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ABSTRACT: In this study, we used Stille coupling polymerization to
synthesize a series of new low-band gap-conjugated polymers—
PCyTBO, PCySiTBO, and PCyNTBO—comprising mainly electron-
rich C-, Si-, and N-bridged dithiophene units in conjugation with
electron-deficient alkoxy-modified 2,1,3-benzooxadiazole moieties.
The highest occupied molecular orbital energy levels of these
polymers become higher as the electron-donating ability of C-, Si-,
or N-bridged dithiophene units increases. These polymers also
displayed excellent thermal stability and broad spectral absorp-
tions, with PCySiTBO revealing some crystallinity. As a result, the

INTRODUCTION Organic polymer solar cells (PSCs) based on
bulk heterojunction (BHJ) structures incorporating conju-
gated polymers and fullerenes are being studied extensively
because they allow the fabrication of light-weight, large-area,
flexible devices using low-cost solution processing meth-
ods.™ Poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenyl-
ene vinylene] (MDMO-PPV),* because of its relatively low
highest-occupied molecular orbital (HOMO) energy level of
—5.4 eV, BH] devices made from MDMO-PPV offered open
circuit voltages (V,.) as high as 0.82 V; however, the rela-
tively large band gap of MDMO-PPV limited the short circuit
current density (Js) to 5-6 mA/cm? As a result, conjugated
polymers such as regioregular polythiophene derivatives
have been employed widely in BH] devices because of their
high crystallinity, good light harvesting in the visible spec-
trum, and excellent carrier mobility.>~” Nevertheless, the
power conversion efficiencies (PCEs) of such systems are
difficult to improve upon because of the limited polymer
absorption at wavelengths of <650 nm® and because the V,,
is limited at approximately 0.5-0.6 V.

In attempts to harvest more photons and to tune the energy
levels, several conjugated polymers have been developed
featuring electron donor/acceptor (D/A) units in main chain-
conjugated configurations® *° and side-chain-attached archi-
tectures.’*”?* Recently, some low-band gap polymers have
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photovoltaic device incorporating the PCySiTBO/PC,;BM (1:1)
blend system and 1,8-diiodooctane (2 vol %) as an additive exhib-
ited excellent performance, under AM 1.5 G irradiation (100 mW
cm2), with a value of V, of 0.64 V, a short-circuit current density
of 13.8 mA cm ™2, a fill factor of 0.57, and a promising power con-
version efficiency of 5.0%. © 2012 Wiley Periodicals, Inc. J Polym
Sci Part A: Polym Chem 50: 3960-3969, 2012

KEYWORDS: benzooxadiazole; donor/acceptor conjugated poly-
mers; polymer solar cell

been developed to provide PCEs of up to 7%.2°%° To
improve the performance of photovoltaic polymer materials,
it will be necessary to synthesize conjugated polymers with
several desirable properties: low-band gaps, to broaden the
absorption range; crystalline characteristics, to ensure good
charge mobility; low HOMO energy levels, to enhance the
values of V,; and lowest unoccupied molecular orbital
(LUMO) energy levels that are suitable for efficient electron
transfer to the fullerene moieties.

During the last few years, 4H-cyclopenta[2,1-b:3,4-b']-dithio-
phene (Cy) has emerged as an attractive building block for
organic photovoltaics; it exhibits good electron-donating
properties, features a rigid coplanar structure favoring
intermolecular n-n interactions, and allows straightforward
side-chain manipulation to influence solubility and process-
ability>°3? By changing the bridging atom from C to Si,
silole-containing polymers with low-lying HOMO energy lev-
els have been developed to enhance the V,.>*7*° In addition,
silole-containing polymers applied in photovoltaic devices
have also proved to be effective at improving hole mobility
and rendering higher crystallinity. Compared with the C- and
Si-bridged dithiophenes, dithieno[3,2-b:2/,3'-d]pyrrole (CyN),
the corresponding N-bridged dithiophene, possesses stronger
electron-donating ability, and has been used as an electron-
rich donor for D/A-conjugated polymers exhibiting broad
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absorption (reaching 1000 nm). BH]J cells derived from these
polymers have, however, provided PCEs of 2.1 and 2.7%,3637
owing to the low values of V,. of these devices. Therefore, to
improve device performance, we must develop polymers
with optimal LUMO and HOMO energy levels and charge
transporting properties.

