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ABSTRACT: Three types of amorphous thienothiophene
(TT)-benzothiadiazole (BT) based copolymers (PFTTBT)
were synthesized by incorporating alkyl-substituted fluorene
moieties as a third component in the polymer backbone. Their
optical, electrochemical, morphological, and photovoltaic
properties were examined by a comparison with those of a
crystalline TT-BT derivative (PTTBT14). PTTBT14 was
reported to have a high hole mobility (0.26 cm*/(V s)) due to
the pronounced interchain ordering but poor photovoltaic
power conversion efficiency (PCE) of 2.4—2.6% was reported
due to excessively strong self-interactions with poor miscibility
with fullerene structures. By incorporating fluorene units, the
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UV—vis spectra showed an increased bandgap (~1.9 eV) with the disappearance of the packing-originated shoulder peak, and the
valence band decreased compared to crystalline PTTBT14. The amorphous PFTTBT polymers showed substantially improved
photovoltaic properties compared to PTTBT14, even though they showed poor hole mobility (~107% cm?/(V s)) and fill factor.
The optimal devices were achieved by blending with excess PC;;BM (polymer:PC,;BM = 1:4 by weight), showing little
improvement in the thermal and additive treatments. Under simulated solar illumination of AM 1.5 G, the best PCE of 6.6% was
achieved for a PFehTTBT:PC,,;BM device with an open-circuit voltage of 0.92 V, a short-circuit current of 15.1 mA/cm?, and a
fill factor of 0.48. These results suggest that it is useful to disrupt partially the interchain organizations of excessively crystalline
polymers, enabling fine-control of intermolecular ordering and the morphological properties (ie., miscibility with fullerene
derivatives, etc.) to utilize the advantages of both crystalline and amorphous materials for further improving PCE of polymer

solar cells.
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B INTRODUCTION

Recently, organic photovoltaics (OPVs) have attracted
increasing attention from both academia and industry because
of their lightweight, mechanical flexibility, and low-cost large-
area solution processing.' > A bulk heterojunction (BHJ) OPV
system is composed of a photoactive blended layer of an
electron-donating conjugated polymer and an electron-accept-
ing fullerene derivative between the transparent anode and
highly reflective cathode. Over the past decade, several studies
on molecular design and device optimization have led to rapid
improvement in the power conversion efficiency (PCE) of
OPVs, showing more than 9% in a single cell device
architecture.®”'" An ideal polymeric semiconductor should
possess broad absorption to harvest more sunlight to achieve a
higher short circuit current (Jsc), deep highest occupied
molecular orbital (HOMO) level to maximize the open circuit
voltage (Voc), while keeping the proper lowest unoccupied

-4 ACS Publications  © 2014 American Chemical Society

20510

molecular orbital (LUMO) level for efficient electron transfer
to the fullerene-based acceptors, and high hole mobility to
increase Jgc and fill factor (FF). In addition, the molecular
weight and nanoscale film morphology also need to be
optimized to improve the PCEs. Donor—acceptor (D—A)
alternating copolymers suggest a very useful strategy to control
the above issues."”"®> On the other hand, examining D—A
copolymers with new donor or acceptor structures for clarifying
the structure—property relationships and maximizing the device
performance of OPVs is still a challenge.

A recent study reported a thienothiophene (TT) and
benzothiadiazole (BT) based low bandgap copolymer, poly-
(5,6-bis(tetradecyloxy)-4-(thieno[3,2-b]thiophene-2-yl)benzo-
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[c][1,2,5]thiadiazole) (PTTBT14) with a linear and planar
main backbone, showing highly crystalline interchain organ-
ization via intra- and/or intermolecular hydrogen bonds and S
(6%)-+O (67) dipole—dipole interactions with the resulting
efficient charge transport (hole mobility, 0.26 cm?/(V ).
The TT moiety has more extended 7-orbital delocalization than
thiophene, and its linear bond angle gives rise to strong
intermolecular interaction with the resulting crystalline
morphology.'>'® PTTBT14 exhibited pronounced intermolec-
ular packing characteristics, showing well-resolved interlamellar
scattering peaks up to (300) with a strong edge-on orientation
in the two-dimensional grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements. D—A type alternating
copolymers normally show poor crystalline ordering compared
to P3HT even after thermal annealing. The fine-tuning of
noncovalent coulomb interactions and chain curvature in the
molecular design has proven to be quite effective in controlling
the resulting crystalline film morphology.'”~>" On the other
hand, crystalline PTTBT14 showed poor photovoltaic proper-
ties by blending with [6,6]-phenyl-C,-butyric acid methyl ester
(PCsBM), showing 2.4—2.6% PCE due to the excessively
strong self-interaction and little miscibility with PC4BM. In
addition, the high polymer crystallinity increases charge carrier
mobility but may lead to slow charge separation due to coarse
phase segregation and formation of the interchain excited states
from which the charge separation is not energetically
favorable.”” This emphasizes that the highly crystalline polymer
(with a high hole mobility) does not always guarantee high-
level photovoltaic properties with the desired morphology with
fullerene acceptors.'* It is very important to finely control the
crystalline (or amorphous) nature of photoactive polymers for
fine adjustments of each photovoltaic parameter for max-
imization of energy conversion efficiency.

