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ABSTRACT: Low-band gap selenophene-based polymers were
synthesized. Their optoelectronic and photovoltaic properties
and space-charge limited currents were compared with those of
the related thiophene-based polymers. The band gaps of the
Se-based derivatives were approximately 0.05-0.12 eV lower
than those of their thiophene counterparts. Organic photovoltaic
(OPV) devices based on the blends of these polymers and 1-(3-
methoxycarbonyl)propyl-1-phenyl-[6,6]-C;;, (PC;:BM) were fabri-
cated, and the maximum power conversion efficiency of the

INTRODUCTION Organic photovoltaic (OPV) technology is
attracting much attention because it offers the prospect of
light-weight, high-efficiency devices prepared at low cost
using large area solution processing.'™ Recent research
efforts in this field have been devoted toward improving the
power conversion efficiencies (PCEs) of devices through the
design of new materials,®'° device engineering,'*™* and the
use of new processing techniques.’®'® Accordingly, OPV devi-
ces based on conjugated polymers as electron-donor materials
blended with fullerene derivatives as electron-acceptor mate-
rials have achieved PCEs of up to 9.2%."®'” Recently, Yang and
coworkers'® obtained a certified PCE world record by apply-
ing a new low-band-gap (LBG)-conjugated polymer with tan-
dem cell technology, which employs two solar cells having
different absorption behaviors to broaden the solar flux. Pro-
gress in this field has resulted from better understanding of
the device physics governing the carrier behavior and trans-
port processes, improved processing techniques, and the
development of new active layer materials. Most successful
conjugated polymers for OPV applications are based on thio-
phene, benzene, and their derivatives as building blocks—for
example, dibenzene-bridged, dithiophene-bridged, or thio-
phene/benzene fused units.'® To obtain higher cell efficien-

OPV device based on PSPSBT and PC;BM was 3.1%—with a
short-circuit current density (Js) of 9.3 mA cm 2, an open-
circuit voltage (V,.) of 0.79 V, and a fill factor of 0.42—under
AM 1.5 G illumination (100 mW cm™2). © 2013 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2013, 57, 4550-4557

KEYWORDS: atomic force microscopy (AFM); conducting poly-
mers; conjugated polymers; low-band gap; optoelectronic
properties; organic solar cell; selenophene

cies, the search continues for optimized structures exhibiting
high-absorption coefficients and broad solar absorptions to
improve solar light harvesting and, hence, result in higher
short-circuit current densities (Js.). Nevertheless, an improve-
ment in PCE does not necessarily rely solely on an improved
value of J,c—desirable energy levels to ensure a high open-
circuit voltage (V,.) and a well-defined morphology to ensure
a reasonable fill factor (FF) are also required. With regard to
conjugated polymers, the ability to increase light harvesting
while maintaining a deep highest occupied molecular orbital
(HOMO) and high solubility remains a challenge when design-
ing new materials for OPV applications.

Several selenium-based polymers have exhibited promising
properties for use in optoelectronic applications. For instance,
the optical band gaps of polyselenophenes are typically lower
than those of their polythiophene counterparts.?’?° As a
result, greater absorption of photons of long wavelength
would provide access to increased values of Js. In addition,
the interchain charge transfer facilitated by Se-Se interactions
can also improve hole mobility.?®?*” The higher carrier mobil-
ity enables better carrier transport and, hence, higher values
of Jsc and FF. Furthermore, as suggested by Heeney et al., a nar-
rower band gap can be accomplished by lowering the energy

Additional Supporting Information may be found in the online version of this article.

