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Several main-chain type and triazine-branched, fluorene and thiophene copolymers containing
a 2-pyran-4-ylidene-malononitrile derivative were synthesized using the Suzuki coupling reaction. A
triazine-branched fluorene-based device displayed superior electroluminescence performance with
a brightness �1031 cd m�2 and an efficiency of 1.97 cd A�1. A polymer solar cell, comprising an inter-
penetrating network of conjugated polymer as electron donor and a fullerene derivative, (6,6)-phenyl-
C61-butyric acid methyl ester, as the electron acceptor, exhibited photocurrent density and photo-energy
conversion efficiency of 5.07 mA cm�2 and 0.50%, respectively.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Conjugated polymers consisting of an electronically delocalized
backbone are significant technological materials that enjoy much
usage in optoelectronics, such as in polymer light-emitting devices
(PLEDs) and polymer solar cells (PSCs) [1–4]. PLEDs have been the
focus of extensive research for flat-panel display devices, owing to
their low turn-on voltage, high brightness, high efficiency, easy
processing and low-cost fabrication [1,2]. In PLED’s, electrons and
holes are injected from the cathode and anode, respectively, these
being driven by the applied electric field. The charge carriers move
through the polymer layer over a certain distance until recombi-
nation occurs; such recombination of electrons and holes is
responsible for the electroluminescence (EL) of PLEDs [1,2]. In
addition, PSCs are a promising alternative to conventional inor-
ganic solar cells owing to their large area, flexible shape, low mass,
ease of processing and low-cost fabrication [3,4]. The conversion of
solar light into electrical power requires the generation of both
electrons and holes and a potential that extracts these charges to an
external circuit. To obtain efficient photon-to-charge conversion,
many different PSC architectures have been developed, such as
5; fax: þ886 5 5312071.
ee).
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single-layer cells [5], double-layer cells [6], and bulk-hetero-junc-
tion (BHJ) blend cells [7–10].

High brightness, great current efficiency, and good color purity
are required for the application of PLEDs in a flat-panel display. For
a PLED to display high brightness and high efficiency requires
optimum charge transport and balance throughout the light-
emitting layer [11,12], which is determined by the chemical struc-
ture of the light emitting polymer (LEP). The bipolar characteristics
of light emitting polymer containing electron- and hole-trans-
porting moieties are responsible for carrier transport and balance
throughout the light-emitting layer and, as such, can be used to
enhance the brightness and efficiency of PLEDs [13–17]. Despite
their promise, the application of conjugated polymers in PLEDs has
been hampered because by the formation of an undesired long-
wavelength excimer emission band [18–27]. Excimer emission from
aggregates formed by polymer chain p�p stacking in conjugated
polymer polymers usually results in low efficiency and poor colour
purity [18–27]. A light emitting polymer with a hyper-branched
structure shows reduced aggregation and excimer formation [28–
30]; moreover, a hyper-branched light emitting polymer with
electron- or hole-conducting groups as branching units, has been
shown to enhance the charge injection and transpor properties of
PLEDs, in addition to displaying reduced excimer effect [31–33].

In the case of PSCs, the major advances in solar energy conver-
sion efficiency have been accomplished by replacing the double-
layer cell with a BHJ blend for the photoactive layer [7–10]. Unlike
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Fig. 1. Chemical structures of the main-chain type and triazine-branched conjugated
polymers.
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the double-layer cell, the BHJ is able to circumvent the limitation
of the charge generation by means of a two-dimensional network
of photo-induced charge-generating interfaces. In most BHJ cells,
the photoactive layer is based on a blend of an electron-donor poly-
mer and an electron-acceptor fullerene derivative, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM)) [7–10]. Electron-donating
polymers such as poly(2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phe-
nylenevinylene), poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylene vinylene), and poly(3-hexylthiophene) have been
employed as the electron-donor in PSCs [7–10,34–36]. The choice
of PCBM as electron-acceptor is critical in order to obtain sufficient
transport of electrons [7–10,34–36]. For PSCs, a conjugated poly-
mer with a suitable combination of optical, electrochemical and
electronic properties would favorable for efficient photon-to-
charge conversion. A conjugated polymer with a low-band gap is
crucial for harvesting more solar radiation [37–39] and high charge
mobility of the polymer is also required for high current density in
PSCs [38–40]. In addition to the intrinsic characteristics of the
polymer, the amount of PCBM in a blend [41,42], the compatibility
of the polymer and PCBM, the morphology of the photoactive layer
[9,43] and device processing conditions also play important roles in
the photovoltaic (PV) performance of PSCs [35,44,45]. The effi-
ciency of conjugated polymer/PCBM-based PSCs has been shown to
depend on processing conditions and can be improved using
a thermal annealing treatment of the photoactive layer. Accurate
control of annealing conditions is essential to gain excellent PV
performance in PSCs [35,44,45].

This work concerns the synthesis, using the Suzuki coupling
reaction, of two, main-chain type, fluorene and thiophene copoly-
mers (MPFM and MPTM) which contain a 2-pyran-4-ylidene-
malononitrile (PM) derivative; in addition, two triazine-branched,
fluorene and thiophene copolymers (HPFM and HPTM) containing
the PM moiety were also synthesized (Fig. 1). As a low-band gap
polymer with high charge mobility is ideal as the donor polymer in
preparing a PSC with efficient photon-to-charge conversion, novel,
low-band-gap PM-containing copolymers were developed. As PM-
containing polymers are well known for their use as red-emitters in
PLEDs [46–49], the electroluminescence properties of PLEDs con-
taining these PM-copolymers were also studied. The electron-
donor moieties, fluorene and thiophene, were copolymerized with
the electron-deficient PM moiety, and the ensuing copolymers
therefore had a bipolar structure within the polymer backbone. As
excellent EL or PV properties are expected for PLEDs or PSCs
fabricated from such bipolar conjugated polymers [50,51], the
effects of the hyper-branched structure on the EL and PV properties
of PLEDs and PSCs based on the triazine-branched, fluorene and
thiophene copolymers (HPFM and HPTM) were also investigated. In
addition, the effects of thermal treatment on the morphology and
PV properties of the main-chain and triazine-branched polymers
based PSCs was also examined in detail.