In this study, the molecular structure of PTTBT14 was
modified to decrease its chain linearity and crystalline nature by
incorporating a fluorene unit as a third component in the
polymeric backbone. Three types of amorphous TT-BT based
conjugated polymers were synthesized by varying the alkyl
substituents on the 9-position of fluorene with octyl
(PFSTTBT), 3,7-dimethyloctyl (PF10TTBT), and 2-ethyl-
hexyl (PFehTTBT) moieties. The incorporation of an alkyl-
substituted fluorene moiety increases the solution solubility
substantially but decreases the interchain packing interactions
significantly. These polymers clearly exhibit amorphous
characteristics and poor hole mobility (~107% cm*/(V s)) in
contrast to PTTBT14, but remarkably improved photovoltaic
properties were measured. PFehTTBT showed a maximum
PCE of 6.6% with a Vo of 0.92 V, J¢c of 15.1 mA/cm? and FF
of 0.48 by blending with [6,6]-phenyl-C,,-butyric acid methyl
ester (PC;;BM). The optical, electrochemical, morphological,
and the resulting photovoltaic properties of the amorphous TT-
BT polymers will be discussed by a comparison with the
characteristics of crystalline PTTBT14.

B EXPERIMENTAL SECTION

Materials. All chemical reagents were purchased from Aldrich Co,,
Junsei Chemical Co., and TCI and used without further purification.
2,7-Bis(4,4,S,5,-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluor-
ene (Sa), 2,7-bis(4,4,5,5,tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis-
(3,7-dimethyloctyl)fluorene (Sb), 2,7-bis(4,4,5,5,-tetramethyl-1,3,2-
dioxaborolan-2-y1)-9,9-bis(2-ethylhexyl)fluorene (Sc), and 4,7-dibro-
mo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (1) were synthesized
according to previously reported procedures.'”*
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Hole and Electron Mobility Measurement. Hole-only and
electron-only devices of the polymers were fabricated with a
configuration of ITO/PEDOT:PSS/polymer:PC, BM/Au and Al/
polymer:PC, BM/Al The polymer:PC,BM devices were prepared in
a similar way to those mentioned in the PSCs fabrication
(polymer:PC,BM = 1:4 wt % in o-dichlorobenzene). The charge
carrier mobilities for blend films were measured by the space charge
limited current (SCLC) method.**

Synthesis. 2-(Trimethylstannyl)thieno[3,2-b]thiophene (2). Into
a stirred solution of thieno[3,2-b]thiophene (0.35 g, 2.5 mmol) in dry
tetrahydrofuran (THF, 10 mL) was slowly added n-BuLi in hexane
(25 M, 1 mL, 2.5 mmol) at —78 °C. After being stirred for 1 h,
trimethyltin chloride in THF (1 M, 2.5 mL, 2.5 mmol) was added to
the reaction mixture and the resulting solution was allowed to warm to
room temperature with stirring for 4 h. The reaction mixture was
quenched with adding water. The extracted organic phase was dried
over anhydrous MgSO,. A dark oil-like compound was obtained after
evaporating solvents. The product was used for the next step without
purification. Yield: 0.52 g (68%). '"H NMR (300 MHz, CDCL,): §
(ppm) 7.35 (d, 1H), 7.28 (s, 1H), 7.23 (d, 1H), 0.38 (s, 9H). BC
NMR (75 MHz, CDCL,): & (ppm) 145.11, 141.46, 141.13, 127.17,
126.33, 118.92, —8.23.

