likely to increase the twist
in the polymeric backbone and to increase the 6, of the polymeric
backbone of di-DTBT-OTT (Fig. 2 and Table S3). Furthermore, this effect
may explain why for PDTBT-OTT Ej is wider and the UV-Vis absorption
spectrum is blue-shifted.

Overall, the n-conjugation extensions through molecular engineering
increase the dihedral angles ¢, and 6 of the polymers by inducing steric
hindrances. However, the influence of these steric hindrances is not so
severe that it reduces the molecular orderings or charge carrier mobil-
ities of the polymers.

2.4. Characteristics of OFETs based on these polymers

Organic field effect transistors (OFETs) were fabricated to evaluate
how the 1D and 2D n-conjugation extensions of PBT-OTT affect the
carrier transport properties of the polymers (Fig. 3 and Table S4). The

1 T T 4 1 T 1 T T T
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- === PBTBT-OTT .
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Fig. 3. a) GIWAXS patterns of polymer films and b) typical transfer curves of polymer based field effect transistors (thermal annealing of PBT-OTT at 240 °C, PBTBT-

OTT at 180 °C, PTTBT-OTT at 280 °C, and PDTBT-OTT at 240 °C).
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Fig. 4. Photovoltaic performance of the devices. a) Characteristic J-V curves of
the devices based on polymers:PC,BM with 20 wt % of ITIC under illumination
of AM 1.5 G, 100 mW/cm? light. b) EQE curves of the devices.

OFET hole mobilities uy, of the polymers were optimized by carrying out
thermal annealing. The calculated py values of PBT-OTT, PTTBT-OTT,
PBTBT-OTT, and PDTBT-OTT are 1.02 x 10’2, 2.28 x 10’3, 2.65 x
1073, and 9.45 x 1073 ecm? V1 s}, respectively (Fig. S4 and Table S4).
Thus, PBT-OTT exhibits the highest OFET py, of the polymers. Extending
the n-conjugation lengths of PBT-OTT reduces yy because the 1D and 2D
n-conjugation extensions increase the steric hindrance along the poly-
meric backbone and between the polymer chains.

To better understand the variation in the yy values of the OFETs that
use the synthesized polymers, the crystalline ordering of each OFET
active layer was examined with GIWAXS analysis (Fig. 3). The samples
for the GIWAXS measurements were spin-coated from DCB solution onto
SiOy/Si substrates that had been treated with octadecyltrichlorosilane.
The GIWAXS images (Fig. 3) show that all the polymers exhibit
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preferential face-on orientation; the intensity of the face-on orientation
decreases in the order PBT-OTT, PDTBT-OTT, PBTBT-OTT, PTTBT-
OTT.

The coherence lengths (CLs) of the polymers were calculated by
using the Scherrer equation [33]. As the n-conjugation length increases,
CL decreases: 94.5 A for PBT-OTT, 94.4 A for PDTBT-OTT, 88.8 A for
PBTBT-OTT, and 83.8 A for PTTBT-OTT (Table S5). Increasing the CL of
a polymer provides efficient n-nt stacking channels that improve
charge-carrier transport [34,35]. These results are consistent with the
trend in up for the OFETs based on the polymers. For example, the
PDTBT-OTT polymer exhibits better charge carrier transport through
the channels than the other polymers. Furthermore, the peak in the
face-on orientation of PDTBT-OTT is higher in intensity than those of
PBTBT-OTT and PTTBT-OTT after thermal annealing; this is the reason
that un for PDTBT-OTT is higher than those for PBTBT-OTT and
PTTBT-OTT.

