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a b s t r a c t

Two new random donor-acceptor (D-A) copolymers, signed as P1 and P2, were designed and synthe-
sized. Electrochemical and spectroelectrochemical measurements were performed to investigate ab-
sorption, energy levels, electronic and optical band gaps for comparison. The polymers were used as
donor polymers in the active layer to fabricate non-fullerene, bulk heterojunction (BHJ) organic photo-
voltaics (OPVs). Investigations were carried out through the conventional BHJ structure; ITO/PEDOT: PSS/
Active Layer/LiF/Al, where active layer consists of 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20 ,30-d’]-s-indaceno[1,2-b:5,6-b’]dithio-
phene (ITIC) as the acceptor and thienopyrroledione containing donors. The device based on P1:ITIC(1:1)
blend with a thickness of 161 nm gave the best performance with a power conversion efficiency (PCE) of
7.94%, an open-circuit voltage (VOC) of 0.86 V, a short-current density (JSC) of 18.45 mA cm�2 and a fill
factor (FF) of 50.12%. The highest PCE obtained from P2 based organic solar cell is 1.96%. P2 exhibited low
solubility attributed to the lack of alkyl groups enhancing polymer solubility, electronic properties, and
photovoltaic performances. The research outputs exhibit that introduction of alkyl chains on the polymer
backbone can enhance device performance.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Conventional organic photovoltaics (OPVs) generally include a
bulk heterojunction (BHJ) architecture, a blend of a donor, and an
acceptor moiety. Absorption of light by this blend generates exci-
tons splitting into free chargers [1e3]. Although OPVs bear various
components, acceptor materials significantly define the solar cell
device's power conversion efficiency (PCE) [4]. Fullerene de-
rivatives with unsurpassed charge transport features and the su-
perior ability to create phase separation in nanoscale in the blend
led them to be utilized in the BHJ solar cells as promising acceptor
moieties [5e8]. Although fullerene-based acceptors have these
ence and Technology, Middle
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superior properties, there are various drawbacks, including the cost
of purification and production, vulnerability to air, limited light
absorption, and difficulties in adjusting optoelectronic properties.
These aspects brought a challenge in increasing the PCE of OPVs
[9e13]. Non-fullerene acceptors (NFAs) have caught great atten-
tion. Compared to fullerene derivatives, NFA molecules can be
synthesized and purified easily via various functional groups that
can adjust optoelectronic properties. In addition to the synthesis
facilities, enhanced light absorption, morphology, and electronic
properties eliminate fullerene derivatives acceptors [14,15].
Considering features as mentioned earlier (superior electronic and
optical properties, ease of production, enhanced absorption), NFA-
based organic photovoltaics have demonstrated higher power
conversion efficiencies (PCE) than fullerene-based analogous dur-
ing the past few years [16e18]. Compared to bilayer structure, BHJ
provides an optimal domain size to enhance exciton dissociation by
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forming an ideal photoactive layer; a vicinal mixture of donor and
acceptor [19].

Being rigid and symmetric, TPD can be easily modified to
introduce various functional groups; subsequently, the solubility of
polymers can be controlled. TPD has a strong electron-withdrawing
feature attributed to the diimide nature. This results in lower band
gap conjugated polymers via stabilizing the lowest unoccupied
molecular orbital (LUMO). Besides, TPD, due to its quinoidal
structure, can stabilize excited state energy. Therefore, TPD-
containing conjugated polymers are supposed to exhibit high VOC
values [20e26]. It is well known that chalcogenophenes like sele-
nophene, thiophene, and alkyl-substituted thiophene are intro-
duced as p-spacer to tune frontier molecular orbital energy levels
thus band gaps [27e33]. Conjugated polymers, including p-
spacers, show red-shifted absorption [34].