© 2013 Wiley Periodicals, Inc.
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SCHEME 1 (a) The synthetic routes of polymers PSPSBT and PTPTS. (b) The structures of PTPTBT and PTPTT.

of the lowest unoccupied molecular orbital (LUMO) while
maintaining the HOMO energy level, thereby obtaining a simi-
lar value of V.. Taking all of these properties together, seleno-
phene becomes a promising replacement for thiophene as a
building block for OPV applications. From a previous study, we
reported PCEs of up to 6.4% for devices based on indacenodi-
thiophene (thiophene/phenylene/thiophene; TPT) deriva-
tives.2%2% These polymers provided better harvesting of solar
flux with deeper HOMO energy levels, giving impressively
large values of V,. (>0.8 V) and excellent OPV properties.
More importantly, McCulloch and coworkers reported OPV
devices based on tetraalkyl-substituted TPT units exhibiting
field-effect hole mobilities as high as 1 cm® V™' s~ and PCEs
>7.5%, repectively.’®3! The excellent optoelectronic charac-
teristics of TPT make it a promising electron-donating (D)
comonomer for use in D-acceptor (A)-based conjugated poly-
mers. Herein, we report the synthesis of a new series of TPT-
based LBG polymers incorporating selenophene units. We
have synthesized two new polymers, PTPTS and PSPSBT
(Scheme 1) to explore the effect of Se atoms in conjugated
polymers for OPV applications.
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EXPERIMENTAL

Materials and Characterizations

All chemicals were purchased from commercial sources and
used without further purification, unless otherwise stated.
Tributyl(selenophen-2-yl)stannane (1), diethyl 2,5-dibromo-
terephthalate, and 2,5-di(selenophen-2-yl)terephthalate (2)
were prepared according to the literature methods (Support-
ing Information Fig. $1).23? H and "3C NMR spectra were
recorded using a Varian Mercury 400 MHz or Varian 500
MHz spectrometer. High-resolution mass spectra were
recorded using a JEOL JMS-700 mass spectrometer. Elemen-
tal analyses were performed using an Elementar vario EL III
instrument. UV-Vis absorption spectra were recorded using a
PerkinElmer Lambda 950 spectrophotometer. The molecular
weights of the polymers were measured using gel permea-
tion chromatography (GPC) and polystyrene standards. Ther-
mogravimetric analysis (TGA) was performed using a
PerkinElmer TGA 7 instrument under a N, atmosphere at a
heating rate of 20 °C min_*. The glass transition tempera-
tures of polymers were determined by using a PerkinElmer
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DSC 7 instrument under N, atmosphere at a heating rate of
10 °C min . The energy levels of the HOMOs were esti-
mated through cyclic voltammetry (CV) using a Pt wire and
Ag/Ag* (0.01 M AgNO3) as the counter and reference elec-
trodes, respectively, with a Pt plate coated with a polymer
film as the working electrode (CH Instruments). The energy
gap (Eg) was calculated from the threshold of absorption.
The LUMO energy level was estimated by subtracting the
energy gap from the HOMO energy level. Optimized molecu-
lar geometries and electronic properties were computed
using the program Gaussian 09 and density functional theory
(DFT) and time-dependent DFT (TDDFT) calculations,
employing Becke’s three-parameter functional combined
with Lee, Yang, and Parr’'s (B3LYP) hybrid exchange-
correlation functional with the 6-31G* basic set. The molecu-
lar orbitals were visualized using Gaussview 4.1 software.

Diethyl 2,5-di(selenophen-2-yl)terephthalate (2)

PdCl,(PPhs); (0.14 g, 0.20 mmol) was added to a solution of
diethyl 2,5-dibromoterephthalate (3.80 g, 10.0 mmol) and
tributyl(selenophen-2-yl)stannane 1 (10.1 g, 24.0 mmol) in
anhydrous tetrahydrofuran (THF) (60 mL) under a N,
atmosphere and then the mixture was heated under reflux
overnight. After cooling to room temperature, the mixture
was purified through column chromatography (SiO,; ether/
hexane, 1:19) to give a yellow solid (2.30 g, 48%).

'H NMR (500 M Hz, CDCls, §): 1.13 (t, /= 7.2 Hz, 6H), 4.19
(q, J=7.2 Hz, 4H), 7.20 (d, J=3.5 Hz, 2H), 7.29 (t, /=45
Hz, 2H), 7.76 (s, 2H), 8.06 (d, J= 5.5 Hz, 2H). '3C NMR (100
M Hz, CDCls, 6): 13.74, 61.63, 129.23, 129.66, 131.73,
132.29, 133.67, 135.43, 146.35, 167.73. HRMS (FAB, m/z):
[M+] caled for C,oHi504Se; 481.9536; found 481.9526.
Anal. calcd. For C,oH;g04Se,: C 50.02, H 3.78; Found: C
50.24, H 3.82.