2.5. Photovoltaic properties of the OSCs

The effects of the n-conjugation extensions on the photovoltaic
properties were investigated (Fig. 4 and Table 1). Upon the incorpora-
tion of PC71BM into the binary blends (polymer:ITIC), the resulting PCEs
of the OSCs are enhanced due to increases in Jsc or FF (Table S6). It was
found that the optimal overall donor-to-acceptor ratio in the active layer
is 1:1.5 (wt:wt %) and that the optimal overall acceptor ratio of ITIC and
PC71BM is 2:8 (wt:wt %). The OSCs based on PBT-OTT exhibit Jgc =
14.98 mA cm ™2, Voc = 0.87 V, and FF = 62.6%, with PCE = 8.15%. The
OSCs based on PDTBT-OTT, obtained by extending the 1D n-conjuga-
tion length with the DTBT derivative, exhibit reduced Jsc and PCE
values. Extending the 2D n-conjugation by using 2-ethylhexyl TT or 2-
ethylhexyl BT significantly reduces Jsc to 9.38 mA cm™2 and PCE to
4.23% in the OSCs based on PTTBT-OTT, and increases Jsc to 16.61 mA
em~2 and PCE to 8.61% in the OSCs based on PBTBT-OTT. The best
characteristics are those of the OSCs based on PBTBT-OTT: Jsc = 16.61
mA Cmfz, Voc = 0.92 V, and FF = 56.4% with PCE = 8.61%.

The OSCs based on PBTBT-OTT have the highest Jsc = 16.61 mA
cm’z, followed by the OSCs based on PBT-OTT (Jsc = 14.98 mA cm’z),
the OSCs based on PDTBT-OTT (Jsc = 9.79 mA cm’z), and the OSCs
based on PTTBT-OTT (Jsc = 9.38 mA cm~2). This trend in Jg¢ mostly
follows that in the light absorption of the corresponding polymers
(Table 1 and Fig. 1c). The overall EQE is higher in the OSCs based on
PBTBT-OTT than in the OSCs based on PBT-OTT. The high Jg¢ of the
OSCs based on PBTBT-OTT is expected, because of its increased o
(Fig. 1c). Jgc is slightly higher in the OSCs based on PDTBT-OTT than in
the OSCs based on PTTBT-OTT, despite a being lower in PDTBT-OTT
than in PTTBT-OTT; this trend arises because the OSCs based on PDTBT-
OTT have a higher EQE than the OSCs based on PTTBT-OTT for the
range 660 < A < 800 nm, which corresponds to the main absorption
band of ITIC. As a result, the overall EQE of PDTBT-OTT is superior to
that of PTTBT-OTT (Fig. 4b).

The Voc values of the OSCs prepared from the z-conjugation-
extended polymers are 0.87 V (PBT-OTT), 0.92 V (PBTBT-OTT), 0.90 V
(PTTBT-OTT), and 0.86 V (PDTBT-OTT) (Table 2). Vo is closely related

Table 1

Optical and electrochemical properties and related energy levels of the polymers and ITIC.
Polymer Amax, Amax, Aonset, Eg" [eV] HOMO" [eV] LUMO® [eV]

Soln. [nm] Film [nm] Soln. [nm]

PBT-OTT 569, 608 570, 611 652 1.90 —5.46 —3.56
PBTBT-OTT 567, 605 574, 613 655 1.89 —5.51 -3.62
PTTBT-OTT 571, 614 570, 617 655 1.89 —5.38 —3.49
PDTBT-OTT 546, 582 558, 594 623 1.99 —5.36 —3.37
ITIC 619, 672 - 730 1.70 —5.65 -3.95

2 Eg °P' = 1240/ Aonser-
> HOMO = - (4.80 + Egpser, 0X).
¢ LUMO = HOMO + E,.
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Table 2

Detailed photovoltaic parameters of ternary blend devices (polymer: ITIC:PC7;BM).
Polymer DIO (%) Thickness [nm] Jse Voc [V1 FF [%] PCE [%]

[mA cm'z]

PBT-OTT 3 219 14.98 0.87 62.6 8.15
PBTBT-OTT 1 192 16.61 0.92 56.4 8.61
PTTBT-OTT - 163 9.38 0.90 50.1 4.23
PDTBT-OTT - 221 9.79 0.86 71.1 6.00

- ITIC:PC;;BM (20:80 wt%).