An effective way of enhancing PCE values of polymer-based
OPVs is alkyl side chain engineering. Such modifications improve
not only the solubility properties of the polymers but also the
morphology of the donor: acceptor blend through molecular ag-
gregation; pep stacking, which is crucial for the device perfor-
mance [35,36]. Morphology of the active layer alters with the
optimized selection of alkyl chain. While long alkyl chains provide
large domain sizes, linear and branched alkyl chains control the
positions of acceptor molecules in fullerene-based BHJ blends
[37e39]. Very recently, Hou's group reported naphtho[2,3-c]thio-
phene-4,9-dione-based polymers substituted with branched alkyl
chains. The polymers were used as donors in non-fullerene based
BHJ OPVs. The study reveals the that alkyl chains cause a conju-
gated core distortion which results in formation of a better BHJ
morphology, subsequently high PCEs [40].

Motivated by these aspects of non-fullerene acceptors and TPD
moieties, our work focuses on the design and the fabrication of
non-fullerene BHJ OPVs, and investigation of effect of alkyl chains
on the device performance. Herein, we report two random co-
polymers used as the donors to fabricate NFA-based organic BHJ
photovoltaics. Random copolymers were obtained via coupling the
monomer with 2,5-dibromo-3-(2-Ethylhexyl)thiophene or 2,5-
Dibromothiophene, and BDT(TiC8) through Stille Poly-
condensation. Recently, various reports revealed TPD-based con-
jugated polymers for the application of non-fullerene OPVs with
PCEs exceeding from 7% to 16% [41e49]. Selenophene was intro-
duced as a p-spacer between TPD and (BDT(TiC8) to tune opto-
electronic properties. To further regulate these properties,
thiophene, alkyl-substituted thiophene, and BDT(TiC8) were
introduced as donors into the polymer backbone. Obtained random
conjugated polymers were used as donor polymers in the active
layer to fabricate non-fullerene, bulk heterojunction OPVs.

2. Experimental

2.1. Materials, methods, and instrumentation

BDT(TiC8) was purchased from SOLARMER. Compound 1
(thiophene-3,4-dicarboxylic acid) and all other chemicals were
purchased from Sigma-Aldrich and used without any further pu-
rifications. Structural analyses of the synthesized molecules were
performed via NMR (Bruker Spectrospin Avance DPX-400) and
attenuated total Reflectance-Fourier-transform infrared spectros-
copy (ATR�FTIR) (Thermo Scientific Nicolet™ iS10 FTIR). Weight-
average and number-average molecular weights (Mw, Mn) of the
polymers were determined via size exclusion chromatography
(SEC) (Shimadzu LC-20AD) in chloroform at 40 �C. Electrochemical
and spectroelectrochemical measurements were performed with a
three-electrode system. Indium tin oxide (ITO) was utilized as the
working electrode. Platinum (Pt) wire was used as the counter
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electrode, and silver (Ag) wire was used as the reference electrode.
Cyclic voltammograms of the polymer films were obtained imple-
menting a GAMRY Reference 600 potentiostat while spectroelec-
trochemical measurements were performed with a PerkinElmer
Lambda 25 UVeVis spectrophotometer. To fabricate BHJ devices,
ITO was used as the anode, PEDOT: PSS as the hole transport layer,
lithium fluoride (LiF) as the cathode buffer layer, and aluminum (Al)
was used as the cathode. Morphology investigations of polymer:
acceptor blends were performed via Atomic Force Microscopy
(AFM) (Veeco MultiMode V) and Transmission Electron Microscopy
(TEM) (Tecnai G2 Spirit BioTWIN) techniques.

2.2. Synthesis of monomers and polymers

Preparation of 2 (1H,3H-thieno[3,4-c]furan-1,3-dione), 3 (5-
(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione), 4 (1,3-
dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-
dione), 5 (1,3-dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyr-
role-4,6(5H)-dione) and 6 (tributyl(selenophen-2-yl)stannane)
were previously reported [50]. Compound 7 and TSeBr were pre-
pared according to the literature [51,52]. Scheme 1 represents the
synthetic route for TSeBr, P1 and P2.