Selenophene-Phenylene-Selenophene (SPS)

4-n-Hexylphenyl magnesium bromide (prepared in advanced
from 1-bromo-4-n-hexylbenzene [10.2 mL, 50.0 mmol] and
Mg turnings [1.20 g, 50.0 mmol]) was added to a solution of
2 (3.99 g, 8.30 mmol) in anhydrous THF (20 mL). After heat-
ing under reflux overnight, the reaction was quenched with
water and the aqueous phase extracted with EtOAc. The
organic extracts were dried (MgSO,) and concentrated; the
residue was washed with hexane and then the solid was dis-
solved in AcOH (60 mL) and treated with 12 M of HCl (20
mL). This mixture was heated under reflux overnight. After
cooling to room temperature, the mixture was extracted with
EtOAc; the combined extracts were dried (MgSO,4) and con-
centrated. The residue was purified through column chroma-
tography (SiO,; hexane) to give a yellow solid (2.91 g, 35%).

'H NMR (500 M Hz, CDCls, &): 0.85 (t, J=65 Hz, 12H),
1.26-1.32 (m, 24H), 1.52-1.58 (m, 8H), 2.52 (t, J=7.5 Hz,
8H), 7.02 (d, /=7 Hz, 8H), 7.12 (d, /= 8.5 Hz, 8H), 7.18 (d,
J=5.5 Hz, 2H), 7.36 (s, 2H), 7.84 (d, /=55 Hz, 2H). 1°C
NMR (100 M Hz, CDCls, §): 14.09, 22.58, 29,14, 31.33, 31.71,
35.55, 63.83, 117.63, 125.67, 127.90, 128.24, 131.81, 137.51,
14132, 141.89, 144.18, 152.79, 157.44. HRMS (FAB, m/z):
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[M+] caled for CgqH74Se,, 1002.4121; found 1002.4121.
Anal. calcd. For Cg4H74Se,: C 76.78, H 7.45; Found: C 76.99,
H 7.80.

SPS-Ditin

In brief, 1.6 M n-Buli in hexane (3.00 mL, 4.80 mmol) was
added dropwise for 10 min to a solution of selenophene-
phenylene-selenophene (SPS) (2.20 g, 2.20 mol) in anhy-
drous THF (30 mL) at —78 °C and then the mixture was
stirred at that temperature for 1 h. Trimethyltin chloride
(1.10 g, 5.50 mmol) was added and then the mixture was
warmed to room temperature and stirred overnight. The
reaction was quenched with water; the aqueous phase was
extracted with Et,0 and dried (MgSO,). The solvent was
evaporated and the residue was washed with MeOH and col-
lected to afford a yellow solid (2.92 g, 92%).

'H NMR (500 M Hz, CDCl5, §): 0.30 (s, 18H), 0.83-0.86 (m,
12H), 1.23-1.30 (m, 24H), 1.55 (m, 8H), 2.52 (t, J=7.7 Hz,
8H), 7.02 (d, /= 8.5 Hz, 8H), 7.12 (d, J= 7.5 Hz, 8H), 7.26 (s,
2H), 7.32 (s, 2H). 3C NMR (100 M Hz, CDCl;, §): —7.70,
14.08, 22.59, 29.17, 31.30, 31.72, 3557, 63.42, 117.99,
128.04, 128.18, 133.49, 137.35, 141.13, 142.25, 147.97,
149.76, 153.01, 159.18.

PSPSBT

A solution of SPS-ditin (133 mg, 0.100 mmol), 4,7-dibromo-
2,1,3-benzothiadiazole (29.4 mg, 0.100 mmol), tris(dibenzyli-
dene acetone)dipalladium(0) (3.67 mg, 0.004 mmol), and
tri(o-tolyl)phosphine (9.74 mg, 0.032 mmol) in anhydrous
chlorobenzene (10 mL) was purged with N, and subjected
to three freeze/pump/thaw cycles to remove O,. The mixture
was then heated in a microwave reactor for 30 min. The
dark solution was poured into MeOH (200 mL) and the black
precipitate was collected on a membrane filter. The polymer
was washed for 72 h through Soxhlet extraction sequentially
with MeOH, acetone, and hexane; the soluble fraction was
then collected through extraction with CHCl3. The CHCl; frac-
tion was concentrated and poured into MeOH. The precipi-
tate was collected and dried under vacuum to afford a dark
product (50 mg). GPC (THF): M,, = 20,411 g mol *; polydis-
persity index (PDI) = 1.49. A,ps = 673 nm.