to the energy difference between the HOMO energy level of the electron
donor and the LUMO energy level of the electron acceptor. Extending
the 2D n-conjugation length by using 2-ethylhexyl BT side groups results
in a decrease in the HOMO energy level, so PBTBT-OTT has an increased
Voc. In contrast, extending the 1D z-conjugation length to produce
PDTBT-OTT means that it has a higher HOMO energy level and a
reduced Voc. However, the HOMO energy levels and Vo of PTTBT-OTT
do not follow this pattern: extending the 2D n-conjugation length by
using the 2-ethylhexyl TT side group leads to an increase in the HOMO
energy level but also to an increase in Vpc. Voc is high despite the
increased HOMO energy level possibly because of the immiscible
morphology of the PTTBT-OTT blend; immiscible ITIC domains could be
present in the PTTBT-OTT blend that increase the overall LUMO energy
level (Fig. 6).

The FF value of the OSCs based on PDTBT-OTT (71.1%) is the
highest of the tested OSCs. The FF values of the OSCs based on the other
polymers are as follows: PBT-OTT, 62.6%; PBTBT-OTT, 56.4%; PTTBT-
OTT, 50.1%. The FF is determined by disproportionate charge collection
with balanced charge transport. The balance between uy, and the elec-
tron mobility y in each active layer was investigated by using the space-
charge limited current (SCLC) method for hole-only and electron-only
devices (Fig. S4 and Table S7). The OSCs based on PBT-OTT exhibit
FF > 60% because for these OSCs yp/pe ~ 1, which means that generated
free charges can be extracted efficiently to the electrodes. The OSCs
based on PDTBT-OTT exhibit FF > 70% because for these OSCs u. is
higher, so yn/pe = 1. Although the OSCs based on PBTBT-OTT exhibit a
relatively low FF, 56.4%, the OSCs based on this polymer exhibit a high
un and a reasonable up/pe = 0.83. However, the OSCs based on PTTBT-
OTT exhibit the lowest FF, 50.1%, and a up/p. ratio that differs signif-
icantly from 1, possibly because there is poor phase separation in the
PTTBT-OTT blend film. Accordingly, exciton dissociation does not occur
efficiently in the active layers of OSCs based on PTTBT-OTT and so
generated free charges accumulate.

2.6. Charge recombination dynamics

To characterize the charge-recombination dynamics of the OSCs, we
measured the Jsc of each device as a function of the illumination in-
tensity Pighe (Fig. 5a). In principle, Jsc values in OSCs exhibit a power-
law dependence on the light intensity Pjigny, i.e. Jsc x(Plignt)S [36,371.
Weak bimolecular recombination in the devices should produce a linear
dependence of Jsc on Pyigpy; i.e., S = 1. S is 0.990 in the OSCs based on
PBT-OTT [19], 0.969 in the OSCs based on PBTBT-OTT, 0.912 in the
OSCs based on PTTBT-OTT, and 0.993 in the OSCs based on
PDTBT-OTT (Table S8); i.e., S & 1 for all the devices, except for the OSCs
based on PTTBT-OTT. This result indicates that bimolecular charge
recombination is negligible in the OSCs based on PBT-OTT,
PBTBT-OTT, and PDTBT-OTT, but as a result of the 2D n-conjugation
extension using 2-ethylhexyl TT, bimolecular recombination is
enhanced in the OSCs based on PTTBT-OTT. These results for bimo-
lecular recombination are well correlated with the uy, values and pn/pe
ratios obtained with SCLC, and with the FF values of the devices
(Table S7).

The slope of the plot of Voc versus log(Pjighe) helps to quantify the
degree of trap-assisted recombination in the devices (Fig. 5b). A slope of