2.2.1. 5-(2-ethylhexyl)-1,3-di(selenophen-2-yl)-4H-thieno[3,4-c]
pyrrole-4,6(5H)-dione (7)

Under argon, 5 (0.3 g, 0.7 mmol) and tetrakis(-
triphenylphosphine)palladium(0) (0.09 g, 0.08 mmol) were dis-
solved in dry toluene (25 mL). After the mixture reached 50 �C 6
(0.9 g, 2.14 mmol) was added in one portion. Following 17 h stirring
at 110 �C, the reaction mixture was cooled to ambient temperature,
and the solvent was removed under reduced pressure. Compound 7
was obtained by purification via chromatography (SiO2, hexane:
dichloromethane, 1:1). Yield: 0.27 g, 75%.

1H NMR (400 MHz, CDCl3): d: 8.21 (d, J ¼ 5.6 Hz, 2H), 7.93 (d,
J ¼ 3.9 Hz, 2H), 7.33 (m, 2H), 3.55 (d, J ¼ 7.4 Hz, 2H), 1.88e1.82 (m,
1H), 1.42e1.25 (m, 8H), 0.87e0.93 (m, 6H).

13C NMR (100MHz, CDCl3): d: 163, 138.82, 136.39, 135.64, 131.57,
130.19, 127.53, 41.92, 38.04, 31.34, 28.39, 23.72, 22.59, 14.50, 10.35.

2.2.2. TSeBr
Compound 7 (0.25 g, 0.48 mmol) was dissolved in CHCl3,

(15 mL) under nitrogen. N-bromosuccinimide (0.22 g, 1.2 mmol)
was added in one portion. The reaction mixture was stirred over-
night at ambient temperature and monitored by thin-layer chro-
matography. After completing the reaction, the mixture was
washed with water, and organic fractions were dried over Mg2SO4.
Chloroform was removed under reduced pressure, and the target
product was isolated by column chromatography on silica gel (SiO2,
hexane: dichloromethane, 4:1). Yield: 0. 25 g, 77%.

1H NMR (400 MHz, CDCl3): d: 7.43 (d, J ¼ 4.43 Hz, 2H), 7.21 (d,
J¼ 4.43 Hz, 2H), 3.47 (d, J¼ 7.4 Hz, 2H),1.82e1.76 (m,1H),1.38e1.22
(m, 8H), 0.9 (q, 6H).

13C NMR (100 MHz, CDCl3): d: 162.8, 138.0, 137.6, 133.3, 130.7,
127.8, 122.5, 42.4, 38.1, 30.4, 28.4, 23.8, 23.0, 14.0, 10.3.

2.3. Polymer syntheses

TSeBr (73.4 mmol, 1 eq.), BDT(TiC8) (147 mmol, 2 eq.), P(o-tol)3
(50 mmol, 0.68 eq.) and Pd2(dba)3 (16 mmol, 0.22 eq.) were intro-
duced to a 25 mL Schlenk tube which was charged with a magnet
bar, set up in an oil bath and connected to a vacuum-gas manifold.
Following 1 h of vacuuming, Schlenk was provided with argon for
the rest. Dry toluene (10 mL) was added to the mixture. The reac-
tionmixturewas heated up to 50 �C and followed by the addition of
2,5-dibromo-3-(2-ethylhexyl)thiophene or 2,5-dibromothiophene



Scheme 1. Synthetic pathways for TSeBr, P1, and P2.
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(73.4 mmol, 1 eq.). The reaction temperature was set to 100 �C. The
completion of the reaction was monitored by thin-layer chroma-
tography. After stirring 24h, the reaction mixture was allowed to
cool down. The solvent was removed under reduced pressure. Cold
methanol (100 mL) was added to the crude product. For the
removal of catalytic residue, sodium diethyldithiocarbamate tri-
hydrate (15 mg) was added. The mixture was stirred for 1 h and
subjected to Soxhlet extractor, and washed with acetone, hexane,
chloroform, and chlorobenzene. Low molecular weight fractions
were removed with acetone and hexane. Both P1 and P2 were
isolated in chloroform. Solvents were removed under reduced
pressure, and P1 (Yield: 125 mg, 91%) and P2 (Yield: 80 mg, 62%)
were obtained as dark purple crystals following recrystallization
from methanol. Mn, Mw and PDI values for the two polymers are
shown in Table 1.