'H NMR (400 M Hz, CDCls, 8): 0.83 (m, 12H), 1.26-1.55 (m,
32H), 2.55 (m, 8H), 7.07-7.44 (m, 20H), 7.77-7.99 (m, 2H).

PTPTS

This polymer was synthesized by following the method
described above for PSPSBT, using TPT-Br?° and 2,5-bis(tri-
methylstannyl)selenophene as monomers, to give a dark
product (45 mg). GPC (THF): M, =52554 g mol };
PDI = 2.14. Zaps = 530 nm.

'H NMR (400 M Hz, CDCls, §): 0.86 (m, 12H), 1.28-1.58 (m,
32H), 2.55 (m, 8H), 6.96-7.16 (m, 18H), 7.34 (m, 4H).

Measurement of Space-Charge-Limited Currents

Hole-only devices were fabricated using Pd, a high-work-
function material, as the cathode to block the back injection

@WILEY i ONLINE LIBRARY



JOURNAL OF

Polymer

ARTICLE

POLYMER SCIENCE Chemlstry WWW.POLYMERCHEMISTRY.ORG
a)
[ CeHis
Se
O j
Es’h Cs“u /
| ’ | SPS l |
] 8 7 s s ] 3 2 | 1 ppm
b)
CgHya CgHy3 I
|
} i () I |
\H Se /m h M
]
CeHia CgHyz PTPTS IU U L
9 8 7 6 a 3 2 1 ppm’
c)

i |
PSPSBT | \

>

q 3 2 1 pPpm

FIGURE 1 'H NMR spectra of monomer (a) SPS, and polymers (b) PTPTS and (c) PSPSBT.

of electrons. When a sufficient voltage was applied to a hole-
only device, the transport of holes through the polymer film
was limited by the space charge that accumulated. The
space-charge-limited current (SCLC) is described by the
equation

9 V2
J= g oréotn T3
where ¢, is the dielectric constant of the polymer, ¢y is the
permittivity of free space, p, is the hole mobility, V is the
voltage applied to the device, and L is the polymer thickness.
The applied voltage was corrected for the built-in voltage
(VB1), which was estimated from the difference between the
work function and the HOMO energy level of the polymer.
Plots of J*° with respect to V for the devices were straight
lines; from the slopes, the field-independent mobilities of
respective devices were calculated.

Device Fabrication and Characterization

All BH] OPV cells were prepared using the following device
fabrication procedure. Glass/indium tin oxide (ITO) substrates
(Sanyo, Japan [8 Q/[]]) were sequentially patterned litho-
graphically, cleaned with detergent, ultrasonicated in acetone
and isopropyl alcohol, dried on a hot plate at 140 °C for 10

