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ABSTRACT: Two low-band-gap conjugated polymers, PSIFDCN and PSiFDTA, which consist of alter-
nating silafluorene and triphenylamine backbone and different pendant acceptor groups (malononitrile and
1,3-diethyl-2-thiobarbituric acid) with styrylthiophene as sz-bridge, were synthesized and characterized. By
changing the acceptor groups in side chain, the energy levels, absorption spectra, and band gaps of the
resulted polymers were effectively tuned. As the strength of the acceptors increases, the band gap reduces
from 1.83 eV for PSiFDCN to 1.74 eV for PSiFDTA. Bulk heterojunction solar cells with these polymers as
electron donor and (6,6)-phenyl-C;,-butyric acid methyl ester (PC,;BM) as electron acceptor exhibit high V.
(>0.85 V) and power conversion efficiency (PCE) of 2.50% and 3.15% for PSiFDCN and PSiFDTA,

respectively.

Introduction

Polymeric solar cells (PSCs) have attracted considerable atten-
tion over the past several years due to their unique advantages of
low cost, light weight, and their potential for making flexible large
area devices.'® The most extensively used configuration of PSCs
is the so-called “bulk heterojunction” devices, which involves the
use of a phase-separated blend of an electron-donating conju-
gated polymer and an electron-accepting fullerene derivative
such as (6,6)-phenyl-C¢;-butyric acid methyl ester (PCgBM) or
(6,6)-]i‘)henyl-C71-butyric acid methyl ester (PC,;BM) as the active
layer."” Therefore, polymers with low band gaps, which can
harvest more sunlight in the whole solar spectrum, have been
widely used to enhance the efficiency of PSCs.®~1° Despite a lot of
advantages, the low power conversion efficiency (PCE) com-
pared to commercial inorganic solar cells retarded the practical
application of PSCs. Several factors are responsible for the low
PCE of PSCs from a view of materials: first, the mismatch
between the absorption spectrum of the photoactive layer and
the terrestrial solar radiation, which leads to low short-circuit
current density (Jy.); second, the relatively high highest occupied
molecular orbital (HOMO) energy level of the polymers, which
limits the magnitude of the open-circuit voltage (V,.).!' Several
groups have reported that PSCs based on several different low-
band-gap polymers with high J. due to their broad and strong
absorption and accordingly PCE over 5%.'2~'” However, the V.
of these PSCs are relatively low due to their high HOMO energy
levels. On the other hand, PSCs with PCE as high as ~4—5%
have been achieved along with a high V. of ~0.8—1.0 V by some
groups by using polymers with a deep HOMO level but
a relatively large band gap.'® ' To realize the higher PCE
of PSCs, it is still challenging to design and synthesize low-
band-gap materials not only with strong and broad absorption
to maximize Jy. but also with preferred energy levels to gain a
high V,.."!
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To overcome this dilemma, one possible strategy is to design
and synthesize two-dimensional conjugated polymers, in which
the acceptors are located at the ends of the side chains and
connected with donors on the electron-rich backbone through a
7-bridge.”? The absorption band and energy levels of the resul-
tant conjugated copolymers could be fine-tuned by changing the
acceptors in the side chain. Moreover, the two-dimensional
conjugated structure may improve the isotropic charge transport
of these type of polymer, which is important for PSCs.>* 2° As a
result, the two-dimensional conjugated polymers based on poly-
fluorene derivatives exhibit excellent photovoltaic properties with
a PCE as high as 4.74%.%