Recently, devices based on polymers containing benzooxadia-
zole (BO) units and several thiophene-based building blocks
exhibiting high values of V,.*® have been reported. Those
studies inspired us to further explore the possibility of using
alkoxy-modified BO copolymerized with electron-rich
bridged dithiophenes to improve the applicability of the
polymer. In this article, considering not only the electron
energy levels but also the hole mobilities, we present a
series of new D/A alternating polymers based on C-, Si-, and
N-bridged dithiophenes as electron-rich donors and alkoxy-
modified BO units as electron-deficient acceptors—PCyTBO,
PCySiTBO, and PCyNTBO—wherein the electron-withdraw-
ing BO units were conjugated with the electron-donating
units to provide crystalline characteristics and low-band gap
polymers. Because of these desirable features, we expected
PCyTBO, PCySiTBO, and PCyNTBO to exhibit good hole
mobilities and broad absorption wavelengths suitable for
photovoltaic applications.

EXPERIMENTAL

Materials and Synthesis
4,7-Bis(5-bromothien-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5] oxadia-
zole (M1)'? (4,4-Dioctyl-4H-cyclopenta[1,2-b:5,4-b']dithiophene-
2,6-diyl)bis(trimethylstannane) (M2),*° 4,4-dioctyl-2,6-bis(trime-
thylstannyl)-4H-silolo[3,2-b:4,5-b'|dithiophene ~ (M3),>® and
4-(heptadecan-9-yl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:
2/,3-d]pyrrole (M4)*° were prepared according to the
reported procedures. [6,6]-Phenyl-Cg;-butyric acid methyl ester
(PCs1BM) and [6,6]-Phenyl-C;¢-butyric acid methyl ester
(PC71BM) were purchased from Nano-C. All other reagents
were used as received without further purification, unless
stated otherwise.

General Procedure for Stille Polymerization: Alternating
Polymer PCyTBO

M1 (100 mg, 0.143 mmol), M2 (104.3 mg, 0.143 mmol), and
tri-o-tolylphosphine (3.5 mg, 8.0 mol %) were dissolved in
dry chlorobenzene (CB; 4 mL) and degassed for 15 min.
Pd,dbas (2.6 mg, 2.0 mol %) was added under N, and then
the reaction mixture was heated at 130°C for 48 h. After
cooling to room temperature, the solution was added drop-
wise into MeOH (100 mL). The crude polymer was collected,
dissolved in CHCl3, and reprecipitated from MeOH. The solid
was washed with MeOH, acetone, and CHCl3 in a Soxhlet ap-
paratus. The CHCI; solution was concentrated and then
added dropwise into MeOH. The precipitate was collected
and dried under vacuum to give PCyTBO (97 mg, 70%). "H
NMR (300 MHz, CDCl3): 6 8.03-7.88 (m, 2H), 7.58-7.03
(m, 4H), 4.02 (br, 4H), 2.07 (br, 4H), 1.58-0.96 (m, 48H),
0.79 (s, 12H). Anal. Calcd: C, 70.61; H, 8.32; N, 2.89. Found:
C, 71.23; H, 8.91; N, 3.15.
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Alternating Polymer PCySiTBO

Using a polymerization procedure similar to that described
above for PCyTBO, a mixture of M1 (100 mg, 0.143 mmol)
and M3 (106.6 mg, 0.143 mmol) in dry CB (4 mL) was poly-
merized to give PCySiTBO (105 mg, 75%). '"H NMR (300
MHz, CDCl3): 6 8.15-7.92 (m, 2H), 7.58-6.98 (m, 4H), 4.02
(br, 4H), 2.08 (br, 4H), 1.58-0.96 (m, 48H), 0.83 (s, 12H).
Anal. Calcd: C, 68.24; H, 8.18; N, 2.84. Found: C, 68.75; H,
8.37; N, 2.36.

Alternating Polymer PCyNTBO

Using a polymerization procedure similar to that described
above for PCyTBO, a mixture of M1 (100 mg, 0.143 mmol)
and M4 (106.4 mg, 0.143 mmol) in dry CB (4 mL) was poly-
merized to give PCyNTBO (90 mg, 65%). 'H NMR (300
MHz, CDCl3): ¢ 8.03-7.72 (m, 2H), 7.59-7.03 (m, 4H), 4.05
(b, 4H), 3.62 (br, 1H), 2.07 (br, 4H), 1.62-0.98 (m, 48H),
0.81 (s, 12H). Anal. Calcd: C, 69.54; H, 8.29; N, 4.27. Found:
C, 70.15; H, 8.02; N, 4.56.