4,7-Bis(thieno[3,2-b]thiophene-2-yl)-5,6-bis(octyloxy)benzo[c]-
[1,2,5]thiadiazole (3). 2-(Trimethylstannyl)thieno|3,2-b]thiophene
(0.51 g 1.7 mmol), 4,7-dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]-
thiadiazole (1) (0.37 g, 0.67 mmol), and Pd(PPh,), (3 mol %) were
dissolved in dry N,N-dimethyformamide (DMF, 10 mL). The reaction
mixture was refluxed for 12 h under nitrogen. After cooling to room
temperature, water was added and the organic layer was separated by
extraction with dichloromethane (DCM). The extracted organic layer
was washed with brine and dried over anhydrous MgSO,. The solvent
was evaporated and the product was purified by column chromatog-
raphy (eluent, hexane:DCM = 5:1, v:v). Yield: 0.37 g (82%). '"H NMR
(300 MHz, CDCL,): 6 (ppm) 8.82 (s, 2H), 7.48 (d, 2H), 7.35 (d, 2H),
4.17 (t, 4H), 1.98—1.94 (m, 4H), 1.50—1.28 (m, 20H), 0.88 (t, 6H).
3C NMR (75 MHz, CDCl,): § (ppm) 151.89, 150.77, 141.36, 139.28,
137.27, 128.22, 122.93, 119.36, 117.98, 74.66, 31.80, 30.36, 29.51,
29.28, 25.96, 22.66, 14.10. Elemental analysis calcd for C;,H,(N,0O,S:
C, 61.04; H, 6.03; N, 4.19; S, 23.96. Found: C, 61.13; H, 6.04; N, 4.05;
S, 24.08.

4,7-Bis(5-bromothieno[3,2-b]thiophene-2-yl)-5,6-bis(octyloxy)-
benzolc][1,2,5]thiadiazole (4). Into a stirred solution of compound 3
(0.46 g, 0.69 mmol) in DMF (20 mL) was added N-bromosuccinimide
(026 g 1.4 mmol). The reaction mixture was stirred at room
temperature for 2 h and washed with saturated brine. The organic
solution was dried over anhydrous MgSO,. The solvent was
evaporated and the product was purified by column chromatography
(eluent, hexane:DCM = 5:1, v:v). Yield: 0.51 g (90%). 'H NMR (300
MHz, CDCL): § (ppm) 8.74 (s, 2H), 7.33 (s, 2H), 4.17 (t, 4H),
1.98—1.94 (m, 4H), 1.50—1.28 (m, 20H), 0.89 (t, 6H). >*C NMR (75
MHz, CDCLy): § (ppm) 151.80, 150.59, 140.19, 139.47, 135.59,
122.47, 122.19, 117.73, 114.66, 74.76, 31.82, 30.34, 29.50, 29.29,
25.95, 22.68, 14.11. Elemental analysis calcd for C3,H;Br,N,0,Ss: C,
49.39; H, 4.63; N, 3.39; S, 19.39. Found: C, 49.65; H, 4.71; N, 3.28; S,
20.02.

General Polymerization Procedure. 4,7-Bis(5-bromothieno[3,2-
b]thiophene-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (0.25 g,
0.30 mmol), fluorene monomer (Sa, Sb, or 5c, 0.30 mmol), and
Pd(PPh;), (3 mol %) were dissolved in a mixture of degassed toluene
(10 mL) and aqueous 2 M K,COj; solution (4 mL). The reaction
mixture was stirred at 90 °C for 24 h. After the reaction was
completed, bromobenzene (0.5 equiv) was added as an end-capper.
After 2 h, phenylboronic acid (1.0 equiv) was added and the mixture
was further reacted overnight. The resulting reaction solution was
precipitated into methanol, and the crude polymers were purified by
Soxhlet extraction with acetone, hexane, and chloroform successively.
The dissolved chloroform fraction was precipitated into methanol and
dried under vacuum at 50 °C.

PF8TTBT. Yield: 249 mg (78%). "H NMR (300 MHz, CDCL): &
(ppm) 8.78—8.50 (br, 2H), 7.83—7.44 (br, 6H), 4.40—4.10 (m, 4H),
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Scheme 1. (a) Synthetic Routes to PFTTBT Polymers and (b) Molecular Structures
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2.07 (m, 8H), 1.58—1.20 (m, 44H), 0.92—0.79 (br, 12H). Number-
average molecular weight (by GPC with CHCL;), M,, = 34 000 g mol ™"
(PDI = 2.8).