It has been proved that the bridging atom on the main chain of
the conjugated ;)olymers would greatly influence the properties of
the materials.'>'®2773 Tt was reported the crystallinity of the
silole-containing materials could be effectively improved com-
pared to their carbon counterparts, which results in a better
charge transport and might be also responsible for the reduced
bimolecular recombination.>"** Hence, silole-containing conju-
gated polymers have been extensively applied in PSCs. For
instance, by replacing the carbon atoms on the 7-position of
the cyclopenta[2,1-5:3,4-b'|dithiophene with silicon atoms, an
improved PCE from 3.2% to 5.1% was obtained from poly-
[(4,4'-bis(2-ethylhexyl)dithieno[3,2-5:2',3'-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT)."* Besides, when the
carbon atoms on the 9-position of the fluorene moieties of the
poly[2,7-(9-(2'-ethylhexyl)-9-hexylfluorene)-alt-5,5-(4',7'-di-2-
thienyl-2',1’,3'-benzothiadiazole)] PFDTBT were replaced with
silicon atoms, a higher efficiency of 5.4% was achieved from
poly[(2,7-dioctylsilafluorene)-2,7-diyl-alt-(4,7-bis(2-thienyl)-
2,1,3-benzothiadiazole)-5,5-diyl] (PSiFDBT).'"® Additionally,
silole-containing conjugated polymers have similar electronic
structure to their carbon analogues, such as a deep HOMO level,
which is the prerequisite for achieving high V,.."" For example,
when utilized as donor materials in PSCs, PSiFDBT demon-
strated a high V. of 0.9 V, which is comparable to its car-
bon counterpart, PEDTBT.'®?® Based on the considerations
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mentioned above, the combination of the outstanding properties
of silole and the advantages of two-dimensional conjugated
polymers may develop a series of promising donor materials
for high-performance PSCs.

In this paper, we report the synthesis and characterization of
two new silafluorene-based two-dimensional conjugated poly-
mers, PSiFDCN and PSiFDTA. Among them, the conjugated
backbones consist of alternating conjugated silafluorene and
triphenylamine units, and the acceptors of the polymers are
linked with triphenylamine donors through a styrylthiophene
st-bridge at the ends of the side chains. Photovoltaic properties of
these polymers were investigated by fabricating bulk heterojun-
tion photovoltaic devices using these polymers as electron donor
and PC7;BM as the acceptor. Both of them exhibited good device
performance with high V. (>0.85 V) and PCE of 2.50% and
3.15% for PSiFDCN and PSiFDTA, respectively.

Experimental Section

Materials. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-y1)-9,9-dioctylsilafluorene®>** and 2-[2-[4-[N,N-di(4-bromo-
phenyl)amino]phenyllethenyl]thien-5-al** were prepared
according to the reported methods. Malononitrile and
1,3-diethyl-2-thiobarbituric acid were purchased from Sigma-
Aldrich Chemical Co., Pd(PPhs); was purchased from Alfa
Aesar Chemical Co., and they were used as received. All the
solvents used were further purified prior to use. The other
materials were common commercial level and used as received.

Synthesis of PSiFCHO. 2.7-Bis(4.4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-dioctylsilicafluorene (M1) (0.329 g,
0.500 mmol), 2-[2-[4-[N,N-di(4-bromophenyl)amino]phenyl]-
ethenyl]thien-5-al (M2) (0.270 g, 0.500 mmol), and Pd(PPh;),
(5 mg) were dissolved in a mixture of toluene (5 mL), tetrahy-
drofuran (THF) (5 mL), and sodium carbonate (1.0 M in water,
4mL)ina 25 mL two-necked round-bottomed flask under argon.
The mixture was refluxed with vigorous stirring in the dark for
7 h under an argon atmosphere. After cooling to room tem-
perature, the mixture was poured into methanol. The precipi-
tated material was collected by filtration through a funnel. After
washing with acetone for 24 h in a Soxhlet apparatus to remove
oligomers and catalyst residues, the resulting material was
dissolved in 30 mL of chloroform. The solution was filtered
with a 0.45 um PTFE filter, concentrated, and precipitated
from methanol to yield PSiFCHO as an orange solid (320 mg,
82%). '"H NMR (CDCls, ppm): 9.85 (s, 1H), 7.89—7.85 (m, 4H),
7.75—17.60 (m, 7H), 7.41—7.39 (m, 3H), 7.19—6.84 (m, 8H),
1.49—1.40 (m, 4H), 1.25—1.19 (m, 24H), 0.88 (t, 6H). GPC
(THF, polystyrene standard) M,, = 10.2kgmol ', M,,=30.3 kg
mol~ !, PDI = 2.98. Anal. Calcd for (Cs;Hs,NOSSI), (%): C,
81.12; H,7.27; N, 1.79; S, 4.08. Found (%): C, 79.48; H, 7.63; N,
1.84; S, 4.23.