Measurements and Characterization

'H NMR spectra were recorded using a Varian UNITY 300-
MHz spectrometer. Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q500 apparatus; the ther-
mal stabilities of the samples were determined under a N,
atmosphere by measuring their weight losses while heating
at a rate of 20°C min~'. Size exclusion chromatography
(SEC) was performed using a Waters chromatography unit
interfaced with a Waters 1515 differential refractometer;
polystyrene was the standard; the temperature of the system
was set at 45°C; tetrahydrofuran (THF) was the eluent. UV-
Vis spectra of dilute samples in dichlorobenzene (DCB) solu-
tions (1 x 10~° M) were recorded at room temperature (ca.
25°C) using a Hitachi U-4100 spectrophotometer. Solid films
for UV-Vis spectroscopic analysis were obtained by spin-
coating the polymer solutions onto a quartz substrate. Cyclic
voltammetry (CV) of the polymer films was performed using
a BAS 100 electrochemical analyzer operated at a scan rate
of 50 mV s~ !; the solvent was anhydrous MeCN, containing
0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg)
as the supporting electrolyte. The potentials were measured
against an Ag/Ag"™ (0.01 M AgNOs3) reference electrode; the
ferrocene/ferrocenium ion (Fc/Fc') pair was used as the
internal standard (0.09 V). The onset potentials were deter-
mined from the intersection of two tangents drawn at the
rising and background currents of the cyclic voltammograms.
HOMO and LUMO energy levels were estimated relative to
the energy level of the ferrocene reference (4.8 eV below
vacuum level). X-ray diffraction patterns of the pristine poly-
mer thin films were measured using a Bruker D8 high-reso-
lution X-ray diffractometer operated in grazing incidence
mode. Topographic and phase images of the polymer:PCBM
films (surface area: 5 x 5 um?) were obtained using a Digi-
tal Nanoscope Il atomic force microscope (AFM) operated in
the tapping mode under ambient conditions. The thickness
of the active layer of the device was measured using a Veeco
Dektak 150 surface profiler. Transmission electron micro-
scopy (TEM) images of the polymer:PCBM films were
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SCHEME 1 Synthesis and structures of the polymers PCyTBO, PCySiTBO, and PCyNTBO.

recorded using a FEI T12 transmission electron microscope
operated at 120 keV.

Fabrication and Characterization of Photovoltaic Devices
Indium tin oxide (ITO)-coated glass substrates were cleaned
stepwise in detergent, water, acetone, and isopropyl alcohol
(ultrasonication; 20 min each), and then dried in an oven for
1 h; subsequently, the substrates were treated with UV ozone
for 30 min prior to use. A thin layer (ca. 20 nm) of poly
(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS,
Baytron P VP Al 4083) was spin-coated (5000 rpm) onto the
ITO substrates. After baking at 140°C for 20 min in air, the
substrates were transferred to a N,-filled glovebox. The poly-
mer and PCBM were codissolved in DCB at various weight
ratios, but with a fixed total concentration (40 mg mL™%).
The blend solutions were stirred continuously for 12 h at
80°C and then filtered through a PTFE filter (0.2 pm); the
photoactive layers were obtained by spin-coating (600-2000
rpm, 60 s) the blend solutions onto the ITO/PEDOT:PSS
surfaces and then heating for 20 min at 100°C. The thickness
of each photoactive layer was approximately 85-105 nm.
The devices were ready for measurement after thermal dep-
osition (pressure: ca. 1 X 107° mbar) of a 20-nm-thick film
of Ca and then a 100-nm-thick Al film as the cathode. The
effective layer area of one cell was 0.04 cm? The current
density-voltage (J-V) characteristics were measured using a
Keithley 2400 source meter. The photocurrent was measured
under simulated AM 1.5 G illumination at 100 mW cm™?
using a Xe lamp-based Newport 66902 150-W solar simula-
tor. A calibrated Si photodiode with a KG-5 filter was
employed to confirm the illumination intensity. External
quantum efficiencies (EQEs) were measured using an SRF50
system (Optosolar, Germany). A calibrated mono-silicon
diode exhibiting a response at 300-800 nm was used as a
reference. For hole mobility measurements, hole-only devices
were fabricated having the structure ITO/PEDOT:PSS/
polymer/Au. The hole mobility was determined by fitting the
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dark J-V curve into the space-charge-limited current

method,?%*° based on the equation

9 v?
J= g foerth T3
where ¢y is the permittivity of free space, ¢, is the dielectric
constant of the polymer which is assumed to be around 3
for the conjugated polymers, py, is the hole mobility, V is the
voltage drop across the device, and L is the thickness of
active layer.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Polymers

Scheme 1 outline our general synthetic strategy for obtaining
the monomers and the polymers. To ensure good solubility
of the BO derivative M1, we positioned two octyloxy chains
on the BO ring as in the previous reports.'**® We synthe-
sized M2, M3, and M4 using previously reported meth-
0ds.33539 After Stille couplings using Pd,dbas as catalyst in
CB at 130°C for 48 h, we obtained the polymers PCyTBO,
PCySiTBO, and PCyNTBO in yields of 65-75%. We deter-
mined the weight-average molecular weights (M,,) of these
polymers (Table 1) through SEC, against polystyrene stand-
ards, in THF as the eluent.