PF10TTBT. Yield: 168 mg (50%). '"H NMR (300 MHz, CDCL,): §
(ppm) 8.88—8.75 (br, 2H), 7.83—7.50 (br, 6H), 4.40—4.10 (m, 4H),
2.04 (m, 8H), 1.58—0.50 (br, 64H). M,, = 44 000 g mol™* (PDI = 2.5).

PFehTTBT. . Yield: 255 mg (80%). "H NMR (300 MHz, CDCL,): §
(ppm) 8.86 (s, 2H), 7.83—7.50 (br, 6H), 4.40—4.10 (m, 4H), 2.03 (m,
8H), 1.58—1.20 (m, 38H), 0.92—0.55 (br, 18H). M, = 34 000 g mol™"
(PDI = 2.3).

B RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 1 outlines the
synthetic routes to the monomers and polymers. 4,7-Dibromo-
5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (1) and boronic-
esters of alkyl-substituted fluorene (alkyl group: octyl (Sa), 3,7-
diemthyloctyl (Sb), and 2-ethylhexyl (Sc)) were synthesized
using the previously proposed procedures.'”** Monomer 4 was
synthesized by Stille-coupling between compounds 1 and 2 in
82% vyield and a successive bromination reaction with N-
bromosuccinimide in 90% yield. To examine the effects of alkyl
substituents on the photophysical properties, linear (octyl) and
branched (3,7-dimethyloctyl or 2-ethylhexyl) alkyl side chains
were introduced onto the 9-position of fluorene. Additional
octyloxy substituents were also incorporated onto the electron-
deficient (e-deficient) BT unit to increase the solubility. For all
structures, there are no alkyl side chains on the electron-rich (e-
rich) thienothiophene moiety, which does not increase the
HOMO level of the polymers by alkyl substitution. Polymer-
ization was performed by Suzuki—Miyaura coupling between
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the boronic-ester monomers 5 and brominated monomer 4 in a
mixture of toluene and aqueous 2 M K,COj with Pd(PPh,), as
a catalyst. The polymers were purified by Soxhlet extraction
(solvent: acetone, hexane, and chloroform) to remove the
byproducts and oligomers. The polymers were obtained as a
dark red solid in 50—80% yield and were readily soluble in
common organic solvents, such as toluene, chloroform, and
chlorobenzene, etc. The molecular weight and molecular
weight distribution were determined to be 34000 g/mol
(polydispersity index (PDI) = 2.8) for PFSTTBT, 44 000 g/
mol (PDI = 2.5) for PF1I0TTBT, and 34 000 g/mol (PDI =
2.3) for PFehTTBT, respectively, by GPC using chloroform as
an eluent. As shown in Figure 1, thermogravimetric analysis
(TGA) indicates that the three conjugated polymers have good
thermal stability with decomposition temperatures (with 5%
weight loss) over ~330 °C under a nitrogen atmosphere.
Differential scanning calorimetry (DSC) showed that there was
no obvious thermal transition up to 280 °C for all polymers. X-
ray diffraction (XRD) also showed no clear diffraction peaks in
the range of 20 = 0—16°, indicating the amorphous nature of
the three polymers (Figure S1).

Conformational Analysis by Density Functional
Theory. Computational studies using density functional theory
(DFT, B3LYP/6-31G** level) were performed (Figure 2).
With regard to crystalline PTTBT14, the most stable
conformation was calculated to have a dihedral angle of ~9°
between the TT and BT moieties with attractive coulomb
interactions through intrachain C—H--N and S--O inter-
actions,'”'#?°7?® showing an almost planar structure. Similarly,
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Figure 1. TGA and DSC thermograms for three polymers.