2. Experimental section

2.1. Synthesis of main-chain type and hyper-branched
conjugated polymers

All reactions and manipulations were performed under
a nitrogen atmosphere using standard Schlenk techniques. All
chromatographic separations were carried out on silica gel. Toluene
and tetrahydrofuran (THF) were distilled over sodium/benzophe-
none in a nitrogen atmosphere. Chloroform was dried over CaH2.
Chemicals were reagent grade and purchased from Aldrich, Fluka,
Sigma, and RDH Chemical Co. All chemicals were used as-received
unless otherwise described. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-9,9-dioctylfluorene (compound 1), 2,5-Bis(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)-thiophene (compound 2),
2-{2,6-bis[2-(4-bromophenylene)vinyl]pyran-4-ylidene} malono-
nitrile (compound 3) and 2,4,6-tris-(4-bromophenyl)-[1,3,5]triazine
(compound 4) were synthesized as previously described [33,46]. All
polymers were prepared through the palladium-catalyzed Suzuki
coupling polymerization. The structure of the conjugated polymers
was identified using 1H NMR spectroscopy. The average Mr of the
polymers was determined using gel permeation chromatography
(GPC).

2.1.1. Polymerization of main-chain type MPFM
For MPFM, compound 1 (2 g, 3.11 mmol), compound 3 (1.58 g,

3.11 mmol), and tetrakis(triphenylphosphine) palladium (0)
(Pd(PPh3)4, (caution: incompatible with moist air or water, strong
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oxidants; hazardous decomposition products) 0.06 g, 0.052 mmol
%) were dissolved in a mixture of toluene (100 mL) and aqueous
K2CO3 (2.76 g in 10 mL H2O). The solution was refluxed with
vigorous stirring under a nitrogen atmosphere for 24 h and
4-bromo-toluene (0.6 mL, 0.7 mmol), was added to the reaction
mixture together with additional Pd(PPh3)4 and reaction was
continued for a further 24 h. The ensuing mixture was poured into
methanol (200 mL) and the precipitate was removed by filtration.
The polymer was dissolved in a small amount of THF and precipi-
tated in methanol several times. The purified polymer was filtered
and dried under vacuum. The yield of yellow solid powder MPFM
was 56% (1.5 g). Mn ¼ 23.0 kg/mol; Mw ¼ 23.7 kg/mol 1H NMR
(600 MHz, CDCl3): d[ppm]: 0.81(m,10H), 1–1.22 (m, 20H), 2–2.1 (m,
10H), 6.7–6.8 (s, 2H), 6.8–6.9 (d, 2H), 7.4–7.5 (m, 6H), 7.56–7.62 (d,
4H), 7.74–7.8 (d, 2H), 7.8–7.85 (s, 2H), 7.96–8.0 (d, 2H). Elemental
analysis found: C, 87.74%; H, 7.19%; O, 2.01%; and N, 3.54%.

2.1.2. Polymerization of triazine-branched HPFM
For HPFM, compound 1 (1.5 g, 2.33 mmol), compound 3 (1.0 g,

1.98 mmol), compound 4 (0.14 g, 0.26 mmol) and Pd(PPh3)4,
(0.06 g, 0.052 mmol %) were dissolved in a mixture of toluene
(100 mL) and aqueous K2CO3 (2.76 g in 10 mL H2O). The solution
was refluxed with vigorous stirring under a nitrogen atmosphere
for 24 h and 4-bromo-toluene (0.6 mL, 0.7 mmol), was added
together with additional Pd(PPh3)4 and reaction continued for
a further 24 h. The reaction and purification procedures were the
same as those for MPFM. The yield of yellow solid powder HPFM
was 56% (1.0 g). Mn ¼ 30.6 kg/mol; Mw ¼ 34.1 kg/mol 1H NMR
(600 MHz, CDCl3): d[ppm]: 0.81(m, 10H), 1–1.22 (m, 20H), 2–2.2
(m, 10H), 6.7–6.68 (s,2H), 6.8–6.9 (d, 2H), 7.2–7.5 (m, 4H), 7.58–
7.68 (m, 6H), 7.68–7.74 (d, 4H), 7.75–7.80 (d, 2H), 7.8–7.84 (s, 2H),
7.98–8.0 (d, 2H). Elemental analysis found: C, 87.09%; H, 6.75%; O,
1.92%; and N, 4.18%.

2.1.3. Polymerization of main-chain type MPTM
For MPTM, compound 2 (1 g, 2.84 mmol), compound 3 (1.4 g,

2.76 mmol), and tetrakis(triphenylphosphine) palladium (0)
(Pd(PPh3)4, 0.05 g, 0.043 mmol) were dissolved in a mixture of
toluene (100 mL) and aqueous K2CO3 (2.76 g in 10 mL H2O). The
solution was refluxed with vigorous stirring under a nitrogen
atmosphere for 24 h and 4-bromo-toluene (0.6 mL, 0.7 mmol) was
added to the reaction mixture together with additional Pd(PPh3)4

and reaction continued for a further 24 h. The reaction and purifi-
cation procedures were the same as those of MPFM. The yield of red
solid powder MPTM was 57% (1.5 g). Mn ¼ 16.7 kg/mol;
Mw ¼ 17.5 kg/mol 1H NMR (600 MHz, CDCl3): d[ppm]: 1.25(s, 6H),
6.7(s, 2H), 6.72–6.74 (d, 2H), 7.1–7.12 (d, 4H), 7.33–7.35 (d, 4H),
7.41–7.45 (m, 6H), 7.55–7.59 (d, 4H), 7.66–7.7 (s, 2H). Elemental
analysis found: C, 83.11%; H, 3.91%; O, 3.60%; N, 6.38%; S, 3.31%.