Thermal Stability

We used TGA to determine the thermal stability of the poly-
mers (Fig. 1). In air, the 5% weight-loss temperatures (Ty4)
of PCyTBO, PCySiTBO, and PCyNTBO were 316, 312, and
316°C, respectively. Thus, they all exhibited good thermal
stability against O,—an important characteristic for device
fabrication and application.

Optical Properties

We recorded the normalized optical UV-Vis absorption spec-
tra of the polymers from their dilute DCB solutions at room
temperature and as spin-coated films on quartz substrates.
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TABLE 1 Molecular Weights, Thermal Properties, and Hole Mobilities of the Polymers

Polymer M.,? (kDa) M,? (kDa)
PCyTBO 36.5 22.8
PCySiTBO 45.4 25.2
PCyNTBO 45.2 23.8

? Values of M,, M,,, and PDI of the polymers were determined
through GPC (polystyrene standards; THF).

Figure 2(a) shows the absorption spectra of PCyTBO, PCy-
SiTBO, and PCyNTBO in DCB at room temperature; Table 2
summarizes the optical data, including the absorption peak
wavelengths  (Amaxans), absorption edge wavelengths
(/edgesabs), and the optical band gap (Egpt). All of the absorp-
tion spectra recorded from dilute DCB solutions featured
two absorption bands: one at 350-470 nm, which we assign
to localized n—n* transitions, and another, broader band from
490 to 750 nm in the long wavelength region, corresponding
to intramolecular charge transfer (ICT) between the acceptor
(BO) and donor (C-, Si-, or N-bridged dithiophene) units. The
absorption spectra of the three polymers in the solid state
were similar to their corresponding solution spectra, with
slight red-shifts (ca. 5-40 nm) of their absorption maxima,
indicating that some intermolecular interactions existed in
the solid state. The absorption edges for PCyTBO, PCySiTBO,
and PCyNTBO (Table 2) corresponded to optical band gaps
(Egpt) of 1.59, 1.64, and 1.59 eV, respectively.

Electrochemical Properties

We used CV to examine the electrochemical properties of the
C-, Si-, and N-bridged dithiophene/BO-based copolymers
and, thereby, determine their HOMO and LUMO energy lev-
els. Figure 3 shows the electrochemical properties of the
polymers as solid films; Table 3 summarizes the relevant

data. Partially reversible n-doping/dedoping (reduction/
100 4
—PCySiTBO
90 —PCyTBO
;\? ——PCyNTBO
> 80
3
= 704
=
2P
2 60+
50 -
40 -
) M ) M L) M L)
200 400 600 800
Temperature (°C)

FIGURE 1 TGA thermograms of the polymers PCyTBO, PCy-
SiTBO, and PCyNTBO, recorded at a heating rate of 20°C min~"
under a N, atmosphere.
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PDI? T4 (°C) Mobility (cm2 V" s ")
1.6 316 3.2 x 1074
1.8 312 9.8 x 107
1.9 316 1.8 x 1074

® The 5% weight-loss temperatures in air.

reoxidation) processes occurred for these polymers in the
negative potential range—except for PCyNTBO, which
underwent an irreversible reduction. In addition, reversible
p-doping/dedoping (oxidation/re-reduction) processes
occurred in the positive potential range for each of these
polymers. The onset oxidation potentials ( E%X,,, vs. Ag/Ag")
for PCyTBO, PCySiTBO, and PCyNTBO were 0.18, 0.22, and
0.09 V, respectively. The onset reduction potentials (E:d,,
for PCyTBO, PCySiTBO, and PCyNTBO were —1.76, —1.76,
and —1.99 V, respectively. On the basis of these onset
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FIGURE 2 UV-Vis absorption spectra of the polymers PCyTBO,
PCySiTBO, and PCyNTBO as (a) dilute solutions in DCB (1 x
10~% M) and (b) solid films.
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TABLE 2 Optical Properties of PCyTBO, PCySiTBO, and
PCyNTBO