interchain coulomb interactions (as well as chain linearity and
planarity) can increase the intermolecular organization,
inducing a crystalline morphology. For the PFTTBT series,
an almost planar conformation was also calculated with a
torsion angle of ~25° between the fluorene and TT units and
~9° between the TT and BT moieties. The frontier orbitals
(HOMO and LUMO) show similar structures for the two types
of crystalline and amorphous TT-BT based polymers. The
LUMO is concentrated mainly on the e-deficient BT and the
HOMO is delocalized along the TT and BT units. The fluorene
moiety contributes slightly to the HOMO, which can decrease
the HOMO energy level relative to that of PTTBT14.>* On
the other hand, the incorporation of fluorene in the polymeric
backbone might weaken the interchain ordering due to a

disruption of the intra- and interchain attractive coulomb
interactions. The noncovalent dipolar interactions work
uniformly along the polymeric chain of PTTBT14 but this
uniformity is broken due to the absence of these attractive
interactions around the fluorene moiety in the PFTTBT
polymers, suggesting crystalline and amorphous characteristics
for PTTBT14 and PFTTBT polymers.

Optical and Electrochemical Properties. Figure 3 shows
the UV—vis absorption spectra of the polymers in chloroform
and in film. The three polymers showed similar spectra in
chloroform. The spectra in solution showed two absorption
bands in the range of 350—650 nm. The band at ~400 nm
originates from the #—z* transition of the s-conjugated
backbone and the peak at ~S530 nm can be assigned to
intramolecular charge transfer (ICT) band between the e-rich
TT and e-poor BT moieties. In the film state, the absorption
spectra of PETTBT polymers were red-shifted slightly (by ca.
10—30 nm) due to interchain aggregation in the solid phase.
The alkyl side chains on the fluorene unit have a substantial
effect on the intermolecular organization. PESTTBT with a
linear octyl group showed a more red-shifted absorption
maximum (4,,, = 568 nm) in the film compared to those (4,,, =
540—543 nm) of PF10TTBT and PFehTTBT with branched
side chains, indicating that the bulky branched side chains
disrupt the interchain organization. A similar optical bandgap
was measured to be 1.93—1.96 eV for all polymers from the
onset point in the film. In contrast, semicrystalline PTTBT14
shows a pronounced shoulder peak (at 660 nm) in its UV—vis
spectrum, even in the solution state, indicating significant
interchain organization in both solution and in thin film form
(bandgap 1.73 €V). This originates from the strong interchain
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Figure 2. Frontier orbitals and the most stable conformations of PFTTBT and PTTBT14 polymers.
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Figure 3. UV—vis absorption spectra of polymers (a) in chloroform and (b) in film. The spectra of PTTBT14 were included for comparison with
permission from Lee et al. (Reprinted from ref 14. Copyright 2014 American Chemical Society).
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Figure 4. (a) Cyclic voltammograms of polymers and (b) resulting energy band diagram. The CV of PTTBT 14 was included for comparison with
permission from Lee et al. (Reprinted from ref 14. Copyright 2014 American Chemical Society).

Table 1. Optical and Electrochemical Properties of Polymers

soln film
polymers M (g/mol)  PDI  T,” (°C)  Ag (am)® Ay (am)? B (eV)°  EBuomo(eV)  Epgud (eV)  EE (eV)
PFSTTBT 34000 2.8 339 532 568 1.96 —5.44 -3.60 1.84
PF10TTBT 44000 2.5 326 532 540 1.96 —5.47 —-3.60 1.87
PFehTTBT 34000 2.3 333 537 543 1.93 —5.44 -3.60 1.84

“Number-average molecular weight. bDecomposition temperature (T;) was determined by TGA (with 5% weight loss). “Dilute solution in
chloroform. “Spin-cast film on glass from 1 wt % chloroform solution for 30 s at 1500 rpm. “Optical bandgap calculated from the absorption edge in
film. 7HOMO and LUMO levels were determined by measuring onset potentials of the first oxidation (E,,) and reduction (E,4) peaks relative to
ferrocene (F.), the ionization potential (IP) value of which is —4.8 eV for the F./F.* redox system. #Electrochemical bandgap.

interactions owing to the rigid, planar, and linear chain
structure of PTTBT14 via intra- and/or interchain hydrogen
bonds and dipole—dipole coulomb interactions.”® The
introduction of a fluorene unit into the polymeric backbone
breaks up the chain linearity and planarity, and disrupts the
crystalline intermolecular organization, leading to a large blue-
shift in the spectra and an increase in bandgap compared to
PTTBT14. The alkyl-substituents on the fluorene unit and the
increased chain curvature might hinder interchain packing,
causing the amorphous character of the resulting polymers. The
largely blue-shifted featureless spectra without shoulder peaks
clearly support the amorphous nature of the polymers by
incorporating the alkyl-substituted fluorene moiety in the
polymer chain.