2.1.4. Polymerization of triazine-branched HPTM
For HPTM, compound 2 (1.2 g, 3.57 mmol), compound 3 (1.8 g,

3.55 mmol), compound 4 (0.21 g, 0.38 mmol), and Pd(PPh3)4,
(0.06 g, 0.052 mmol %) were dissolved in a mixture of toluene
(100 mL) and aqueous K2CO3 (2.76 g in 10 mL H2O). The solution
was refluxed with vigorous stirring under a nitrogen atmosphere
for 24 h and 4-bromo-toluene (0.6 mL, 0.7 mmol), was added to the
reaction mixture together with additional Pd(PPh3)4 and reaction
continued for a further 24 h. The reaction and purification proce-
dures were the same as those of MPFM. The yield of red solid
powder HPTM was 57% (1.02 g). Mn ¼ 16.7 kg/mol; Mw ¼ 16.9 kg/
mol 1H NMR (600 MHz, CDCl3): d[ppm]: 6.7 (s, 2H), 6.7–6.8 (d, 2H),
7.1 (d, 2H), 7.34 (d, 2H), 7.4–7.46 (m, 6H), 7.48–7.52 (d, 4H), 7.54–
7.58 (d, 4H), 7.65–7.7 (d, 2H). Elemental analysis found: C, 81.3%; H,
4.74%; O, 3.69%; N, 7.54%; S, 3.51%.
2.2. Instruments

1H NMR spectra were recorded on a Bruker AMX-600 MHz
Spectrometer. The elemental analysis was carried out with an
elemental analyzer (Elementar Vario EL III). GPC measurements
were carried out on a Waters chromatography instrument (Waters,
717 plus Autosampler). Two Waters Styragel linear columns were
used, with polystyrene as the standard and THF as the eluent. Glass
transition temperatures (Tg) were measured by differential scan-
ning calorimetry (DSC: TA Instruments, DSC-2010) in a nitrogen
atmosphere at a heating rate of 10 �C/min. Thermogravimetric
analysis (TGA) of the polymer was performed in a nitrogen atmo-
sphere at a heating rate of 10 �C/min by using a Thermogravimetric
Analyzer (TA Instruments, TGA-2050). The UV–Vis spectrum was
measured using a Hewlett–Packard 8453 with a photodiode array
detector. Photoluminescence (PL) and EL spectra were recorded on
a Hitachi F-4500 fluorescence spectrophotometer. Redox potentials
of the polymers were determined by cyclic voltammetry (CV) using
a BAS 100B electrochemical analyzer with a scanning rate of
100 mV/s. The polymer was dissolved in deoxygenated dry dime-
thylformamide with 0.1 M tetrabutylammonium perchlorate as the
electrolyte. A platinum working electrode and a saturated non-
aqueous Ag/AgNO3 reference electrode were used. Ferrocene was
used for potential calibration (all reported potentials are referenced
against Ag/Agþ) and for reversibility criteria. The morphology of
the polymer solid films was studied using an atomic force micro-
scope (AFM; Digital Instrument: Dimension 3100 Series Scanning
Probe Microscope).

2.3. EL device fabrication and characterization

The PLED structure in this study was indium tin oxide (ITO))-
coated glass/hole-transporting material (HTM)/LEP/Ca (10 nm)/Al
(100 nm). ITO-coated glass, with a sheet resistance of 15 U/square,
was purchased from Applied Film Corp. Glass substrates with
patterned ITO electrodes were cleaned using O2 plasma treatment.
A thin film (600 Å) of HTM poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS, AI4083, Bayer) was
formed on the ITO layer of a glass substrate by the spin-casting
method. Light-emitting layers were then spin-coated (1500 rpm)
from the LEP solutions (15 mg/mL) onto the HTM layer, and dried at
80 �C for 1 h in a glove box. LEP solutions were prepared with
cyclohexanone (CHO) or CHO/THF (1:1 by volume). A high-purity
calcium (Ca) cathode was thermally deposited onto the LEP thin
film, followed by silver (Ag) metal deposition as the top layer, in
a high-vacuum chamber. After electrode deposition, the PLED was
transferred from the evaporation chamber to a glove box purged by
high-purity nitrogen gas to keep oxygen and moisture levels below
1 ppm. The device was then encapsulated by glass covers sealed
with UV-cured epoxy glue in the glove box. The cathode deposition
rate was determined with a quartz thickness monitor (STM-100/
MF, Sycon). Thin-film thickness was determined with a surface
texture analysis system (3030ST, Dektak). Current-voltage charac-
teristics were measured on a programmable electrometer with
current and voltage sources (Keithley 2400). Luminance was
measured with a BM-9 luminance meter (Topcon).

2.4. PSC device fabrication and characterization

The PSC fabrication was based on an interpenetrating network
of conjugated polymer and fullerene derivative (PCBM.). The PCBM
was purchased from ADS (American Dye Source Corp.) and used as
received. Solutions (30 mg/mL) of the conjugated polymer and
PCBM in different weight ratios were prepared with CHO or CHO/
THF (1:1 by volume). PSCs were prepared by the following



Fig. 2. Normalized UV–vis absorption spectra of the conjugated polymers ((a) in
solution; and (b) as a solid film).
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procedure: Glass substrates with patterned ITO electrodes were
well washed then cleaned by O2 Plasma treatment. A thin film of
HTM was formed on the ITO layer of a glass substrate by the spin-
casting method. The conjugated polymer: PCBM composite film
was spin-coated (1500 rpm) from the CHO or CHO/THF solution
onto the HTM layer and was dried at 80 �C for 1 h in a glove box. The
LiF/Al-based cathode was thermally deposited onto the conjugated
polymer/PCBM composite-based photoactive thin film in a high-
vacuum chamber. The active area of the PSC was 0.04 cm2. After the
electrode deposition, the PSC was encapsulated as well as the PLED.
The PV properties of the PSCs were measured on a programmable
electrometer with current and voltage sources (Keithley 2400)
under the illumination of a 100 mW/cm2 solar light from an AM1.5
solar simulator (NewPort Oriel 96 000, Solar simulator).