Synthesis of PSiIFDCN. To a solution of PSiFCHO (100 mg,
0.13 mmol) and malononitrile (344 mg, 5.2 mmol) in 10 mL of
chloroform was added 0.5 mL of pyridine. The mixture solution
was stirred in the dark for 2 days at room temperature, after
which the resulting mixture was poured into methanol and the
precipitate was filtered off. The resulted polymer was dissolved
in 20 mL of chloroform. The solution was filtered through a
0.45 um PTFE filter, concentrated, and precipitated from methanol
to yield the polymer as a black solid (87 mg, 81%). 'H NMR
(CDCl3, ppm): 7.83—7.80 (m, 2H), 7.74 (s, 1H), 7.64—7.61 (m,
9H), 7.42—7.40 (m, 2H), 7.37—7.33 (m, 3H), 7.19—7.15 (m, 6H),
1.49—1.40 (m, 4H), 1.25—1.19 (m, 24H), 0.88 (t, 6H). GPC
(THF, polystyrene standard): M, = 11.5kgmol ™', M, = 31.0
kg mol !, PDI = 2.69. Anal. Calcd for (Cs6Hs7N5SSi),, (%): C,
80.77; H, 6.85; N, 5.05; S, 3.85. Found (%): C, 77.90; H, 7.08; N,
4.75; S, 3.79.

Synthesis of PSiFDTA. To a solution of PSiFCHO (100 mg,
0.13 mmol) and 1,3-diethyl-2-thiobarbituric acid (520 mg,
2.6 mmol)in 10 mL of chloroform was added 0.5 mL of pyridine.
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The mixture solution was stirred in the dark for 2 days at room
temperature, after which the resulting mixture was poured into
methanol and the precipitate was filtered off. The resulted
polymer was dissolved in 20 mL of chloroform. The solution
was filtered through a 0.45 um PTFE filter, concentrated, and
precipitated from methanol to yield the polymer as a black solid
(116 mg, 91%). "H NMR (CDCls, ppm): 8.62 (s, 1H), 7.87—7.81
(m, 3H), 7.72—7.58 (m, 9H), 7.50—7.39 (m, 3H), 7.38—7.30 (m,
4H), 7.23—7.20 (m, 3H), 4.60 (m, 4H), 1.68 (t, 6H), 1.49—1.40
(m, 4H), 1.25—1.19 (m, 24H), 0.88 (t, 6H). GPC (THF, poly-
styrene standard): M, = 12.3 kg mol ™!, M,, = 34.8 kg mol ",
PDI = 2.83. Anal. Calcd for (Cg;Hg7N30,S,S1), (%): C, 75.78;
H, 6.94; N, 4.35; S, 6.63. Found (%): C, 70.95; H, 6.98; N, 4.63;
S, 6.68.