kpT/q implies whether trap-assisted recombination is the dominating
mechanism or not, where kg is Boltzmann’s constant, T is absolute
temperature and q is elementary charge. For trap-assisted or Shockley-
Read-Hall recombination, Vo¢ is strongly dependent on the light in-
tensity, and the slope is 2 kgT/q [36-38]. For our polymers, the slope is
1.44 kgT/q for the OSCs based on PBT-OTT [19], 1.74 kgT/q for the
OSCs based on PBTBT-OTT, 1.42 kgT/q for the OSCs based on
PDTBT-OTT, and 1.91 kgT/q for the OSCs based on PTTBT-OTT
(Table S8). These results indicate that the 1D n-conjugation extension
reduces the trap densities between the active layer materials, i.e., in the
OSCs based on PDTBT-OTT. In contrast, the films based on polymers
with 2D n-conjugation extension using 2-ethylhexyl TT have morphol-
ogies with poor phase separation, so the trap density is increased. As a
result of 2D z-conjugation extension with 2-ethylhexyl BT, the OSCs
based on PBTBT-OTT do exhibit increased trap densities. However, the
OSCs based on PBTBT-OTT still exhibit high Jg¢, possibly because the
high charge density that results from the high a of PBTBT-OTT
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Fig. 5. a) Short-circuit current density (Jsc) versus light intensity and b) open-
circuit voltage (Vo) versus light intensity for the ternary blend OSCs.
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compensates for the high interfacial surface trap density.

2.7. Thin film morphology and molecular ordering

Atomic force microscopy (AFM) analyses were performed to inves-
tigate how the n-conjugation extensions of the PBT-OTT backbone affect
the blend film morphologies, and to characterize the relationship be-
tween these morphologies and the photovoltaic properties of the asso-
ciated OSCs (Fig. 6a). As a result of the 1D extension of the n-conjugation
length with the DTBT derivative, the surface of the PDTBT-OTT blend
film is smooth and its root-mean-square surface roughness, RMS, is
significantly lower, 0.64 nm compared to 1.63 nm (PBT-OTT) (Fig. 6a).
As a result of the 2D extension of n-conjugation with the 2-ethylhexyl BT
side group, the blend film forms a surface that is smoother (RMS = 0.83
nm for the PBTBT-OTT blend film) than that of the PBT-OTT blend film.
However, the surface of the PTTBT-OTT blend film contains dramati-
cally aggregated morphologies (RMS = 2.26 nm).

The aggregated morphology of the PTTBT-OTT blend film means
that exciton dissociation does not occur efficiently and that electron
transport pathways do not form [39]. Thus the 2D extension of the
n-conjugation length through the introduction of an 2-ethylhexyl TT side
group leads to an inferior surface morphology and poor electrical device
characteristics. In contrast, the well-mixed morphologies of the
PDTBT-OTT blend films favor efficient charge transport (Section 2.6), as
demonstrated by the observation that its value of FF is the highest of the
blend films. As a result, the PCE of the OSCs of the devices based on
PDTBT-OTT is higher than that of the OSCs based on PTTBT-OTT
(Table 2). The RMS of the PBTBT-OTT blend film with the best PCE and
FF is slightly higher than that of the PDTBT-OTT blend film, so the
morphology of the PBTBT-OTT blend film is favorable to better device
efficiency.