3. Results and discussion

3.1. Chemical structure characterization and thermal properties
of the polymers

The chemical structures of the conjugated polymers were
characterized by 1H NMR spectroscopy. The chemical shifts and the
relative intensities of the signals are in agreement with the
proposed structures for the conjugated polymers. The number and
weight average molecular weight of the fluorene/PM-containing
polymers (MPFM and HPFM) were about 22.0–30.0 and
23.0–34.0 kg/mol, respectively. For the thiophene/PM-containing
polymers (MPTM and HPTM), the number and weight average
molecular weight were about 16.5–16.9 and 16.0–17.0 kg/mol,
respectively. Fluorene/PM-containing polymers show a higher
molecular weight than the thiophene/PM-containing polymers. For
the triazine-branched PM-containing copolymers, the 1H NMR
spectra reveal that the average repeat unit of PM in one arm is
approximately three for both HPFM and HPTM. According to the
weight average molecular weight, two to three generations on
average were observed for both HPFM and HPTM. In addition, the
solubility of the conjugated polymers in organic solvents was also
studied. Fluorene/PM-containing polymers are soluble in most of
the organic solvents, such as CHO, THF, chloroform, dichloro-
methane, and dichlorobenzene. In contrast, the thiophene/PM-
containing polymers are less soluble in most of the organic solvents
even through the thiophene/PM-containing polymers have a lower
molecular weight than the fluorene/PM-containing polymers. Flu-
orene, with a long alkyl side chain, exhibits a better solubility than
thiophene. Consequently, fluorene/PM-containing polymers show
a better solubility than thiophene/PM-containing polymers.
Furthermore, the hyper-branched structure was favorable for the
solubility enhancement of triazine-based conjugated polymers.
Therefore, better solubility was observed for the HPTM in
comparison with MPTM. HPTM is soluble in CHO, THF, chloroform,
dichloromethane, and dichlorobenzene. On the other hand,
thermal stability of conjugated polymers plays an important role in
the operating stability of optoelectronic devices. Operational
stability of optoelectronic devices such as PLEDs and PSCs is directly
related to the thermal stability of the conjugated polymer. Thus,
a high Tg and high thermal degradation temperature are favorable
for the application of a conjugated polymer in outdoor displays or
solar cells. The glass transition temperatures of the conjugated
polymers MPFM, HPFM, MPTF, and HPTM were found at around
138.5, 142.1, 122.6, and 125.9 �C, respectively. These results indicate
that the fluorene/PM-containing polymers show a higher Tg than
the thiophene/PM-containing polymers. This can be attributed to
the much higher molecular weight of the fluorene/PM-containing
polymers as compared to those of the thiophene/PM-containing
polymers. In addition, the temperatures at which five percent
weight loss occurs for the conjugated polymers MPFM, HPFM,
MPTM, and HPTM were found to be approximately 380, 396, 340,
and 350 �C, respectively. Fluorene/PM-containing polymers show
a higher thermal stability than the thiophene/PM-containing
polymers.
3.2. Optical properties of the polymers

The normalized UV–vis absorption spectra of PM and conju-
gated polymers in solution and as solid films are shown in Fig. 2. In
Fig. 2(a), PM in CHO shows a maximal absorption peak at 413 nm
with corresponding additional absorption peaks at 390, 436, and
465 nm. For fluorene/PM-containing polymers, a 24 nm red shift of
the maximal absorption peak was observed for MPFM and HPFM as
compared to PM, indicating the effect of incorporation of the
fluorene moiety on the electronic band gap of the polymers.
Moreover, higher absorption intensity was observed in the range of
350–380 nm for the HPFM as compared to the MPFM, due to the
absorption of the triazine unit. In addition, the UV–vis absorption
behavior of MPTM was studied by while dissolved in a CHO/THF
co-solvent mixture (1:1 by volume) due to the poor solubility of
MPTM in CHO. The absorption behaviors of MPTM and HPTM were
similar to that of PM. The red-shifting of absorption peaks was not
significant for the thiophene/PM-containing polymers in compar-
ison with PM. In Fig. 2(b), a red shift and a full-width at half-
maximum (FWHM) enhancement of the absorption peaks were
observed for the polymers in solid film form as compared to those
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in solution. These results were attributed to the interaction and
aggregation between the polymer chains. Moreover, the red-shift of
the absorption peaks was more significant for the thiophene/PM-
containing polymers as compared to the fluorene/PM-containing
polymers. Therefore, the absorption spectra of the MPTM and
HPTM almost overlapped with the spectra of MPFM and HPFM.

The PL spectra of the polymers in solution and as solid film are
shown in Fig. 3. For the fluorene/PM-containing polymers, the PL
emission maximal of MPFM and HPFM in solution was observed at
545 and 539 nm, respectively. A red shift and a broadening of the
emission peaks were observed for the MPFM and HPFM in solid film
as compared to the polymer solutions, due to the inter-chain
aggregation formation in the polymer film. Moreover, the maximal
PL emission wavelength of the triazine-branched polymer, HPFM
was shorter than the main-chain polymer, MPFM due to the short
conjugation length of the chain segment between the two
branching units in HPFM. On the other hand, thiophene/PM-con-
taining polymers with a low band-gap showed a longer PL emission
maximum than the fluorene/PM-containing polymers. For the
MPTM as solid film, the PL emission maximum was observed at
around 585 nm, with a 35 nm red-shift from the PL in solution.
Moreover, the triazine-branched polymer HPTM in solution
showed a main emission peak at 525 nm, accompanied by
a shoulder emission at around 600 nm. A pronounced red shift of PL
emission was observed for HPTM as a solid film in comparison with
HPTM in solution. Furthermore, the FWHMs of the PL emission
Fig. 3. Normalized PL spectra of the conjugated polymers ((a) in solution; (b) as a solid
film; excitation wavelength: 380 nm).
peaks were reduced significantly for the thiophene/PM-containing
polymers as a solid film in comparison with those in solution. The
solvate-chromic effect is responsible for FWHM reduction of the PL
emission band.