MALQ‘%»} WWW.MATERIALSVIEWS.COM
|

min, and treated with oxygen plasma for 5 min. Poly(3,4-eth-
ylenedioxythiophene):polystyrene  sulfonate = (PEDOT:PSS)
(Baytron P-VP Al4083) was passed through a 0.45-um filter
prior to being deposited on ITO (thickness: ca. 30 nm)
through spin-coating at 3000 rpm in air; the sample was then
dried at 140 °C for 20 min inside a glove box. A blend of 1-
(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-C;; (PC;:BM) and a
polymer at a defined ratio was stirred overnight in o-dichloro-
benzene (DCB) or CHCl3, filtered through a 0.2-um poly(tetra-
fluoroethylene) filter, and then spin-coated (1000-1200 or
2500 rpm, 30 s) on top of the PEDOT:PSS layer. The device
was completed by depositing a 30-nm-thick layer of Ca and a
100-nm-thick layer of Al at pressures below 10 ° torr. The
active area of the device was 5 mm?® Finally, the cell was
encapsulated using UV curing glue (Nagase, Japan). The cur-
rent-voltage (I-V) properties of the polymer solar cells were
measured using a computer-controlled Keithley 2400 source
measurement unit and a Peccell solar simulator under AM 1.5
G illumination (100 mW cm ?). The illumination intensity
was calibrated using a standard Si reference cell and a KG-5
filter. The morphologies of the polymer films were analyzed
through atomic force microscopy (AFM) using a VEECO DICP-
II instrument operated in the dynamic force mode at ambient
temperature; the etched Si probe exhibited a resonant fre-
quency of 131 kHz and a spring constant of 11 N/m.
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TABLE 1 Molecular Weights, Thermal, Optical and Redox Properties of the Polymers PTPTS and PSPSBT

M,, (PDI) T/ T4 (°C) Jabs® (NM) E4 (eV) HOMO (eV)° LUMO (ev)?
PTPTS 52,554 (2.14) 182/466 530 2.03 -5.18 -3.15
PSPSBT 20,411 (1.49) 269/426 673 1.63 -5.22 —-3.59

@ Glass transition temperature (T4) and decomposed temperature (T,
5%-weight-loss temperature).
® The wavelength of the maxima absorption bands.

RESULTS AND DISCUSSION

Synthesis of Se-Based Conjugated Polymers

Scheme 1 shows the synthesis of the selenophene-phenyl-
ene-selenophene (SPS) derivative®®; we confirmed its struc-
ture using 'H and **C NMR spectroscopy and high-resolution
mass spectrometry and elemental analyses. The 'H NMR
spectrum of SPS is shown in Figure 1(a) and is similar to
that of the thiophene groups containing analog TPT reported
previously.** We then synthesized PTPTS and PSPSBT from
TPT and SPS, respectively (Scheme 1) via Pd(0)-catalyzed
Stille coupling polymerizations in chlorobenzene under
microwave heating; this approach is more efficient than
those using conventional heating. All of the resulting poly-
mers were readily soluble in THF and other common sol-
vents. Figure 1(b,c) present the 'H NMR spectra of PTPTS
and PSPSBT, respectively; the resonances of the aromatic
protons of the TPT and SPS units appear at 6.96-7.44 ppm.
The peak near 2.54 ppm is assigned to the methylene pro-
tons attached to the phenyl group of the TPT and SPS units,
whereas the peaks in the range 0.82-1.58 ppm are arisen
from the four hexyl substituents. In addition, we assign the
characteristic signals at 7.77-7.99 ppm to the protons of
benzothiadiazole (BT) units in Figure 1(c). We used a GPC
with THF as the eluent and polystyrene as the standards to
determine the weight-average molecular weights (M,,) and
PDIs (M,/M,) of the polymers. The values of M, of PTPTS
and PSPSBT were 52,554 and 20,411 g mol™?, respectively
(Table 1).

The resulting polymers also exhibited good thermal stability,
with decomposition temperatures (Ty, 5% weight loss) and
glass transition temperatures (7)) >420 and 180 °C, respec-
tively (Table 1), as determined by TGA and differential scan-
ning calorimetry (DSC), respectively (Supporting Information
Fig. S2).

Optoelectronic Properties

We used o0-DCB or CHCl3 as the solvent to obtain high-
quality films of PTPTS and PSPSBT for optical characteriza-
tion and device fabrication. Figure 2 shows the UV-Vis
absorption spectra of the polymer films in the solid state, as
well as their thiophene analogues for comparison.>”** Table
1 summarizes these spectroscopic data. The onsets of the
optical absorptions of PTPTS and PSPSBT appeared at 612
and 761 nm, respectively, red-shifted by 15 and 52 nm rela-
tive to those of their thiophene analogues PTPTT and
PTPTBT. We observed these narrow band gaps because sele-
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° The onset potential for the polymer oxidation.
d Determined using the equation LUMO = HOMO — Eg.