Measurement and Characterization. 'H NMR spectra were
recorded on a Bruker AV-300 (300 MHz) in deuterated chloro-
form solution. Number-average (M) and weight-average (M)
molecular weights were determined by a Waters GPC 2410 in
THF using a calibration curve with standard polystyrene as a
reference. Elemental analyses were performed on a Vario EL
elemental analysis instrument (Elementar Co.). Differential
scan calorimetry (DSC) measurements were performed on a
Netzsch DSC 204 under N, flow at heating and cooling rates of
10 °C min~'. Thermogravimetric analyses (TGA) were per-
formed on a Netzsch TG 209 under N, flow at a heating rate
of 10 °C min~". UV—vis absorption spectra were recorded on a
HP 8453 spectrophotometer. Cyclic voltammetry (CV) was
performed on a CHI600D electrochemical workstation with a
platinum working electrode and a Pt wire counter electrode at a
scan rate of 50 mV s~ ' against an Ag/Ag" (0.1 M of AgNO; in
acetonitrile) reference electrode with a nitrogen-saturated anhy-
drous solution of 0.1 mol L™ tetrabutylammonium hexafluoro-
phosphate (BuyNPFy) in acetonitrile. The polymer films for
electrochemical measurements were coated from a polymer—
THF dilute solution.

Hole mobility was measured in hole-only devices by using the
space charge limited current (SCLC) method™*-* with a device
configuration of Au/MoQOj/blend layer/PEDOT:PSS/ITO.
The mobility were determined by fitting the dark current to
the model of a single carrier SCLC with field-dependent mobi-
lity, which is described as

9 V2
J = 3 €0ttty T3
where J is the current, u, is the zero-field mobility, & is the
permittivity of free space, ¢, is the relative permittivity of the
material, L is the thickness of the active layer, and V is the
effective voltage. The effective voltage can be obtained by
subtracting the built-in voltage (V) and the voltage drop
(Vrs) from the substrate’s series resistance from the applied
voltage (VappL), V' = VappL — VB1 — Vrs. In every simulation,
& was assumed to be 3, which is a typical value for conjugated
polymers. L = 75 nm, which was measured by using atomic
force microscopy. The series resistance of the device was deter-
mined from the reference device without the active layer, i.e., a
device configuration of Au/MoOz;/PEDOT:PSS/ITO, and was
found to be ca. 10 Q cm™2. Vy; values of 0.10 and 0.10 V were
used for devices with active materials PSIFDCN and PSiFDTA,
respectively, which provided best fits to the log(J)—V curves.
Variable parameter o was derived from the simulations.

Atom force microscopy (AFM) measurements were carried
out using a Digita Instrumental DI Multimode Nanoscope I1la
in taping mode.

Solar Cell Device Fabrication and Characterization. ITO-
coated glass substrates were cleaned by sonication in detergent,
deionized water, acetone, and isopropyl alcohol and dried in a
nitrogen stream, followed by an oxygen plasma treatment. To
fabricate photovoltaic devices, a hole transport thin layer (ca.
40 nm) of PEDOT:PSS (Baytron P VP AI4083, filtered at 0.45 um)
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Scheme 1. Synthetic Route of PSiFDCN and PSiFDTA
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was spin-coated on the precleaned ITO-coated glass substrates
at 5000 rpm and baked at 140 °C for 10 min under ambient
conditions. The substrates were then transferred into an argon-
filled glovebox. Subsequently, the polymer:PC;;BM active layer
(ca. 80 nm for PSiIFDCN and 60 nm for PSiFDTA) was spin-
coated on the PEDOT:PSS layer at 1000 rpm from a homo-
geneous blend solution. The solution was prepared by dissolving
the polymers (2 mg mL™") and PC;;BM (8 mg mL™ ") in a
tetrahydrofuran/chlorobenzene (1/1, v/v) solvent mixture for
PSiFDCN and chloroform/chlorobenzene (1/1, v/v) solvent
mixture for PSIFDTA and filtered with a 0.2 um PTFE filter.
The substrates were annealed at 150 °C for 10 min prior to
electrode deposition. To complete device fabrication, the sub-
strates were pumped down to a high vacuum (1 x 107° Torr),
and barium (4 nm) topped with aluminum (100 nm) was
thermally evaporated onto the active layer through shadow
masks. The effective devices area was measured to be 0.15 cm?.