The electrochemical properties were examined by cyclic
voltammetry (CV) for the three polymers. Figure 4 shows the
cyclic voltammograms, and Table 1 lists the data. All the
PFTTBT polymers showed irreversible oxidation and reduc-
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tion peaks. The HOMO and LUMO energy levels were
calculated from the oxidation and reduction onset potentials
relative to ferrocene as the internal standard. The HOMO
energy levels (—5.44 to —5.47 eV) of the PFTTBT polymers
were down-shifted substantially compared to that (—5.37 eV)
of PTTBT14, due to the significant decrease in interchain
packing and effective conjugation by the presence of the
fluorene moiety. The three PFTTBT polymers showed similar
HOMO and LUMO values and the alkyl substituents did not
have a significant influence on the frontier orbitals. Considering
that the LUMO level of PC,;BM is —4.2 €V, the energy offsets
between the PETTBT polymers and the acceptor PC,,BM are
in the range of ~0.6 eV, from which eflicient exciton
dissociation is expected. The deeper HOMO of the PFTTBT
structures is also expected to increase the Vi compared to
PTTBT14. Table 1 summarizes the physical, optical, thermal,
and electrochemical properties of the polymers.

dx.doi.org/10.1021/am5061189 | ACS Appl. Mater. Interfaces 2014, 6, 20510—20518
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Photovoltaic Properties. Polymeric solar cell (PSC)
devices were fabricated with the following device configuration:
ITO/PEDOT:PSS/polymers:PC, BM/LiF/Al. The thickness
of the PEDOT:PSS, LiF, and Al layer was approximately 40, 1,
and 100 nm, respectively. Photovoltaic devices were fabricated
by blending polymers with PC,;BM in o-dichlorobenzene
(ODCB). To optimize the device fabrication condition, the
devices were tested by varying the blend ratio, thermal
treatments, and processing additives, etc. The best performing
devices were obtained with the blends of polymer:PC, BM =
1:4 (by weight) in ODCB (40 mg/mL) for the three PFTTBT
polymers. A previous study on PTTBTI14 revealed the
maximum PCE (2.4-2.6%) with the blend film of poly-
mer:PCs;BM = 1:1 (by weight).'* The optimal blend ratio is
clearly different for the crystalline PTTBT14 and amorphous
PFTTBT polymers. The intercalation of fullerene derivatives
into the polymer domain normally determines the optimal
polymer:fullerene mixing ratio. In the case of amorphous
photovoltaic polymers, the intercalation of fullerenes occurs
effectively between the polymer side-chains, resulting in a
higher content of fullerenes needed to form an electron-
transporting fullerene phase.>’ The insufficient fullerene
content in the blended film leads to ineflicient charge
separation and electron transporting properties. Mayer et al.
characterized the number of fullerenes per repeating polymer
unit in the intercalated phase and suggested that this ratio is
important for determining the optimal blend ratio.>*

Figure S shows the typical current density—voltage (J—V)
curves of PSCs under AM 1.5G solar radiation (100 mW/cm?).
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Figure S. Current density—voltage (J—V) characteristics of
PFTTBT:PC,;BM PSCs.

Table 2 lists the detailed photovoltaic parameters. The
incorporation of alkyl-substituted fluorene moieties endowed
the PFTTBT polymers with better solubility in chlorinated
solvents than PTTBT14, and the photovoltaic characteristics
also improved substantially, showing 4.2—5.3% PCEs.
PF8TTBT with linear octyl substituents showed a 4.2% PCE
with a Ve of 0.92V, Joc of 11.7 mA/cm?, and FF of 0.39. The
branched alkyl substituted PF10TTBT and PFehTTBT
photovoltaic devices showed PCE values of 4.7% and 5.3%
with a Ve of 0.94 and 0.95 V, J¢c of 12.3 and 13.0 mA/cm?,
and FF of 0.41 and 043, respectively. Compared to the
crystalline PTTBT14 device (Table 2), the V¢ and Jyc values
improved substantially and the resulting PCE increased
significantly. The larger V¢ is understood in terms of the
deeper HOMO of the PFTTBTs (—5.44 to —5.47 eV for
PFTTBTs vs —5.37 eV for PTTBT14). Interestingly, the
amorphous PFTTBT polymers showed noticeably high Jsc (up