nophene is more polarizable than thiophene and has a signif-
icant electron stabilizing effect.?? LBG polymers often exhibit
two absorption bands with a transmission valley between
them. PSPSBT displayed typical characteristics of a D-A LBG
polymer: two absorption bands with maxima in the visible
and near-IR regions arising from the n-n* transitions of the
SPS unit in the visible region and the intramolecular charge
transfer (ICT) between the SPS and BT units in the near-IR
region. The band gap energies (E;) determined from the
onset of absorptions of PTPTS and PSPSBT were 2.03 and
1.63 eV, respectively. Compared with the results of our previ-
ous studies,zg’33 we observed substantial red shifts of the
absorption edge after introducing the Se atoms. A smaller
value of E, should improve light harvesting and, hence,
enhance the values of J;. of the corresponding devices.

In general, the amount of absorbed light depends not only
on the value of E, but also on the intensity of the absorption.
As shown in Figure 2, the thin films of PTPTS (1.70 X 10°
em ' at Jups = ca. 530 nm) and PSPSBT (1.21 X 10° cm !
at Japs = ca. 673 nm) exhibited high absorption coefficients
(Table 1). For OPV applications, the HOMO and LUMO energy
levels must be positioned appropriately with respect to
those of the electron acceptor (in this case, [6,6]-phenyl-C;;-
butyric acid methyl ester [PC;;BM]). Using CV, the HOMO
values were calculated according to the equation

HOMO = —(Eox —Eqnset [ferrocene | +4.8)eV

where E,, is the onset potential for the polymer oxidation,
then we determined the HOMO energy levels of PTPTS and

180000 - ——FTPTT
160000 | = = PTPTS
-« - PTPTBT
< 140000 4 —-—PSPSBT
§ J
= 120000
=
@
(3] 4
& 100000 \
1] \
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FIGURE 2 The absorption spectra of PTPTT, PTPTS, PTPTBT,
and PSPSBT film.

@WILEY i ONLINE LIBRARY



JOURNAL OF Polymer
poLYMER sciEncE Chemistry

— PTPTS
- — PSPSBT
E 7 f"
3 ’
_
_ —_ e = o - ~ ,’
2 e \
L -
T T T T T T T
2.0 -1.5 1.0 -0.5 0.0 0.5 1.0

Potential

FIGURE 3 The CV spectra of PTPTS and PSPSBT.

PSPSBT to be —5.18 and —5.22 eV, respectively (Fig. 3). We
then estimated the LUMO energy levels from the HOMO
energy levels and the values of E,; using the equation

LUMO =HOMO —E,

Accordingly, the LUMO energy levels for the thin films of
PTPTS and PSPSBT were —3.15 and —3.59 eV, respectively.
The LUMO energy levels of these Se-based materials were
higher than that of PCBM—a necessity for efficient charge
separation. The UV-Vis spectra and CV data suggested that
the relatively low band gaps of the Se-based materials
resulted from a decreasing of the LUMO energy level and an
increasing of the HOMO energy level. Similar results have
been reported for benzodithiophene-based polymers.?#%® As
HOMO energy levels are related to the open-circuit voltages
of corresponding fabricated devices, we suspected that the
values of V,. of devices incorporating our Se-based deriva-
tives would be lower than those of their thiophene-based
counterparts.

To obtain information regarding the electronic structures of
these polymers, we performed quantum mechanical model-
ing—using DFT—of their basic structural units (Fig. 4). We
found that the HOMO and LUMO of PTPTS were localized on
the whole backbone, leading to the n-n* transition. For
PSPSBT, the electron density of HOMO state predicted by
the theoretical calculation was delocalized within the whole
backbone; however, the density of LUMO state was localized
on the BT moieties, leading to ICT from the SPS units
(HOMO) to the BT moieties (LUMO). This behavior is con-
sistent with the more red-shifted absorption bands and
lower energy gap of PSPSBT. The significant difference in
the LUMO energy levels of these two polymers agrees well
with the experimental CV and absorption data.