The current density—voltage (J—V) characteristics were re-
corded with a Keithley 236 source meter. The spectral response
was measured with a commercial photomodulation spectro-
scopic setup (Oriel). A calibrated Si photodiode was used to
determine the photosensitivity. The external quantum efficiency
(EQE) of the devices was measured on a Hypermonolight
System (Bunkoh-Keiki SM-250).

Results and Discussion

Synthesis and Characterization. The structures and the
synthetic route to the polymers are outlined in Scheme 1.
The two monomers M1 and M2 were prepared as in the
literature.?>3*3* The precursor polymer, PSiIFCHO, was
synthesized by Suzuki polycondensation of an equimole-
cular mixture of the two monomer, M1 and M2. The
polymerization was carried out for 7 h using Pd(PPhs), as
the catalyst in the two-phase mixture of toluene/tetra-
hydrofuran (1/1, v/v) and aqueous Na,CO3 (1.0 M). The
two resultant polymers, PSiIFDCN and PSiFDTA, were
obtained by a Knoevenagel condensation between the aldehyde-
functionalized conjugated precursor polymer and malono-
nitrile and diethylthiobarbituric acid in the presence of
pyridine, in 81% and 91% yield, respectively. The chemical
structures of the polymers were verified by '"H NMR and
elemental analyses. The complete disappearances of the
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Table 1. Molecular Weight and Thermal Properties of the Polymers

polymer M, (kgmol™") M, (kgmol™") PDI T,(°C) T,(°C)
PSiFDCN 11.5 31.0 2,60 382 179
PSiFDTA 123 34.8 2.83 291 172

aromatic aldehyde proton signal at 9.85 ppm?®"~* and the

appearances of olefinic proton signals at 7.74 ppm®’ for
PSiFDCN and 8.62 ppm for PSiFDTA confirmed the effi-
cient conversion reaction. The M, of PSiFCHO determined
by gel permeation chromatography (GPC) in THF using
polystyrene as standard is 10.2 kg mol ™' with a polydisper-
sity index (PDI) of 2.98. The modification has resulted in a
slight increase in the molecular weights of the resulting
polymers, as outlined in Table 1. The M., of PSiFDCN and
PSiFDTA are 11.5 and 12.3 kg mol ™, with the correspond-
ing PDI of 2.69 and 2.83, respectlvely. PSiFDTA has ex-
cellent solubility in common organic solvents such as THF,
chloroform, and chlorobenzene due to its bulky side chain.
The solubility of PSiFDCN is not good as PSiFDTA in
chloroform and chlorobenzene, but it has good solubility in
THF. Both polymers could be readily cast into uniform thin
films, rendering them good candidates for the fabrication of
PSCs devices.

Thermal Properties. The thermal properties of PSIFDCN
and PSiFDTA were determined by DSC and TGA under a
nitrogen atmosphere. As shown in Figure 1 and Table 1,
both polymers exhibited good thermal stability with 5%
weight-loss temperatures (74) of 382 and 291 °C. The
glass transition temperature (7,) are 179 and 172 °C for
PSiFDCN and PSiFDTA, respectively. No crystalliza-
tion or melting peak is observed upon further heating
beyond the 7,. The good thermal stability of the poly-
mers retards the deformation of the polymer morphology
and the degradation of the active layer at elevated tem-
peratures, which are desirable for polymers in PSCs
applications.*”

Optical Properties. To investigate the photophysical pro-
perties of the polymers, the absorption spectra were recorded
in both chloroform solution and thin films, which is shown in
Figure 2 and Table 2. In solution, the polymers exhibit two
distinct absorption bands, where the first absorption peaks
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Figure 1. DSC plots (a) and TGA plots (b) of PSiFDCN and PSiFDTA.
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Figure 2. UV—vis absoption spectra of PSiFDCN and PSiFDTA.