To characterize the compatibility of each polymer with ITIC and
PC71BM, the surface energies ' of each polymer, ITIC, and PC;;BM
were measured (Table S9). The similarity of the surface energies of the
polymer, PC71BM, and ITIC results in good compatibility. The y*°?! value
that is closest to that of PC;;BM and ITIC is y°® = 20.2 mN m! for 1D
n-conjugation-extended PDTBT-OTT, followed by PBTBT-OTT (%! =
18.3mNm™), PBT-OTT (;*°®®! = 17.6 mN m™!), and PTTBT-OTT (;°? =
16.9 mN m™!). Note that PDTBT-OTT is the most miscible with PC7;BM
and ITIC, and forms a well-mixed morphology. However, the morphol-
ogies of PTTBT-OTT were reversed in miscibility of PTTBT-OTT with
PC71BM and ITIC.
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GI-WAXS analyses were performed to characterize the polymer
nanostructures and crystalline domains in the blend films (Fig. 6b). The
films for the GIWAXS measurements were prepared from DCB blends on
Si wafers coated with PEDOT:PSS. The crystal orientations of PTTBT-
OTT and PDTBT-OTT are disturbed by the incorporation of ITIC and
PC7BM (Fig. 3a vs Fig. 6b). As a result, the (100) crystal orientations of
PTTBT-OTT and PDTBT-OTT in the blend films are randomized. No n-n
stacking (010) peaks are evident, which degrades their charge transport
and photovoltaic properties; this phenomenon may explain the poor
PCEs of the devices that use this polymer film (Table 2). In contrast, the
PBT-OTT and PBTBT-OTT blend films exhibit preferential face-on
orientation with n-n stacking (010) peaks, which increase the favor-
ability of intra-and intermolecular charge carrier transport in OSC de-
vices [40-42]. Hence, the OSCs based on PBT-OTT and PBTBT-OTT
exhibit high photovoltaic efficiencies. Note that peak n- n stacking of
ITIC is evident in the PBTBT-OTT blend film, which can enhance light
absorption by the main absorption band of ITIC, 660 < A < 800 nm
(Fig. 4b). The sizes of the crystal domains of each polymer and of ITIC in
the blend films were compared by using the Scherrer equation to
calculate their coherence lengths (CLs) (Table S10). After blending with
ITIC and PC7BM, the CLs of the synthesized polymers decrease except
for that of PTTBT-OTT (Table S4 and S10). The CL is largest in
PTTBT-OTT, followed by PBTBT-OTT, PBT-OTT, and then
PDTBT-OTT. These results are similar to those obtained for the blend
film morphologies from the AFM images (Fig. 6a). It was implied that
much larger CL of PTTBT-OTT in blends and dramatically aggregated
morphologies (Table S10 and Fig. 6a) showed that exciton dissociation
does not occur efficiently in the active layer of OSCs based on
PTTBT-OTT due to the decreased area of the interface between the
polymer and the acceptors (ITIC and PC7;BM) and the reduction in the
number of free charge carriers due to geminate recombination. The large
CL of ITIC can help to increase the light absorption of the PBTBT-OTT
blend film, which might explain the increase in the intensity of the
shoulder peak in its EQE in the range 660 < A < 800 nm (Fig. 4b). Thus,
the OSCs based on PBTBT-OTT exhibit the highest photovoltaic effi-
ciency of our synthesized-polymer-based OSCs because it has the highest
a value and a large CL for ITIC, which promotes light absorption.

3. Conclusion

We systematically extended the m-conjugation length of a parent
backbone in 1D and 2D directions. A series of wide bandgap D-A
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copolymers, PBT-OTT (parent polymer), PDTBT-OTT (1D backbone
extension consisting of the DTBT derivative), and PTTBT-OTT and
PBTBT-OTT (2D side group extensions consisting of 2-alkyl TT and 2-
alkyl BT respectively), based on the BDT donor moiety and the TPD
acceptor moiety were synthesized by performing Stille coupling poly-
merizations under fixed conditions. Each polymer was blended with
PC71BM, then the narrow bandgap ITIC was incorporated into the blend.
ITIC extends the light-absorption spectra of the blends and increases the
photocurrent generation of the associated ternary-blend OSCs. The
introduction of ITIC establishes an energy level cascade with each
polymer and PCy;;BM to ensure efficient hole and electron charge
transfer. The highest PCEs obtained with these OSCs are 8.15% (PBT-
OTT), 6.00% (PDTBT-OTT), 4.23% (PTTBT-OTT), and 8.61% (PBTBT-
OTT). In addition, the charge carrier transport properties of the resulting
polymers are altered by the 1D and 2D n-conjugation extensions due to
their effects on the polymeric steric hindrances. The side group exten-
sion of PBT-OTT with 2-alkyl BT increases the delocalization length
along the 2D direction of the PBTBT-OTT backbone and effectively in-
creases the absorption coefficient a; as a result, Js¢c and PCE of the OSCs
based on PBTBT-OTT are the highest for all the polymers. Furthermore,
the n-deficient 2-alkyl BT side group in PBTBT-OTT gives it a deep
HOMO energy level and thereby increases the Voc value of the OSCs
based on PBTBT-OTT. This improved morphology has the appropriate
phase separation and preferential face-on orientation, which enables
efficient exciton dissociation and free charge carrier transport. These
results suggest that the n-conjugation extension of the PBT-OTT back-
bone provides a useful molecular engineering method for the develop-
ment of high-efficiency OSCs.
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