Photovoltaic Properties

To evaluate the OPV performances of Se-based polymers, we
fabricated devices having the layered configuration glass/
ITO/PEDOT:PSS/polymers:PC,,BM/Ca/Al and tested them

M&%‘%},} WWW.MATERIALSVIEWS.COM
|
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FIGURE 4 The HOMO and LUMO of PSPSBT and PTPTS from
DFT calculations.

under AM 1.5 G illumination at 100 mW cm™ 2 After encap-
sulation in UV-curing glue, we measured the [-V characteris-
tics in air. Similar to our previous findings,?®3 it was
necessary to add up to 75 wt % of PC,;BM to obtain optimal
performance. For the PTPTS-based devices, optimal perform-
ance occurred after depositing a 7.5 mg mL~' solution of
the polymer in 0-DCB at a spin-coating rate of 1000 rpm for
30 s at a polymer-to-PC;{BM ratio of 1:3 w/w. The best fab-
rication conditions for PSPSBT-based devices occurred from
a 3.5 mg-mL ™! solution in CHCl; with a spin-coating rate of
2500 rpm, and a polymer-to-PC,;BM ratio of 1:2.5 w/w. We
tested all of the devices without annealing. Table 2 lists the
corresponding values of V,, Js., FF, and PCE. Figure 5 shows
the [-V characteristics of representative cells. Supporting
Information Figure S3 shows the EQE spectra of the PTPTS

TABLE 2 Characteristic /-V Parameters from Device Testing at
Standard AM 1.5 G Conditions

Jsc PCE  SCLC Mobility
Polymer (mAcm ™2 V.. (V) FF (%) (m2VvTs™)
PTPTT 7.6 0.80 0.54 3.3 1.4E—-09
PTPTS 8.2 0.70 0.52 3.0 4.4E - 09
PTPTBT 11.2 0.85 0.67 6.4 2.2E—-09
PSPSBT 9.3 0.79 042 3.1 1.0E — 08
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FIGURE 5 Current density-potential characteristics of Se-based
polymers/PC,1BM devices under illumination with AM 1.5 G

solar simulated light 100 mW cm 2.

and PSPSBT devices. The PTPTS-fabricated device reveals a
significant contribution of EQE in the wavelength between
300 and 610 nm and is consistent with UV-Vis spectrum of
PTPTS film (Fig. 2). The PSPSBT device exhibits an EQE
response between 300 and 810 nm and is consistent with
its UV-Vis spectrum. The device based on PTPTS exhibited a
PCE of 3.0%, Js. of 8.20 mA cm ™2, V,. of 0.70 V, and an FF of
0.52. As expected, the J;. was greater than that of its ana-
logue (PTPTT) because of superior overlap with the solar
spectrum. The PCE of the device based on PTPTS was lim-
ited, however, by its low value of V,., which was 0.10 V less
than that of PTPTT3® In general, the value of V,. corre-
sponds to the difference between the HOMO energy level of
the conjugated polymer and the LUMO energy level of the
acceptor (in this case, PC;1BM). Therefore, we would expect
a lower value of V,. for the PTPTS-based device because of
its relatively high HOMO energy level. For the devices con-
taining PSPSBT, the selenophene moieties again led to a
lower value of V. relative to that of the PTPTBT-based devi-
ces. Although we expected to observe further increases in
PCE after introducing Se atoms on the polymer backbone,
the PCEs of the PSPSBT-containing devices were significantly
limited by their low values of J;. and V,. despite the fact that
the signals in the UV-Vis absorption spectra of PSPSBT were
more red shifted than those of its counterpart PTPTBT.