>Lma)(,abs (nm) Aonset (nm)
Solution Film Film Eg”‘ (eV)
PCyTBO 640 645 777 1.59
PCySiTBO 611 623, 678 756 1.64
PCyNTBO 631 632 777 1.59

potentials, we estimated the HOMO and LUMO energy levels
according to the energy level of the ferrocene reference (4.8
eV below vacuum level).*"*? The HOMO energy levels of
PCyTBO, PCySiTBO, and PCyNTBO were —4.98, —5.02, and
—4.89 eV, respectively, implying that they varied with respect
to the modulated ICT strengths resulting from the presence
of electron donors with various electron-donating abilities,**™*>
or more precisely, the HOMO energy levels of these polymers
become higher as the electron-donating ability of C-, Si-, or
N-bridged dithiophene units increases. The LUMO energy
levels of PCyTBO, PCySiTBO, and PCyNTBO were all located
within a reasonable range (from —2.8 to —3.0 eV, Fig. 4) and
were significantly greater than that of PCs;BM (ca. 4.1 eV);
thus, we expected efficient charge transfer/dissociation to
occur in their corresponding devices.*®*” In addition, the
electrochemical band gaps (E;°) of PCyTBO, PCySiTBO, and
PCyNTBO, estimated from the difference between the onset
potentials for oxidation and reduction, were in the range of
1.94-2.08 eV; that is, they were slightly larger than the corre-
sponding optical band gaps. The discrepancy between the
electrochemical and the optical band gaps presumably
resulted from the exciton binding energies of the polymers
and/or the interfacial barriers for charge injection.*®

The band gap and HOMO/LUMO energy levels of a typical
polymer originate from molecular orbital hybridization of
the donor and acceptor energy levels in the D/A-type poly-
mers. Therefore, electron-donating groups will decrease the
value of E, by increasing the HOMO energy level in the poly-
mer. In our case, we expected the cyclopentadithiophene
donor unit in PCyTBO and the dithienosilole donor unit in
PCySiTBO to have similar electron-donating abilities, owing
to their similar experimental band gaps and energy levels
(Table 3). For the PCyNTBO polymer, however, the electron-
donating ability of the N atom is much stronger than those
of both the C and the Si atoms; therefore, we found a lower
band gap and higher HOMO energy level for this polymer.
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FIGURE 3 Cyclic voltammograms of solid films of the poly-
mers PCyTBO, PCySiTBO, and PCyNTBO.

Computational Study

We performed computational analyses of PCyTBO, PCy-
SiTBO, and PCyNTBO to obtain insight into the observed
differences between their optical and electrochemical proper-
ties. To simplify the calculations, we subjected only one
repeating unit of each polymer to the calculation, with the
alkyl chains replaced by CHjz groups. Figure 5 shows the
simulated electron density distributions; Table 3 lists the cal-
culated HOMO and LUMO energy levels. The calculations for
the HOMO revealed extended delocalization along the entire
conjugated backbone, affected by both the donor and the
acceptor units. Similarly, the calculated density of states for
the LUMO also displayed an extended distribution across the
entire conjugated backbone, but with more of an effect on
the acceptor units. In addition, the effects of the bridging
atom in the dithiophene unit were quite discrete for both
the HOMO and the LUMO electron density distributions. The
densities of the respective HOMO wave functions were dis-
tributed across the fused heteroaromatic backbones, with
less density on the electron-accepting substituents. For the
LUMO, electron densities were localized to a greater degree
on the respective electron acceptor units and at the center of
the fused aromatic backbone. Upon changing the “CyN” unit
to the weaker-donor “Cy” and “CySi” units, the calculated
HOMO energy levels of PCyTBO and PCySiTBO were lower
than that of PCyNTBO. The LUMO energy levels of the three

TABLE 3 Electrochemical Properties of PCyTBO, PCySiTBO, and PCyNTBO

Epnsee V) Egiiee (V) HOMO? (eV)
PCyTBO 0.18 -1.76 ~4.98
PCySiTBO  0.22 -1.76 ~5.02
PCyNTBO  0.09 -1.99 ~4.89

2 HOMO and LUMO energy levels estimated from the oxidation
and reduction peaks, respectively, of the cyclic voltammograms.
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LUMO® (eV)  EX(eV)  HOMO®(eV)  LUMOP (eV)
-3.04 1.94 -4.70 ~2.45
-3.04 1.98 -4.75 ~2.45
~2.81 2.08 ~4.64 ~2.40

5 HOMO and LUMO energy levels calculated using DFT.

@ WILEY @ ONLINE LIBRARY



JOURNAL OF Polymer
poLYMER sciEncE Chemistry

A &)
9 LuMO

3 3.04eV '
= '
= VAl
E; -4 ' -l 43eV
5] 48¢V ' —— ]
5 ' Al
u 5 1
B 1o 498V '
) -5.02 ¢V 1
1]
-6 ]
]
womo '
IOMO
-7 ]
L]
1

FIGURE 4 Energy level diagram for PCyTBO, PCySiTBO, and
PCyNTBO.

polymers were, however, identical, because they shared the
same acceptor unit, TBO. The results from the calculations
follow the same trend as those observed from the experi-
mental values.