2.4. OPV fabrication

For the fabrication of OPVs, a conventional BHJ device structure
was built; ITO/PEDOT: PSS/Active Layer/LiF/Al. ITO-coated glass
Table 1
Molecular weights and PDI values of the polymers.

Polymer Number-average (Mn), kDa Weight-average (Mw), kDa PDI

P1 11 35 3.18
P2 4.8 9.2 1.91
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substrates were cleaned several times; ultra-sonication with
toluene, detergent, water, and isopropyl alcohol (IPA), respectively.
Following ultra-sonication, ITO-coated glass substrates were
exposed to oxygen plasma for 5 min to remove organic contami-
nations and tune work function [53]. Polymer: acceptor blends
were coated by spin coating in N2 filled glove box. LiF (0.6 nm) and
Al (100 nm) were evaporated at low pressure (~10�6 mbar) under
vacuum. Current density vs. voltage measurements were per-
formed by a Keithley 2400 digital source meter under AM 1.5 G
solar radiation simulated at 100 mW cm�2. External quantum ef-
ficiency (EQE) measurements were carried out with mono-
chromatic light.
3. Results

3.1. Electrochemical and spectroelectrochemical studies

Highest Occupied Molecular Orbital (HOMO) and Lowest Un-
occupied Molecular Orbital (LUMO) energy levels and band gap
values are of great importance for conjugated polymers since they
affect their applicability in different application fields like organic
photovoltaics and electrochromic devices. In order to investigate
the redox behaviors and HOMO/LUMO energy levels of the result-
ing polymers, cyclic voltammetry (CV) studies were performed, and
corresponding voltammograms were depicted in Fig. 1. Due to its
certain simplicity and easy use, the CV technique was preferred for
electrochemical analysis. Both P1 and P2 were dissolved in CHCl3



Fig. 1. Single scan cyclic voltammograms of (a) P1 and (b) P2 on ITO electrode in 0.1 M TBAPF6/ACN electrolyte/solvent couple at a scan rate of 100 mV/s.
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(5 mg. mL�1) and spray-coated on an ITO glass electrode. Single
scan cyclic voltammetry of the polymer films was performed in the
potential range between �2.0 V and 1.4 V for P1 and
between �1.8 V and 1.4 V for P2 in 0.1 M tetrabutylammonium
hexafluorophosphate; TBAPF6/ACN, electrolyte/solvent couple.

As illustrated in Fig. 1, both P1 and P2 exhibited ambipolar
character, i.e., polymers have both p-type and n-type doping be-
haviors. While P1 has reversible oxidation/reduction peaks at 1.15 V
and at �1.52/-1.85 V, P2 exhibits reversible oxidation/reduction
peaks at 1.04 V and �1.31/-1.69 V in the anodic region and the
cathodic region. HOMO/LUMO energy levels of both P1 and P2were
calculated by using the oxidation and reduction onset values
determined from CVs. Due to the ambipolar characteristics of the
two polymers, HOMO/LUMO energy levels were calculated from
the oxidation/reduction onset potentials as �5.38 eV/-3.52 eV for
P1 and as �5.43 eV/�3.69 eV for P2, respectively.

In order to examine the relation between the current density
and the scan rate, single scan cyclic voltammograms were recorded
at five different scan rates (50 mV/s, 100 mV/s, 150 mV/s, 200 mV/s,
250 mV/s) and corresponding current density versus scan rate
graphs were illustrated in Fig. 2a. As seen in Fig. 2b, a linear
dependence of current density to the scan rate shows the non-
diffusion controlled reversible oxidation/reduction processes.