3.3. Electrochemical properties

CV was employed to investigate the electrochemical behavior
and to estimate the highest occupied molecular orbital (HOMO)
and lowest unoccupied (LUMO) energy levels of the conjugated
polymers. The HOMO energy level of the polymers was calculated
from the onset potential of oxidation by assuming the absolute
energy level of ferrocene is �4.71 V below the vacuum level, and
the LUMO energy level was calculated from the HOMO energy level
and the absorption edge [52–54]. The electrochemical properties of
polymers are summarized in Table 1. Cyclic voltammograms show
that oxidation onset potentials (Eox

onset) were observed at 0.60 and
0.57 V for MPFM and HPFM, respectively. Optical band gaps of
MPFM and HPFM, determined from the absorption edge, were 1.98
and 1.94 eV, respectively. LUMO levels of MPFM and HPFM were
�3.33 and �3.34 eV, respectively, while HOMO levels were �5.31
and �5.28 eV, respectively. Unlike MPFM having a larger band gap,
the incorporation of the electron-deficient unit, triazine led to
a lower LUMO level and a higher HOMO level for HPFM [31]. The
conjugated polymer possessed a lower LUMO level, allowing for
efficient electron-injection from a cathode in a PLED application.
The polymer with a higher HOMO level was favorable for an effi-
cient hole-injection from an ITO transparent anode. Therefore, the
EL properties would be enhanced for a PLED based on such
a conjugated polymer. On the other hand, Eox

onset values were
observed at 0.35 for MPTM and 0.25 V for HPTM. Optical band gaps
of MPTM and HPTM, determined from the absorption edge, were
1.89 and 1.65 eV, respectively. LUMO levels of MPTM and HPTM
were �3.17 and �3.31 eV, respectively, while HOMO levels were
�5.06 and �4.96 eV, respectively. The incorporation of the elec-
tron-rich thiophene moiety into the polymer backbone led to
higher LUMO and HOMO levels for thiophene-containing polymers
than for fluorene-containing polymers [55]. As a result, MPTM and
HPTM showed lower band gaps than MPFM and HPFM. For PSC
application, a low-band–gap-polymer is favorable for the absorp-
tion of long-wavelength photons, while the unavoidable reduction
of the open-circuit voltage (Voc) would occur as compared to the
high band-gap polymer [38]. This is because the Voc is related to the
energy difference between the LUMO of electron-acceptor and
the HOMO of the electron-donor [56,57].

3.4. EL properties of the PLEDs

For the PLED application, the devices were fabricated from the
solutions of polymers dissolved in CHO or CHO/THF. Because of the
differences in polymer solubility, most of the polymers (MPFM,
HPFM, and HPTM) were dissolved in CHO, while the MPTM poly-
mer was dissolved in a co-solvent (CHO/THF 1:1 by volume). The
conjugated polymer film-based light-emitting layer was prepared
by an optimized spin-coating procedure. Fig. 4 shows the EL spectra
Table 1
Electrochemical properties of the conjugated polymers.

Polymers Eox
onset

(V)
UV–Vis
onset (nm)

HOMO
(eV)

LUMO
(eV)

Eg

(eV)

MPFM 0.60 625 �5.31 �3.33 1.98
HPFM 0.57 636 �5.28 �3.34 1.94
MPTM 0.35 654 �5.06 �3.17 1.89
HPTM 0.25 751 �4.96 �3.31 1.65



Fig. 4. Normalized EL spectra of the conjugated polymer-based devices (applied
voltage: 12 V).

Fig. 5. Current density, brightness, and current efficiency versus applied voltage of the
conjugated polymer-based devices (open symbols: brightness; filled symbols: current
density and current efficiency).
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of the PLEDs under an applied voltage (12 V). The EL emission
maximum wavelengths, FWHMs of EL, and Commission Inter-
nationale de L’Eclairage CIE(x,y) coordinates of the PLEDs are
summarized in Table 2. For the fluorene/PM-containing polymer
MPFM-based device, the EL spectrum shows a main emission peak
at around 578 nm, accompanied by a shoulder emission at around
620 nm. Moreover, the emission maximum of EL was observed at
around 597 nm for the thiophene/PM-containing polymer MPTM-
based device, with a 20 nm red-shift from the EL of the MPFM-
based device. The MPTM with a low band-gap moiety (thiophene)
shows a longer EL emission maximum than the MPFM-based
device. Unlike the EL emission band of MPFM-based device, no
shoulder emission was observed for the MPTM-based device. This
demonstrates that the thiophene/PM-containing polymer chains
were not inclined to aggregate in solid film as compared to the
fluorene/PM-containing polymer chains. Therefore, no shoulder or
excimer emission was observed for the MPTM-based device. On the
other hand, EL spectra with two emission peaks were observed for
the triazine-branched polymer-based devices. The HPFM-based
device shows a main emission peak at around 562 nm, accompa-
nied by a shoulder emission at around 625 nm. Maximal EL emis-
sion wavelength of the HPFM-based device was shorter than the
MPFM-based device. The shorter emission wavelength of the
HPFM-based device can be explained by the short conjugation
length of the chain segment between the two branching units.
Moreover, the shoulder emission peak at around 625 nm was
attributed to the excimer emission due to PM aggregation. The
co-planarity of the triazine and conjugated chains promotes the
Table 2
Thin-film thickness and EL properties of the conjugated polymer-based devices.