X-Ray Diffraction Patterns

We recorded grazing-incidence X-ray diffraction patterns to
confirm the crystallinity of the thin films of these polymers
(Fig. 6). The (100) peak for PCySiTBO appeared at 4.16°,
indicating a ordered structure with a d-spacing of 21.2 A,
ascribable to the interchain separation of the alkyl side
chains; we assign a broad feature at 21.7°, corresponding to
a short distance of 4.1 A, to facial n-n stacking of the poly-
meric backbones. The grazing-incidence X-ray diffraction pat-
terns of PCyTBO and PCyNTBO featured only broad reflec-
tions at 22.5 and 21.6°, respectively, to their (010) crystal
plane, corresponding to distances of 3.9 and 4.1 A, respec-
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FIGURE 6 X-ray diffraction patterns of pristine PCyTBO,
PCySiTBO, and PCyNTBO films.

tively, and suggesting facial n-n stacking of the polymeric
chains. The crystallinity of these polymers appeared to be
favorable for charge transport within PSCs.

Hole Mobility

Figure 7 shows the hole mobilities of devices incorporating
the pristine polymers and the polymer/PCBM blends at a
blend ratio of 1:1 (w/w). The hole mobilities of the pristine
PCyTBO, PCySiTBO, and PCyNTBO were 3.2 x 107 9.8 x
107% and 1.8 x 107* cm? V™! s7', respectively, whereas
those of the PCyBO, PCySiTBO, and PCyNTBO blends with
PCe:BM were 9.1 x 1075 1.6 x 107% and 3.3 x 107° cm?
V=1 571 respectively. Thus, the hole mobility of PCySiTBO
was greater than that of PCyTBO or PCyNTBO, presumably

1 P R
PCyIBO "’ ‘,?é 3 a;‘.f.' ',O;..o 0‘3‘
HOMO LUMO
@R
UL TS < 39
PCYSITBO QS ,.: ‘ ¥’ ,;3:  Ta%% 00,
HOMO LUMO

PCYNTBO ‘s""‘b é
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FIGURE 5 Simulated HOMO and LUMO electron density distributions of PCyTBO, PCySiTBO, and PCyNTBO, determined through

density functional theory (DFT) calculations.
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FIGURE 7 Dark J-V curves for the hole-dominated carrier devi-
ces incorporating the pristine polymers and the blend films
prepared at a blend ratio of 1:1 (w/w).
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FIGURE 8 J-V characteristics of PSCs incorporating poly-
mer:PCg:BM and polymer:PC;;BM blends (blend ratio, 1:1
(w/w)) in the presence and absence of CN or DIO.

because of the greater crystallinity and the longer C—Si
bond (~0.34) in PCySiTBO that allows for better interchain
polymer packing for improving its hole mobility.38
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Photovoltaic Properties

Next, we investigated the photovoltaic properties of the poly-
mers in BH] solar cells having the sandwich structure ITO/
PEDOT:PSS/polymer:PCBM (1:1, w/w)/Ca/Al, with the pho-
toactive layers having been spin-coated from DCB solutions
of the polymer and PCBM. The optimized weight ratio for
the polymer and PCBM was 1:1. In this case, we added a
small amount of 1,8-diiodooctane (DIO; 0.5-3% by volume,
relative to DCB) and 1-chloronaphthalene (CN; 0.5-3% by
volume, relative to DCB) to optimize the miscibility of the
blends. Figure 8 shows the J-V curves of these PSCs; more
than 10 devices were fabricated and their average PCEs are
summarized in Table 4. The devices prepared from the poly-
mer:PCq;BM blends of PCyTBO, PCySiTBO, and PCyNTBO
exhibited open-circuit voltages (V,.) of 0.62, 0.68, and 0.52
V, respectively; each value is related to the difference
between the HOMO energy level of the polymer and the
LUMO energy level of PC¢BM.*° We suspect that the
PCyNTBO blend provided the lowest value of V,. because of
its relatively higher-lying HOMO energy level. The short-
circuit current densities (Jsc) of the devices incorporating
PCyTBO, PCySiTBO, and PCyNTBO were 7.9, 9.2, and 4.5
mA cm™?, respectively. Furthermore, when we incorporated
DIO and CN into the 1:1 (w/w) polymer:PCs;BM blends, the
devices based on PCyTBO, PCySiTBO, and PCyNTBO exhib-
ited slightly increased values of Js. of 8.6, 10.8, and 5.1 mA
cm ™%, respectively, resulting in increased PCEs. Figure 9
shows the EQE curves of the devices incorporating the poly-
mer:PCq1BM blends at weight ratios of 1:1, with 0.5 vol %
CN as the additive for PCyTBO, 2 vol % DIO as the additive
for PCySiTBO, and 0.5 vol % DIO as the additive for
PCyNTBO. The theoretical short-circuit current densities
obtained from integrating the EQE curves of the PCyTBO,
PCySiTBO, and PCyNTBO blends were 8.2, 10.2, and 4.9 mA
cm*—values that agree reasonably with the measured (AM
1.5 G) values of Ji. of 8.6, 10.8, and 5.1 mA cm 2, respec-
tively, with discrepancies of <6%. We attribute this higher
value of Js. of PCySiTBO to its higher absorption coefficient
[Fig. 2(b)]; consistently, the EQE curve also featured higher
EQE responses at 350-700 nm. Thus, more of the available