Table 2. Photovoltaic Parameters under AM1.5G (100 mW/
2
cm?)

solar cell parameters

donor:acceptor Ve Jee PCE
(blend ratio) condition (V)  (mA/cm?)  FF (%)
PESTTBT:PC,,BM no 092 117 039 42
(1:4) additive
DIO 2% 091 12.8 0.39 4.5
PF10TTBT:PC,,BM no 0.94 12.3 0.41 4.7
(1:4) additive
DIO 2% 0.94 13.1 0.45 S.S
PFehTTBT:PC;,BM  no 095 130 043 53
(1:4) additive
DIO 2% 0.94 13.3 0.44 S.5
TiOx 0.92 15.1 0.48 6.6
layer
PTTBT14:PC4BM no 0.77 5.49 0.57 2.4
()™ additive
ODT 2%  0.74 7.00 0.51 2.6

“ODT: 1,8-octanedithiol.

to ~15 mA/cm?) despite the larger bandgap (~1.9 eV) and low
hole mobility of 9.63 X 1077 to 7.45 X 107¢ cm*/(V s) (Figure
S2). The increased Jsc is expected to be related closely to the
film morphology. The morphology of polymer/PC, BM (1:4
by weight) blend films was examined by tapping mode atomic
force microscopy (AFM) and transmission electron microscopy
(TEM) (Figure 6). The blended films showed no serious phase
segregation (indicating homogeneous intermixing of polymer
and PC,BM) and very smooth surfaces with a root mean-
square (rms) roughness of 0.4—0.5 nm. In both the TEM and
AFM images, the bulky ethylhexyl side chains in PFehTTBT
induce a more featureless and homogeneous morphology
compared to the other polymers, possibly due to the more
amorphous nature. This homogeneously intermixed morphol-
ogy of PFehTTBT:PC,BM may improve a probability of
exciton dissociation, resulting in enhanced Jsc and PCE. In
contrast, the PTTBT14 blended film had a highly ordered
morphology with large crystalline domains according to
GIWAXS (well resolved reflection peaks up to (300) along
the g, direction, interlamellar spacing = ~23 A) and AFM (rms
roughness = 1.21 nm) measurements.'* This material showed
poor miscibility with PC4,BM due to the strong self-organizing
properties of the crystalline polymer.'***** The excessively
strong self-interactions among the crystalline polymers might
hinder the formation of interpenetrating bicontinuous networks
with fullerene acceptors, which is essential to achieving highly
efficient photovoltaic performance. Despite the large V¢ and
Jsc in the PETTBT solar cells, the main drawback of the
amorphous PFTTBT devices was found to be the poor FF
value (0.39—0.48), probably due to the poor charge carrier
mobility and imbalance in the electron/hole mobility ratio with
the resulting geminate and nongeminate charge recombination.
The FF is limited by the low exciton dissociation or transport of
carriers in the low mobility regime.’® Carriers with lower
mobility may accumulate in the device, inducing an extra
electric field that can block the same type of carrier drifting to
the electrode under the built-in potential. This reduces the
shunt resistance (Ry,) and FE.>**® The hole/electron mobility
ratio was measured to be of y,/u. = 6.7, 0.55, and 1.03 for
PFSTTBT:PC,,BM, PF10TTBT:PC,,BM, and
PFehTTBT:PC, BM, respectively. Among three polymers,
PFehTTBT:PC,;BM showed a well-balanced hole/electron
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Figure 6. (a—c) TEM and (d—f) AFM topography images of (a, d) PFSTTBT, (b, e) PF10TTBT, and (c, f) PFehTTBT blend films

(polymer:PC,;BM = 1:4 by weight).
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Figure 7. (a) Current density—voltage (J—V) characteristics of PFehTTBT:PC,;BM with changing annealing temperatures. (b) J—V curves of
PFehTTBT:PC;BM with DIO as a solvent additive and TiOx layer as an optical spacer.
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Figure 8. AFM surface topography images of PFehTTBT:PC,,;BM (1:4 by weight) blend films with increasing annealing temperatures (inset: phase

images). Image size: S ym X S ym.

mobility ratio, showing the highest Jsc and FF values. (Figure
$2).