3.2. Spectroelectrochemistry

Spectroelectrochemical analyses were carried out to examine
the changes in the optical properties of P1 and P2 via stepwise
oxidation. A potentiostat integrated UVeVis spectrophotometer
was used during spectroelectrochemical studies, and progressively
increasing potentials were applied while recording UVeVis spectra.
Similar to the electrochemical studies initially, polymers were
dissolved in CHCl3 and spray-coated on ITO-coated glass electrodes.
They were dipped into 0.1 M TBAPF6/ACN solutions to perform the
spectroelectrochemical analysis. Neutral state absorptions were
recorded at constant potentials (0.0 V) before the stepwise oxida-
tion. Then electronic absorption spectra were recorded upon
stepwise oxidation for both polymers (Fig. 3). During stepwise
oxidation, while the neutral state absorption bands were
decreasing, new absorption bands appeared at 830 nm and 835 nm,
which can be dedicated to the formation of radical cations.

As illustrated in Fig. 3, neutral state absorptions were recorded
at 571 nm and 576 nm for P1 and P2, corresponding to the p-p*
transitions. The optical band gap values (Eopt g) of P1 and P2 were
calculated from the onset of the neutral state absorption according
to the equation Eoptg ¼ 1241/l. As summarized in Table 2, the Eoptg
values were calculated as 1.78 eV and 1.69 eV for P1 and P2,
respectively. All electrochemical and spectroelectrochemical
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analyses were summarized in Table 2.
Following electrochemical and spectroelectrochemical charac-

terizations, the optical properties of the polymers were also
investigated both in the thin film form and in CHCl3 solution. As
seen in Fig. 4, polymers have strong absorptions in the visible re-
gion between 400 nm and 700 nm. The maximum absorptions are
located at 561/571 nm, and 534/576 nm in solution and in thin film
forms for P1 and P2, respectively. As seen, 10 nm and 42 nm red-
shifts were observed in the absorption spectra, which can be
dedicated to the higher conjugation length and intermolecular
interaction between polymer chains in the solid state.

Furthermore, another important application field for conjugated
polymers is electrochromic device applications. For these applica-
tions colors and parameters like switching time and optical
contrast of the resulting polymers are essential. In Fig. 5, the colors
of both P1 and P2 recorded in the neutral, oxidized, and reduced
states are illustrated. Both polymers showed multichromic
behavior and exhibited varying tones of purple in the neutral states
(neutral state absorptions recorded at 571 nm and 576 nm) with
gray-colored oxidized states and grayish-blue colored reduced
states.

3.3. Kinetic studies

Asmentioned before, kinetic studies were performed in order to
record and analyze the optical contrast and switching time values
which are crucial especially for the electrochromic performances of
resulting polymers. For that purpose, a square-wave potential
method was used by applying potentials between two extreme
states (oxidized/reduced states) with 5 s time intervals at lmax
values located at 570 nm/830 nm for P1 and 575 nm/835 nm for P2.

As a result of electrochromic switching studies, percent trans-
mittance against time graphs were recorded and illustrated in Fig. 6
for P1 and P2, respectively. Percent transmittance changes were
determined as 23% at 570 nm, 29% at 830 nm for P1, and 20% at
575 nm, 40% at 835 nm for P2. The time required for one complete
switch between two extreme states could be defined as switching
time, and for P1 and P2, these values were calculated as 1.8 s, 2.0 s,
and 2.9 s, 3.7 s at their corresponding wavelengths, respectively. All
electrochromic switching results were summarized in Table 3.

3.4. OPV studies

The fabrication procedure for OPV devices were explained in
detail in section 2.4. The active layer consists of the non-fullerene
acceptor, ITIC, and thienopyrroledione containing donors, P1 or
P2. Various optimization studies (solvent selection, determination
of donor: acceptor ratio, active layer's mass ratio optimizations,



Fig. 2. Single scan cyclic voltammograms of (a) P1 and P2, (b) current density versus scan rates curves of P1 and P2 at five different scan rates (50 mV/s, 100 mV/s, 150 mV/s,
200 mV/s, 250 mV/s).

Fig. 3. Electronic absorption spectra of P1 and P2 in 0.1 M TBAPF6/ACN solution between 0.0 V and 1.4 V for P1 (a), 0.0 V and 1.4 V for (b) P2.