Table 2. Electrochemical and Optical Properties of the Polymers

Aaps (M) Agps (nm)  ESY Eoe Enomo  Erumo
polymer solution film V) (V) (eV) (eV)
PSiFDCN 389541 398548 1.83 0.89 —532  —3.49
PSiFDTA 388579 396583  1.74 092 —535 —3.61

at~388 nmare corresgonding to the r—sr* transition of their
conjugated backbone®**” and the peaks at the longer wave-
length could be attributed to the strong intramolecular
charge transfer (ICT) interaction between their conjugated
main chains and the pendant acceptor groups.”>>’* By
using a stronger acceptor, PSIFDTA exhibits an obviously
red-shifted ICT absorbance peak compared to PSiFDCN,
which could be explained by much stronger ICT interaction
in the PSiFDTA than that in PSiFDCN. The absorption
spectra in the solid state of both polymers are slight red-
shifted compared with the corresponding spectra in dilute
solution, indicating the presence of intermolecular inter-
actions in the solid state. The interaction seem to be not
as strong as those of linear D—A type polymers, probably
due to the bulky side chains retard the efficient packing of
the polymer chains in the solid state. The optical band gaps
(E,™) of the two polymers calculated from the absorp-
tion onset in the films are 1.83 eV for PSiFDCN and
1.74 eV for PSiFDTA, respectively. Clearly, the photophy-
sical properties and energy levels of the resultant polymers
can be easily tuned by simply changing the strength of
the acceptor in the side chains. The absorption spectra and
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Figure 3. Cyclic voltammograms of the polymers films measured in
0.1 M BusNPF; in acetonitrile at a scan rate of 50 mV s~ ..

band gap of the two silafluorene-based polymers are simi-
lar to that of their carbon bridging analogues,*” indicating
that the bridging atom has little influence on the photo-
physical properties of the polymers. This is consistent
with our previous result that PSIFDBT has similar photo-
physical properties with its carbon bridging analogues
PFDTBT. Additionally, it is worth noting that the styryl-
thiophene s-bridge at the side chains could significantly red-
shift the absorption spectra by extending the conjugated
length.?”-3

Electrochemical Properties. To further understand the
electronic structures of the polymers, and then provide key
parameters for the design of PSCs devices, it is necessary to
determine the energy levels of the HOMO and the lowest
unoccupied molecular orbital (LUMO) of the conjugated
polymers. Thus, the electrochemical characteristics of the
polymers films on a Pt electrode were investigated by cyclic
voltammetry (CV) with BuyNPF¢ (0.1 M in acetonitrile) as
the electrolyte and Ag/Ag" (0.1 M of AgNOj in acetonitrile)
electrode as reference electrode at a scan rate of 50 mV s !,
and the results are summarized in Figure 3 and Table 2. Both
polymers exhibit two obvious oxidation peaks: the first
reversible one corresponds to the oxidation of the triphenyl-
amine moiety, and the other is attributed to the oxidation of
the silafluorene ring. To obtain accurate redox potentials,
the reference electrode was calibrated by the ferrocene/
ferrocenium (Fc/Fc™), whose redox potential is assumed to
have an absolute energy level of —4.80 eV to vacuum.*' As a
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Figure 4. UV—vis absorption spectra of polymer:PC;BM (1:4) blend
films.

result, the HOMO energy values were calculated using the
equation

Exonio = — e(EOX -+ 443) (GV)

where E,, is the onset oxidation potential vs Ag/Ag™*. The
HOMO energy values of PSiFDCN and PSiFDTA were
calculated to be —5.32 and —5.35 eV, respectively. The
LUMO energy levels of the polymers were estimated from
the HOMO energy levels and E,°" using the equation

Erumo = Enomo + Eg™
due to the reduction curves could hardly be obtained, which
is —3.49 and —3.61 eV, respectively.