Devices da

(nm)
lmax

EL

(nm)
FWHMb

of EL
at 12 V

CIE (x,y)c

at 12 V
Max
luminanced

(cd/m2)

Max
efficiencye

(cd/A)

MPFM 72 578 110 (0.52,0.47) 865 1.57
HPFM 67 562 134 (0.48,0.56) 1031 1.97
MPTM 66 597 91 (0.56,0.43) 162 0.82
HPTM 73 590 112 (0.56,0.44) 588 0.77

a d: Thickness of light emitting layer.
b FWHM: Full width at half-maximum of EL.
c CIE (x, y): Commission Internationale de L’Eclairage coordinates.
d MPFM and HPFM : max luminance observed at 9.5 V; MPTM and HPTM: max

luminance observed at 11.5 V.
e MPFM: max efficiency observed at 8 V; HPFM: max efficiency observed at 7 V;

MPTM: max efficiency observed at 9 V; HPTM: max efficiency observed at 8 V.
stacking aggregation of the HPFM. Because of that, an enhancement
of the FWHM was observed for the triazine-branched polymer-
based device as compared to the main-chain polymer-based device.
For the HPTM-based device, two emission peaks were observed at
590 and 633 nm, respectively. A 30 nm red-shift of emission
maximum peak was observed for the HPTM-based device as
compared to the HPFM-based device. According to the EL spectra,
orange-red emission was observed for the fluorene/PM or thio-
phene/PM-containing polymer-based devices. An orange-red
emission polymer with such a broadened EL emission band has
potential for application in white-emission PLEDs. High color-
purity white emission may be possible for a device based on an
appropriate blend of a blue emission polymer and these orange-red
emission polymers [58].

The current density, brightness, and current efficiency versus
applied voltage of conjugated polymer-based devices are shown in
Fig. 5. The maximum brightness and current efficiency of the PLEDs
are summarized in Table 2. The results indicate that higher bright-
ness and larger current efficiency were observed for the devices
based on fluorene/PM-containing polymers as compared to the
devices based on thiophene/PM-containing polymers. This is due to
the fact that the polymers with alkyfluorene segments have a higher
fluorescence quantum efficiency than the polymers with thiophene
segments [20,59]. Moreover, better EL performances were observed
for the device based on the triazine-branched polymer in compar-
ison with the device based on the main-chain polymer. For the
triazine-branched polymer HPFM-based device, brightness as
high as 1031 cd/m2 and a current efficiency of 1.97 cd/A could be



Fig. 6. Normalized UV–vis absorption spectra of the MPTM/PCBM- and HPTM/PCBM-
based composite films.

Fig. 7. PL spectra of the conjugated polymer/PCBM-based composite films.
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achieved. In most conjugated polymers, hole-mobility is higher
than electron-mobility. The incorporation of a p-deficient triazine
was favorable for the balancing of charge injection and transport
properties. Therefore, better EL performance was observed for the
triazine-branched polymer-based device compared to the main-
chain polymer-based device. In spite of this, the current density and
brightness of the MPTM-based device were much lower than in the
other polymer-based devices. This is due to the poor solubility and
thin film quality of the MPTM. The surface morphology of the
conjugated polymer-based light-emitting layer was studied using
AFM spectroscopy. Our observations indicated that the polymer
chains are aggregated, with some area protruding from the thin film
surface for the MPTM-based light-emitting layer. Irregular surface
morphology of MPTM thin film results in poor contact between the
light emitting layer and cathode; this is unfavorable for electron
injection from the cathode. As a result, low current density and low
brightness were observed for the MPTM-based device. However, the
solubility and thin film quality were improved for the HPTM as
compared to the MPTM due to the incorporation of the triazine
units. Therefore, better EL performances were observed for the
HPTM-based device as compared to the device based on MPTM.

3.5. Optical properties of conjugated polymer/PCBM-based
composite films

The normalized UV–vis absorption spectra of MPTM/PCBM and
HPTM/PCBM composite films with various weight ratios are shown
in Fig. 6. The absorption band of the conjugated polymer ranged
from 350 to 550 nm, while the absorption band of PCBM ranged
from 300 to 375 nm. The maximal absorption peaks of the conju-
gated polymer and PCBM are observed at around 450 and 325 nm,
respectively. Moreover, the absorption intensity of the conjugated
polymer was reduced as the PCBM contents increased for the
conjugated polymer/PCBM-based composite films. Similar
absorption behavior was observed for the fluorene/PM-containing
polymer (MPFM and HPFM) based composite films. From a photon-
absorption viewpoint, employing less PCBM in the photoactive
layer is preferred. However, a typical stoichiometry of a polymer/
PCBM blend is 1:4 by weight, which has been found to be optimal
for devices in several PSC systems [41]. A high proportion of PCBM
limits optical absorption in the composite layer because the PCBM
absorption is quite inefficient in the visible region. In addition, the
PL spectra of the conjugated polymer/PCBM-based composite films
are shown in Fig. 7. The results indicate that the PL emission was
almost completely quenched as the polymer and PCBM weight
ratio approached 1:1. In the photoactive layer, excitons generated
by absorbed photons recombine or dissociate to free-charge
carriers (electrons and holes). An efficient free-charge generation
must be accompanied by PL quenching, which is a basic require-
ment for preparing a PSC with excellent PV performance.