It is well established that highly efficient OPVs should con-
tain polymers with high hole mobility. To evaluate the contri-
bution of the mobility, we measured SCLCs of our blend
films.?® Supporting Information Figure S4 shows the experi-
mental dark-current densities measured in the hole-only
devices. The applied voltage, estimated from the difference
in electrical contact work functions, is corrected for the
built-in voltage (Vg;). The plots of /°° versus V for each
device were nearly a straight line, providing a slope that we
used it to calculate the field-independent mobility of conju-
gated polymers (Table 2). We obtained field-independent
mobilities of 1.4 X 1077, 4.4 x 107, 2.2 X 107°, and 1.0 X
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10~® m?/Vs for devices based on PTPTT, PTPTS, PTPTBT,
and PSPSBT, respectively. As expected, the hole mobilities of
Se-based polymers were three to five times greater than
those of their thiophene-based counterparts. Accordingly, we
might suspect that the OPV properties of the Se-derived
devices would outperform those of analogous devices incor-
porating thiophene-based polymers. The PCE has, however,
no absolute correlation with the mobility, but is affected by
the morphological properties in the blend films.** To clarify
this issue, we used tapping-mode AFM to study the morphol-
ogies of the blends. The root-mean-square (RMS) rough-
nesses of the PTPTS- and PSPSBT-based blends were 3.2
and 0.5 nm, respectively; for the former, we found related
large-phase segregation (>100 nm), whereas the topography
and phase images of the latter revealed a relatively homoge-
neous film morphology (Supporting Information Fig. S5). The
morphology of the PTPTS blend was similar to that of its
counterpart with a moderate domain size; hence, their
device performance was similar.*® The performance of the
PSPSBT-based device was disappointing despite the lower
band gap of the polymer and its higher hole mobility. As
shown in Supporting Information Figure S5, the phase
images of the PTPTBT and PSPSBT blend films reveal two
distinct feature types: the bright regions, which we attribute
to conjugated polymer-rich domains, and the dark-colored
agglomerates denoting the PCBM-rich domains.>*>*® PTPTBT
blend film (Supporting Information Fig. S5f) exhibited a
well-defined phase separation, characterized by segregation
of PCBM-rich domains (length, ~30 nm) surrounded by con-
tinuous PTPTBT-rich phase. The phase of PSPSBT blend
film is related homogenous with a less obvious phase sepa-
ration and smaller domain size. Our results suggest that the
poor performance of the device incorporating PSPSBT was
owing primarily to the very smooth and homogenous mor-
phology of the film, with its ultra-small domain sizes (Sup-
porting Information Fig. S5). For a well-defined morphology,
a blended film requires an ideal domain size of 20-30 nm,
which provides suitable interfaces for exciton dissocia-
tion.?>®> Furthermore, nanoscale interpenetrating blends
must feature continuous pathways for the polymers and full-
erenes for efficient charge transport to the corresponding
electrodes.® Blend films with homogenous morphologies are
adverse for efficient charge transfer and separation. In addi-
tion, greater miscibility and smaller domain sizes in blend
films can increase the possibility for charge recombina-
tion.2>33% Therefore, the values of J,. and FF of the
PSPSBT-based device were lower than those of the PTPTBT-
based device primarily as a result of charge recombination.
To obtain higher PCEs, post-treatment techniques (kinetic
factors) including thermal annealing,'® the use of solvent
mixtures (CHCl;/0-DCB)?° and additives (1,8-octanedithiol or
1,8-diiodooctane),**? and solvent annealing’” have been
demonstrated previously to improve morphologies and,
hence, enhance performance.>?>3® Nevertheless, for our
present polymer systems, we can eliminate these methodolo-
gies as means toward improving the PCE. For most reported
cases of controlling the morphologies of OPVs, large phase
separation (>100 nm) was observed for the as-cast blend
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film, with small D and A domains with nanophase morpholo-
gies formed after applying such state-of-art morphological
control.”**37 Further investigations are currently underway;
we anticipate further improvements in PCE if we can
develop a new methodology to effectively tailor the morphol-
ogy of the PSPSBT blend films.

CONCLUSIONS

We have used Stille coupling polymerization to synthesize
two polymers (PTPTS and PSPSBT) featuring selenophene
units in their main chains; we then compared their absorp-
tion spectra, SCLCs, and electrochemical and photovoltaic
properties with those of their thiophene counterparts.
Among the tested systems, photovoltaic cells incorporating
blends of the selenophene derivatives and PC;;BM exhibited
the highest PCEs (up to 3.1%) under white light illumination
(AM 1.5 G, 100 mW cm~2). Our results reveal that introduc-
tion of Se atoms increased both the mobility and the HOMO
energy level owing to greater polarization and stronger Se-
Se interactions (relative to S-S interactions). We are cur-
rently attempting to improve the device performance further
by controlling the morphology of the active layer and
improving the light harvesting ability of the polymers.
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