It is worth noting that the HOMO levels of the polymers
were not raised obviously despite the presence of different
acceptors in side chains, and similar phenomena were also
observed i in triphenylamine-based small molecule solar cell
materials.** Moreover, it has also been reported that the
HOMO of triphenylamine-based small molecule solar cell
materials can be effectively decreased by attaching electron-
withdrawing acceptor groups.**** Since V. of PSCs relates
with the difference between the HOMO level of electron
donor and the LUMO level of electron acceptor,'! it was
expected that PSCs based on PSiIFDCN and PSiFDTA
would have high V.. In addition, the offsets between the
LUMO levels of both new polymers and PC;;BM (—4.3 eV)
are larger than 0.3 eV, indicating that charge transfer from
the polymers to PC7;BM would be efficient.*?

Photovoltaic Properties. In order to investigate the poten-
tial application of PSiFDCN and PSiFDTA in PSCs, bulk
heterojunction photovoltaic devices were fabricated with a
sandwich structure of ITO/PEDOT:PSS/polymer:PC;;BM/
Ba/Al. The PC7,BM was chosen as the acceptor due to it
has similar electronic properties as PC4;BM, but a higher
absorption coefficient in the visible region with a broad peak
from 440 to 530 nm, which could complement the absorp-
tion valley of the polymers,* as the absorption spectra of
polymer:PC;BM shown in Figure 4. It was reported that
PSCs based on similar polymers PFDCN and PFPDT
exhibit best performance when the polymer:PC7;BM blend
films are prepared from mixed solvent of chloroform/
chlorobenzene (1/1, v/v).?* Therefore, chloroform/chloro-
benzene (1/1, v/v) solvent mixture was used to prepare
PSiFDTA:PC;;BM blend films. However, PSiFDCN:
PC;,BM blend films were prepared from THF/chloroben-
zene due to the poor solubility of PSiFDCN in chloroform
and chlorobenzene.

Duan et al.

Table 3. Photovoltaic Performance of the Polymers Measured under
the Tllumination of Simulated AM 1.5 G Conditions (800 W m™2)

polymer Voe (V) Joe (MA cm ™ ?) FF PCE (%)
PSiFDCN 0.85 6.69 0.369 2.50
PSiFDTA 0.90 6.22 0.451 3.15
2 T 1
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Figure 5. J—V characteristics of the devices with the structure of ITO/
PEDOT:PSS/polymer:PC;;BM (1:4, w/w)/Ba/Al.

The J—V characteristics of the cells based on PSIFDCN:
PC;BM (1:4, w/w) and PSiFDTA:PC;;BM (1:4, w/w) mea-
sured under the illumination of simulated AM 1.5 G condi-
tions (800 W m ™~ ?) are shown in Figure 5. The highest PCE of
PSiFDCN:PC7,BM solar cells reaches 2.50% with an open-
circuit voltage (V,.) of 0.85 V, a short-circuit current (J.) of
6.69 mA cm 2, and a fill factor (FF) of 36.9%. A much
higher PCE of 3.15% was observed from the solar cells made
by PSiFDTA:PC;;BM with a V. 0f0.90 V, a J,. of 6.22 mA
cm 2, and a FF of 45.1%. It is worth noting that the V. of
PSiFDCN and PSiFDTA are comparable to the best data of
the linear low-band-gap Pol?/mers based on silafluorene
reported in the literature, indicating that the HOMO
levels of silafluorene-based two-dimensional polymers ele-
vated little when incorporating electron-drawing moieties in
side chains, which is in accordance with a previous report.??