3.6. PV properties of the conjugated polymer/PCBM
composite-based PSCs

For the PSC application, the cells were fabricated from a solution
of polymer/PCBM blend dissolved in CHO or CHO/THF. Most of the
polymer (MPFM, HPFM, and HPTM)/PCBM blends were dissolved in
CHO, while the MPTM/PCBM blend was dissolved in a co-solvent
(CHO/THF, 1:1 by volume). The polymer/PCBM composite
film-based photoactive layers were prepared by an optimized spin-
coating procedure. The conjugated polymer/PCBM composite-
based photoactive layers were thermally treated at 80 �C for 1 h.
The photocurrent density versus voltage of the PSCs fabricated
from the conjugated polymer/PCBM composite films with various
weight ratios are shown in Fig. 8. The PV properties of these PSCs
including Voc, short circuit current density (Jsc), fill factor (FF), and
photo-energy conversion efficiency (h) are summarized in Table 3.
For the MPFM/PCBM-based PSCs (PSC I-1–PSC I-4), the values of Jsc

and h increased with increasing PCBM content, while the values of
Voc and FF did not change significantly with the variation of PCBM
content. Higher concentrations of PCBM favor the formation of
a phase-separated interpenetrating network with sizable domains



Fig. 8. Current density versus voltage of PSCs fabricated from the conjugated polymer/
PCBM composite films with different weight ratios.
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in the photoactive layer [60,61], which in turn favors effective
charge separation [62,63]. Higher Jsc and h values were therefore
observed. Moreover, better PV performances were observed for the
HPFM/PCBM composite film-based PSCs (PSC II-1 – PSC II-4) as
compared to the MPFM/PCBM composite film-based PSCs. The
incorporation of the electron-deficient triazine unit led to a lower
Table 3
PV properties of the conjugated polymer/PCBM composite film-based PSCs.

PSCs Polymer:
PCBM (w/w)a

Roughness
(nm)

Thickness
(nm)

Voc

(V)
Jsc

(mA/cm2)
FF h

(%)

PSC I1 MPFM:PCBM (1:1) 0.28 125.3 0.28 0.17 20.6 0.010
PSC I2 MPFM:PCBM (1:2) 0.29 120.1 0.33 0.18 20.2 0.012
PSC I3 MPFM:PCBM (1:4) 0.32 116.7 0.39 0.31 20.4 0.025
PSC I4 MPFM:PCBM (1:8) 0.45 104.1 0.32 0.69 21.1 0.047

PSC II1 HPFM:PCBM (1:1) 0.29 121.8 0.39 0.26 28.4 0.029
PSC II2 HPFM:PCBM (1:2) 0.30 115.3 0.40 0.78 28.3 0.088
PSC II3 HPFM:PCBM (1:4) 0.35 94.7 0.36 1.05 29.7 0.113
PSC II4 HPFM:PCBM (1:8) 0.39 90.3 0.49 1.37 26.5 0.178

PSC III1 MPTM:PCBM (1:1) 1.88 119.5 0.15 0.14 22.2 0.005
PSC III2 MPTM:PCBM (1:2) 2.05 110.7 0.18 0.25 26.1 0.012
PSC III3 MPTM:PCBM (1:4) 2.63 96.6 0.16 0.42 28.0 0.019
PSC III4 MPTM:PCBM (1:8) 2.89 87.5 0.20 0.65 29.9 0.039

PSC IV1 HPTM:PCBM (1:0.5) 0.29 112.3 0.25 4.77 26.0 0.311
PSC IV2 HPTM:PCBM (1:0.8) 0.33 111.7 0.37 5.07 26.7 0.500
PSC IV3 HPTM:PCBM (1:1) 0.38 110.1 0.37 4.58 26.8 0.454
PSC IV4 HPTM:PCBM (1:2) 0.37 100.8 0.28 2.45 27.1 0.186

a Polymer/PCBM composite films: annealing at 80 �C for 1 h.
band gap of HPFM. A low-band-gap-polymer is favorable for the
absorption of long-wavelength photons. Moreover, the higher
HOMO level would promote hole-injection from the HPFM to HTM
layer. As a result, a stronger absorption of solar light and a lower
series resistivity of the photoactive layer were responsible for the
higher Jsc, FF, and h values of the HPFM/PCBM-based PSCs as
compared to the MPFM/PCBM-based PSCs. Furthermore, the Voc of
the HPFM/PCBM-based PSCs was only slightly larger than that of
the MPFM/PCBM-based PSCs. This is because the Voc was mainly
determined by the energy difference between the LUMO of elec-
tron-acceptor (PCBM) and the HOMO of the electron-donor
(conjugated polymer) [57,58]. On the other hand, PSCs based on the
thiophene-containing polymer, MPTM, with a narrow energy band
gap, were expected to exhibit better PV performances than the
fluorene-containing polymer (MPFM) based PSCs. However, lower
values of Jsc and h were observed for the MPTM/PCBM composite-
based PSCs (PSC III-1–PSC III-4) as compared to the MPFM/PCBM-
based PSCs. This is due to the poor solubility of MPTM. Poor
solubility led to the aggregation of polymer chains and high surface
roughness of the solid film. Consequently, low charge mobility in
the photoactive layer, and poor contact at the interface of the
photoactive layer and cathode were observed. Poor contact hinders
electron transport from the photoactive layer to the cathode.
Therefore, low values of Jsc and h were observed for the MPTM/
PCBM-based PSCs. Moreover, the Voc values of the PSCs based on
the MPTM/PCBM composite were much lower than the PSCs
fabricated from MPFM/PCBM composites. In addition to the poor
contact between the photoactive layer and the cathode, an
unavoidable reduction of the Voc would occur for the low band-gap
polymer (MPTM) as compared to the high band-gap polymer
(MPFM) [38]. Furthermore, HPTM/PCBM composite-based PSCs
(PSC IV-1–PSC IV-4) exhibited the best PV performance among all
of the polymer-based PSCs. Jsc and h values of the HPTM/PCBM
composite-based PSCs were much higher than those of the other
polymer-based PSCs. Jsc and h values as high as 5.07 mA/cm2 and
0.50%, respectively, could be achieved. For the HPTM/PCBM
composite-based PSCs, the largest Jsc and h values were observed
when an optimum weight ratio of HPTM and PCBM was 1:0.8.
However, the PV performances would be reduced if higher PCBM
contents were further incorporated in the photoactive layer. As
higher PCBM content was incorporated, PCBM would aggregate and
some areas protruded from the surface of the HPTM/PCBM-based
photoactive layer [34]. This results in worse contact between the
photoactive layer and cathode. Therefore, the PV performances of
the PSCs were reduced. In addition, lower PCBM content was used
to obtain better PV performances for the HPTM/PCBM composite-
based PSCs as compared to the other polymer-based PSCs. This
might be attributed to the higher HOMO level of HPTM than the
other conjugated polymers. HPTM, with a higher HOMO level, was
favorable for an efficient hole-injection from the photoactive layer
to the HTM layer. According to the literature, the electron-mobility
of PCBM is 4000 times higher than the hole-mobility in the pure
conjugated polymer [64,65]. Moreover, the ratio between the
electron-mobility and hole-mobility is only a factor of ten in the
polymer/PCBM blend film, resulting in a more balanced charge
transport [66]. The hole-mobility and charge balance seems to be
enhanced by incorporation of PCBM into the polymer composite
[42]. Therefore, HPTM, with high hole-transporting capacity,
requires lower PCBM content to achieve the best PV performance.