Table 2
Electrochemical properties of P1 and P2

Ep-doping (V) Eonsetp-doping (V) En-doping (V) Eonsetn-doping (V) HOMO (eV) LUMO (eV) Egop (eV) lmax (nm) Polaron (nm)

P1 1.15 0.63 �1.52/-1.85 �1.23 �5.38 �3.52 1.78 571/630 830
P2 1.04 0.68 �1.31/-1.69 �1.06 �5.43 �3.69 1.69 576/631 835
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determination of the active layer's thickness, additive selection
(diphenyl ether; DPE, 1-chloronaphthalene; CN and 1, 8-
diiodooctane; DIO) and thermal annealing) were carried out to
obtain the best performance from the devices. As a result of the
optimizations, the mass ratio was determined as 30 mg. mL�1.
Polymer (P1 or P2): Acceptor (ITIC) blend was dissolved in chlo-
robenzene (CB). Active layers were spin-coated with a rate of
2000 rpm for 30 s from ITIC: Polymer blends with and without
solvent additive in N2 filled glove box. LiF (0.6 nm) and Al (100 nm)
206
were evaporated at low pressure (~10�6 mbar) in a vacuum envi-
ronment. Fig. 7 represents the energy diagram and the bulk het-
erojunction OPVs' device architecture.

J-V curves of the best devices are shown in Fig. 8, and the
photovoltaic parameters are summarized in Table 4. The best per-
formance of the P1: ITIC blend with the thickness of 161 nm was
obtained by coating the active layer with 1: 1 Polymer: ITIC ratio,
and 7.94% PCE was obtained. Although the addition of additives is
intended to improve film morphology, no improvement has been



Fig. 4. Electronic absorption spectra of (a) P1, (b) P2 in thin film form and in chloroform.

Fig. 5. Colors of (a) P1, (b) P2 at neutral and oxidized/reduced states with intermediate colors

Fig. 6. Percent transmittance changes for (a) P1 at 570 nm and 830 nm and for (b) P2 at 575 nm and 835 nm in 0.1 M TBAPF6/ACN solution.

Table 3
Kinetic properties of P1 and P2

Optical Contrast (%) Switching
Time (s)

P1 570 nm 23 1.8
830 nm 29 2.0

P2 575 nm 20 2.9
835 nm 40 3.7
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observed. As for P2 based OPVs, CB was also seen as the best
working solvent. The highest PCE achieved in the P2 based OPV
with a thickness of 106 nmwas obtained by coating the active layer
with a mass ratio of 1:1.5 at 2000 rpm, which is 1.96%. P2 exhibited
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solubility problems due to a lack of alkyl chains, proving that the
alkyl chain's introduction to the polymer's backbone enhances
polymer solubility and electronic properties, hence photovoltaic
performances [54]. P1 based OPVs exhibit superior performances
than P2 based ones because the Mn value of P2 was deficient
compared to P1. As well known in the literature, our study also
proves that the Mn affects the microstructure morphology and
consequently PCE [55]. This effect is explained in the TEM images in
the active layer section. Theoretical VOC of all-polymer solar cells is
deduced from the difference between ELUMO of the acceptor and
EHOMO of the donor. While the VOC value of P1 OPVs is precisely the
same as expected (can be calculated from Eq. (1)), the VOC value of
P2 based OPVs is lower than the theoretical value due to energetic



Fig. 7. (a) Schematic energy level diagram and (b) device architecture of OPVs.

Fig. 8. Current-voltage characteristics of P1: ITIC and P2: ITIC devices under AM 1.5 G solar simulator.

Table 4
Photovoltaic parameters of P1:ITIC and P2:ITIC devices.

Polymer Solvent Weight (%) Polymer: ITIC Voc (V) Jsc (mA.cm�2) PCE (%) FF (%) Treatment

P1 CB 3 1:1.5 0.87 15.26 7.09 53.4 e

P1 CB 3 1:1 0.86 18.45 7.94 50.12 -
P1 CB 3 1:0.8 0.85 16.87 5.94 41.38 e

P1 ODCB 3 1:1.5 0.88 8.54 4.56 60.9 e

P1 CB 3 1:1 0.88 15.69 5.99 43.21 1% CN
P2 CB 3 1:1.5 0.83 6.31 1.96 37.44 -
P2 ODCB 3 1:1.5 0.74 3.75 1.26 45.41 e
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disorder at the charge transport level [56]. P1 based OPVs displays
better performances than P2 based OPVs, mainly profiting the
higher Voc of 0.86 V and FF of 50.12%. All these findings can be
supported by the fact that P1 has higher crystallinity than P2; The
higher the crystallinity, the greater the tendency to self-aggregate,
and the larger the field size in thin films with very high charge
mobility [57].