The charge carriers transport properties of conjugated
polymers play a key role in the performance of PSCs.*’ To
understand the influence of charge carrier mobility in the
blend films on the J,. and FF, the hole mobility of the
polymers is measured by using the SCLC method, which
is extensively used to investigate the charge transport pro-
perties of the PSCs active layer.>>*® The J'?—V plots for
the polymer:PC;BM blends are shown i in Flgure 6 Hole
mobilities of 1.77 x 10 *and 2.11 x 10~* are
observed for PSiFDCN and PSiFDTA, respectlvely, which
is comparable to those linear D—A conjugated poly-
mers.'®* It should be pointed out that the mobility of these
two silicon bridging polymers are slightly lower than that of
their carbon bridging analogues PFDCN and PFDTA. This
result is different from the general view that the mobility of
the silicon bridging conjugated polymers are higher than
their carbon analogues, Wthh is widely observed in linear
conjugated polymers.'>1®4 Nevertheless, considering their
two-dimensional conjugated characteristics, the better iso-
tropic charge transport properties of PSiFDCN and PSiFD-
TA than linear polymers are beneficial for PSCs applica-
tions. 2 ™%

The film morphology of the active layer is very important
to the performance of PSCs.>° > Thus, the film morpho-
logy of polymer:PC;BM blends was studied. As the
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Figure 6. J'>—V characteristics of devices in Au/MoOs/polymer:
PC7 BM/PEDOT:PSS/ITO configuration. The solid lines represent
the fitting curves.

Figure 7. AFM images: (a) and (b) are height images for PSiFDCN and
PSiFDTA, respectively; (c) and (d) are corresponding phase images for
PSiFDCN and PSiFDTA, respectively. All the images are 5 um x 5 um.

tapping-mode AFM images shown in Figure 7, the surface of
the active layers of PSIFDTA:PC,BM is quite smooth, with
a root-mean-square roughness (rms) of 0.573 nm. However,
the surface of the active layers of PSiFDCN:PC,;BM is
comparatively rough, with a rms of 3.655 nm. The films
morphologies are in accordance with their surface rough-
ness. The film of PSiIFDCN:PC,;BM exhibits distinct phase
separation into islands with a large domain size of 500—
1000 nm. The film of PSiFDTA:PC5,;BM exhibits good film
morphology with a much smaller domain size, indicating a
much more uniform mixing of PSiIFDTA and PC;BM,
which is beneficial to obtain as large as interface areas and
accordingly to maximize Jy. and FF. The different solvents
(THF/chlorobenzene for PSiFDCN and chloroform/chlor-
obenzene for PSiIFDTA) used to prepare the active layer
films may be responsible for the films morphology difference
of PSiIFDCN:PC,,BM and PSiFDTA:PC;;BM.>* As a re-
sult, the PSC based on PSiFDTA exhibited much better
device performance than that of the device based on
PSiFDCN.
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Figure 8. EQE spectrum of PSiFDTA-based solar cell illuminated by
monochromatic light.

To confirm the PCE, the external quantum efficiency
(EQE) of the device based on PSiFDTA illuminated by
monochromatic light was determined. The device based on
PSiFDTA exhibits very efficient photoresponse in the broad
range from 350 to 750 nm as the EQE curve shown in Figure 8.
The high EQE over 40% was observed in a very broad range
from 482 to 587 nm with the maximum of 44.3% at
521 nm, reflecting the importance of the absorption comple-
ment of PC7;BM. The integral of the EQEs are in accordance
with the J,. measured from the devices.

Conclusion

In summary, two new silafluorene-based conjugated polymers
PSiFDCN and PSiFDTA carrying strong pendant acceptor
groups have been successfully synthesized. Both of them exhibit
good solubility in common organic solvents and excellent thermal
stability. The energy levels and band gap of the polymers could be
effectively tuned by changing the strength of the acceptor groups
in side chains. The bulk heterojunction polymer solar cells based
on PSiFDCN and PSiFDTA exhibit promising power conversion
efficiency of 2.50% and 3.15%, respectively. Moreover, different
from most linear low-band-gap conjugated polymers, photovol-
taic devices based on these two low-band-gap polymers still
exhibit high V.. These results demonstrate that the two polymers
are promising donor materials for high performance solar cells.
Furthermore, if a stronger acceptor was attached to the side
chain, a lower-band-gap polymer with an ideal energy level at the
same time would be obtained, and consequently, a higher PCE
could be anticipated.
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