To further improve the device properties, the PFehTTBT
solar cells were treated thermally by changing the annealing
temperature up to 120 °C. The photovoltaic parameters were
measured together with the film morphology by AFM. No
noticeable changes or improvements in the J—V characteristics
(Figure 7) and AFM surface morphologies (Figure 8) were
observed. A similar trend was noted for the linear alkyl
substituted PFSTTBT (Figure S3), which is closely related to
the amorphous nature of the PETTBT polymers.

Processing additives might offer an effective way of
optimizing the film morphology of the active layer. Several
additives were tested to modulate the morphology of the

20516

blended films. Upon the addition of 2 vol % 1,8-diiodooctane
(DIO) as a processing additive, the photovoltaic properties of
PFTTBT:PC,;BM PSCs were improved, showing PCE:s in the
range, 4.5—5.5% (Table 22). However, the processing additive
effect was not significant. The AFM data showed the
disappearance of pin holes in the film with DIO, resulting in
a smoother surface with no clear changes (Figure $4).*” With
regard to the semicrystalline polymers, a clear additive effect
has often been reported, where the solvent additive solvates one
of the components in BHJ PSCs, facilitating intermolecular
ordering in the donor and/or acceptor domains. Upon
treatment with the solvent additives for semicrystalline
structures, clear morphological changes (surface roughness
and domain size, etc.) were also observed in the AFM images
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with the appearance of a well-resolved interlamellar scattering
peak with cofacial 7—n stacking in the GIWAXS measure-
ments.>'*?*3% This shows a clear difference with the
amorphous PFTTBT polymers. As shown in Figure 7, the
incorporation of a TiOx layer as an optical spacer maximized
the PCE to 6.6% without any noticeable changes in the surface
morphology. The TiOx layer was reported to improve the
photogeneration of charge carriers in the ITO/PEDOT:PSS/
P3HT:PCyBM/TiOx/Al device with an increased Jsc (by
~50%) by an optical interference effect with a spatial
redistribution of the light intensity.*’

B CONCLUSIONS

We synthesized new amorphous thienothiophene (TT)-
benzothiadiazole (BT) based conjugated polymers and studied
their optical, electrochemical, morphological, and photovoltaic
properties by comparing with those of a crystalline polymer.
Recently, the charge carrier transport and photovoltaic
characteristics of a highly crystalline TT-BT based copolymer
(PTTBT14) were reported. Although crystalline PTTBT14
showed significantly high hole mobility (0.26 cm?®/(V s)), its
photovoltaic properties were poor, showing a PCE of 24—
2.6%. A linear PTTBT14 showed excessively strong self-
interactions and little miscibility with PCgBM, suggesting that
the high crystallinity of a photoactive polymer does not always
guarantee a high PCE. Here, the alkyl-substituted fluorene was
incorporated in the linear and rigid TT-BT backbone to disrupt
the conformational lock and intermolecular coulomb inter-
actions. The resulting PFTTBT polymers showed an
amorphous nature with a deeper HOMO, wider bandgap,
better solution processability, good miscibility with fullerene
moieties, and considerably improved photovoltaic character-
istics compared to PTTBT14. The optimized photovoltaic
device exhibited a PCE of 6.6% with a Ve of 0.92 V, a Jsc of
15.1 mA/cm?, and an FF of 0.48. The V¢ and Jsc values of the
amorphous PSCs were quite promising but the low FF was
found to be the main drawback. The poor FF is related mainly
to poor interchain ordering, the resulting low carrier mobility
and increased geminate and nongeminate charge recombina-
tion. In addition, the optimized PSCs were obtained with excess
fullerene acceptors (polymer:PC,BM blend ratio of 1:4) where
negligible effects were measured by thermal annealing. Based
on this study, we suggest that the crystalline (or amorphous)
nature of photovoltaic polymers can be fine-tuned (or adjusted)
by the incorporation of the third moiety in the D—A type
copolymer. To further optimize the OPVs, it is desirable to fully
utilize the advantages of both crystalline and amorphous
structures. By incorporating and adjusting the third moiety
(molecular structure and feed ratio) in the crystalline D—A
polymeric backbone, it is possible to partially disrupt the intra-
and interchain organizations to finely control intermolecular
ordering and the morphological properties (i.e., miscibility with
fullerene derivatives) for maximizing the photovoltaic charac-
teristics.
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