TABLE 4 Photovoltaic Properties of PSCs Incorporating BO-Based Polymers

Polymer/PCg:BM Jsc
(1:1) (w/w) Ve (V) (mA cm~2)
PCyTBO 0.62 7.9
PCyTBO" 0.63 8.6
PCySiTBO 0.68 9.2
PCySiTBO® 0.66 10.8
PCyNTBO 0.52 4.5
PCyNTBO“ 0.58 5.1
Polymer/PC,:BM (1:1) (w/w)
PCySiTBO 0.64 6.7
PCySiTBO® 0.64 13.8

@ More than 10 devices were fabricated.
® Processed with 0.5 vol % CN.

PCE nax Mobility Thickness
FF (%) (PCEaverage)® (%) (em?2Vv-'s™) (nm)
54 2.6 (2.45) 88
56 3.0 (2.93) 9.1 x 107° 87
64 4.0 (3.88) 101
66 4.7 (4.52) 1.6 x 1074 97
42 1.0 (0.96) 90
42 1.2 (1.15) 33x107° 95
53 2.3 (2.21) 99
57 5.0 (4.91) 2 x 107 103

¢ Processed with 2 vol % DIO.

9 Processed with 0.5 vol % DIO.
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FIGURE 9 EQE curves of PSCs incorporating polymer:PCg;BM
and polymer:PC5,BM blends (blend ratio, 1:1 (w/w)), with 0.5%

CN as the additive for PCyTBO, 2% DIO as the additive for
PCySiTBO, and 0.5% DIO as the additive for PCyNTBO.

photons from the solar radiation were absorbed by
PCySiTBO, leading to higher photocurrents for its devices.
Moreover, we also fabricated a solar cell device incorporating
PCySiTBO and PC;;BM as the active layer. In Figure 9, we
observe higher quantum efficiency at wavelengths below
550 nm for the PCySiTBO/PC,;BM device than for the
PCySiTBO/PC4:BM, which is presumably caused by the
absorption of PC,;BM in the shorter-wavelength range.
The short circuit current density of the device incorporating
1:1 (w/w) PCySiTBO/PC,;BM blend as the active layer
device increased dramatically when adding 2% DIO into the
processing solvent as compared to the PCySiTBO/PC,;BM
device processed without the additive DIO, 13.8 vs. 6.7 mA
ecm 2 As a result, the device based on PCySiTBO/PC,;BM
(1:1) active layer that was processed with DIO additive
exhibited the highest values of PCE, 5.0%.

The higher FF of the device incorporating PCySiTBO:PC¢;BM
(1:1, w/w) as the active layer with 2 vol % DIO as the addi-
tive was likely owing to the higher hole mobility of the active
layer (Fig. 7); the hole mobilities of PCySiTBO and PCySiT-
BO:PC4:BM (1:1, w/w) were larger than those of PCyTBO,
PCyNTBO, PCyTBO:PC4;BM, and PCyNTBO:PC4;BM. There-
fore, we attribute the enhanced FF to the increased hole
mobility in the active layer—most likely caused by the crys-
tallinity in the PCySiTBO active layer being greater than
those in the PCyTBO and PCyNTBO active layers.?’