VOC ¼ð1 = eÞ
����EHOMO

Donor �ELUMO
Acceptor

���
�
� 0:3 V Eq. 1

AFM images were recorded to examine the films' topographies.
Fig. 9 shows AFM images, both 2D and 3D images, proving how
uniformly coated the films are. P2 based OPVs, a rough surface
image, and the non-uniform coating are seen in the 3D image of P2
based OPV, which already has a dissolution problem. The surface
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roughness of the P2:ITIC blend was the largest among others
(Fig. 9b).

The TEM images were examined to obtain more in-depth in-
formation about morphology (Fig. 10). The ideal morphology
formed in the active layer provides suitable interfaces for efficient
charge separation and promising percolation pathways for charge
carrier transport to the respective electrodes to minimize free
charge recombination [58]. For the blend P1:ITIC (Fig. 10a), ITIC is
dispersed so uniformly throughout the film, and percolations are
thinner and precise. However, for the P2:ITIC blend (Fig. 10b), phase
separation is so apparent that large aggregates of ITIC (dark areas)
are trapped within the polymer matrix. These aggregates are
thought to interrupt charge transport and thus resulting in
reducing device performance [59]. Addition of 1% of CN to P1:ITIC
solution, FF value decreases considerably (Table 4). TEM images



Fig. 9. 2D AFM images of (a) P1:ITIC, (b) P2:ITIC, (c) P1:ITIC w/1% CN and 3D AFM images of (d) P1:ITIC, (e) P2:ITIC, (f) P1:ITIC w/1% CN.

Fig. 10. TEM images of (a) P1:ITIC, (b) P2:ITIC, (c) P1:ITIC w/1% CN.

Fig. 11. EQE curves of P1: ITIC and P2: ITIC devices.
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were used to understand the reason for this severe decrease.
Comparing Fig. 10a and c, the latter shows large-scale phase sep-
aration, resulting in less charge carrier photogeneration and hin-
dered transport, finally decreasing photovoltaic properties [60].

The incident photon to electron conversion efficiency (IPCE) was
studied to confirm the best device's photoresponse, as shown in
Fig. 11. The photocurrent response for both polymers was per-
formed between 300 nm and 900 nm. The highest IPCE value for P1
and P2 reached 82% and 26%, respectively. The results obtained
from the EQE curve are consistent with JSC values in Table 4.

4. Conclusions

In this study, two new random copolymers containing TPD as
the core unit were synthesized. P1 containing alkyl thiophene has a
larger molecular weight than P2 which is attributed to the lack of
alkyl chain, which enhances the solubility of the polymer. The
electrochemical and spectroelectrochemical properties of the two
polymers were investigated. TPD as an acceptor moiety enhanced
VOC values and provided deep HOMO levels, subsequently better
OPV performances. The best result was obtained with the device
based on P1: ITIC with a PCE of 7.94%, a JSC value of 18. 45 mA cm�2
209
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and with an FF value of 50.12%. P2 based devices exhibited
comparatively lower PCEs (1.96% max) and other OPV parameters.
We believe that the lower molecular weight of P2 disturbed film
morphology of the polymer: acceptor blend, which is supported by
AFM and TEM images. Thus, P1 exhibited relatively better OPV
performances. Our study represents a synthetic approach to exhibit
the effect of alkyl chains on device performance based on TPD
containing random copolymers and NFAs. Previously reported
studies support that new TPD-containing random copolymers and
NFA-based organic photovoltaics exhibit better PCEs compared to
their fullerene-based counterparts [61e66].
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