Moreover, when exploring the decisive factors affecting the
efficiencies of PSCs, we must consider not only the absorp-
tion and energy levels of polymers but also the surface
morphologies of the polymer blends. Figure 10 shows the
surface morphologies of our systems, determined using AFM.
Samples of the polymer:PCBM blends were prepared using
procedures identical to those used to fabricate the active
layers of the devices. In each case, we observed no obviously
aggregate morphology (R,s = 0.5-1.3 nm) of the polymer
blend [Fig. 11(a-d)]. Furthermore, when we incorporated the
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additive into the polymer/PCBM blend, their morphology
presented a moderately homogeneous morphology (Ry,s =
1-1.4 nm). The incorporation of CN (0.5 vol %) into the 1:1

Rms= 0.96 nm

=1.030m

FIGURE 10 Topographic AFM images of polymer:PCg;BM (1:1,
w/w) blends incorporating (a) PCyTBO, (b) PCySiTBO, (c)
PCyNTBO, (e) PCyTBO and 0.5 vol % CN, (f) PCySiTBO and 2
vol % DIO, and (g) PCyNTBO and 0.5 vol % DIO, and poly-
mer:PC,,BM (1:1, w/w) blends incorporating (d) PCySiTBO, (h)
PCySiTBO with 2 vol % DIO.
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FIGURE 11 TEM images of polymer:PCgBM (1:1, w/w) blends
incorporating (a) PCyTBO, (b) PCySiTBO, (c) PCyNTBO, (e) PCyTBO
and 0.5 vol % CN, (f) PCySiTBO and 2 vol % DIO, and (g) PCyNTBO
and 0.5 vol % DIO, and polymer:PC,,BM (1:1, w/w) blends incorpo-
rating (d) PCySiTBO, (h) PCySiTBO with 2 vol % DIO.

(w/w) PCyTBO:PCs;BM blend, the device exhibited slightly
increased values of J,. and FF of 8.6 mA cm™? and 0.56,
respectively, resulting in an increased PCE of 3.0%. The
incorporation of DIO (2 vol %) into the 1:1 (w/w) PCySiT-
BO:PC4:BM and PCySiTBO:PC,;BM blend increased the
value of Js. to 10.8 and 13.8 mA cm 2 increased the FF
slightly to 0.66 and 0.57, therefore enhanced the PCE to 4.7
and 5.0%, presumably because more-intimate mixing of
PCyTBO and PCySiTBO [Fig. 11(e-g)]. The incorporation of
DIO (0.5 vol %) into the 1:1 (w/w) PCyNTBO:PCs;BM blend
had almost no impact on the values of J;. and efficiency
(remaining at 1.2%). Figure 11 shows TEM images of the
polymer/PCBM blend films. As the electron scattering den-
sity of PCBM was higher than that of the conjugated polymer,
the polymer domains appear as bright regions; the dark
regions are attributed to PCBM domains. Figure 11(a,b,d)
shows the island-shaped features of the aggregated PCq;BM
and PC,;BM domains (dark areas) in the blend films with
PCyTBO/PC¢;BM, PCySiTBO/PC¢;BM, and PCySiTBO/
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PC,;BM (weight ratios, 1:1), respectively, that we processed
without additives. In contrast, Figure 11(e,fh) shows the
homogeneous morphologies of the PCyTBO/PCsBM
PCySiTBO/PCs;BM and PCySiTBO/PC;;BM blend films
(weight ratios, 1:1) that we processed with CN (0.5 vol %)
and DOI (2 vol %) as additives, indicating that the incorpora-
tion of the additives optimized the miscibility of the polymer
chains with PCBM. Through optimization of the blend
morphology, such high values of J, FF, and PCE were also
possible for the polymer:PCBM blends at a weight ratio of
1:1. Incorporation of DIO (0.5 vol %) into the 1:1 (w/w)
PCyNTBO:PC4,BM blend film resulted in the same morphol-
ogy and miscibility as that of the nonadditive films, while
maintaining the efficiency at 1.2%.

CONCLUSIONS

We have used Stille coupling polymerization to prepare a
series of new crystalline, conjugated polymers—PCyTBO,
PCySiTBO, and PCyNTBO—featuring alternating C-, Si-, and
N-bridged dithiophene-based building blocks and BO units in
their backbones. These polymers exhibit broad absorption
and good thermal stability, and PCySiTBO possess good
crystallinity, making them promising materials for solar cell
applications. A device incorporating PCySiTBO and PC;;BM
(blend weight ratio, 1:1), with DIO (2 vol %) as an additive,
exhibited a value of V,. of 0.64 V, a value of J,. of 13.8 mA
cm ™2 a FF of 0.57, and a PCE of 5.0%.
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