3.7. Morphology of conjugated polymer/PCBM-based
composite films

Recently, it has been reported that the PV properties of PSCs
can be improved by manipulating the morphology within the



Fig. 9. AFM spectra of MPFM/PCBM (1:8 w/w) and MPTM/PCBM (1:8 w/w) composite films after drying under different conditions ((a) MPFM/PCBM: in a vacuum system, 24 h;
(b) MPFM/PCBM: 80 �C, 1 h; (c) MPFM/PCBM: 120 �C, 10 min; (d) MPFM/PCBM: 120 �C, 60 min; (e) MPTM/PCBM: in a vacuum system, 24 h; (f) MPTM/PCBM: 80 �C, 1 h; (g) MPTM/
PCBM: 120 �C, 10 min; (h) MPTM/PCBM: 120 �C, 60 min).
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photoactive polymer blend [35,44,45]. The compatibility and
morphology of the conjugated polymer/PCBM composite films
was investigated using AFM microscopy. Figs. 9 and 10 show the
AFM micrographs of the MPFM/PCBM, MPTM/PCBM and HPTM/
PCBM composite films after being dried in a vacuum system
or annealed at elevated temperatures for different times. The
roughness of the composite films is summarized in Table 4. As
shown in Fig. 9, the MPFM/PCBM composite film shows very
smooth surface morphology, while the MPTM/PCBM composite
film shows large-scale aggregation. In particular, the MPTM/
PCBM composite film annealed at 120 �C is characterized by
large agglomerates extending over one hundred nanometers
with accompanying high surface roughness. This observation
indicates that MPTM has a poor compatibility with PCBM. This



Fig. 10. AFM spectra of HPTM/PCBM (1:0.8 w/w) composite films after drying under different conditions ((a) in a vacuum system, 24 h; (b) 80 �C, 1 h; (c) 120 �C, 10 min; (d) 120 �C,
30 min; (e) 120 �C, 1 h; (f) 120 �C, 3 h).
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agglomeration is likely due to the poor solubility of MPTM
in CHO/THF. Moreover, the agglomeration became more
pronounced with increasing annealing time. In addition, the
same surface morphology was observed for the HPFM/PCBM
composite film as compared to the MPFM/PCBM composite film.
The surface morphologies of HPTM/PCBM composite films dried
at different processing conditions are shown in Fig. 10. The
polymer films dried in the vacuum system or annealed at 80 �C
show a smoother surface than the polymer film annealed at
120 �C. The high roughness of the HPTM/PCBM composite film
annealed at 120 �C was attributed to the rapid removal of the
organic solvent. Moreover, the roughness of the polymer film
was reduced when the annealing time was increased from
10 min to 30 min. However, further increasing the annealing
time from 1 h to 3 h exacerbated the roughness. This increase in
surface roughness can be attributed to the reorientation or
aggregation of polymer chains in the HPTM/PCBM composite
film after annealing at elevated temperature for 3 h. We
concluded that the surface roughness and morphology of the
polymer/PCBM composite film were determined by the polymer
solubility and annealing conditions of the polymer film.
3.8. Thermal annealing effect on the PV properties of the PSCs

The photocurrent density versus voltage for the PSCs fabricated
from the conjugated polymer/PCBM composite films dried in
a vacuum system or annealed at elevated temperatures are shown
in Figs. 11 and 12. The PV properties of these PSCs are summarized
in Table 4. For the MPFM/PCBM composite film-based PSCs, better
PV properties were observed for the PSCI4, based on the
composite film annealed at 80 �C for 1 h, as compared to the
PSCI4-V, based on the composite film dried in the vacuum system
for 24 h, even though the annealed polymer film has a higher
roughness. As the polymer chains reoriented during the thermal
annealing process, the compatibility between the polymer and
PCBM was enhanced and a phase-separated interpenetrating
network with sizable domains was formed in the photoactive
layer. Consequently, better PV properties of the PSC were
observed. For the other polymer-based PSCs, better PV properties
were also observed for the composite film annealed at 80 �C as
compared to the composite film dried in the vacuum system. The
PSCs fabricated from the polymer/PCBM composite film annealed
at 120 �C for different times were also studied. For all of the



Table 4
Thermal annealing effect on the PV performances of the PSCs.

PSCsa Temperature
(�C)/time (min)b

Roughness
(nm)

Voc

(V)
Jsc

(mA/cm2)
FF h

(%)

PSCI4-V Vac./24 h 0.36 0.18 0.56 29.2 0.029
PSCI4 80 �C/60 0.45 0.32 0.69 21.1 0.047
PSCI4-1 120 �C/10 0.73 0.15 0.63 32.5 0.031
PSCI4-2 120 �C/30 0.48 0.38 0.65 24.7 0.061
PSCI4-3 120 �C/60 0.34 0.20 0.63 26.5 0.033

PSCII4-V Vac./24 h 0.30 0.38 1.04 26.0 0.103
PSCII4 80 �C/60 0.39 0.49 1.37 26.5 0.178
PSCII4-1 120 �C/10 0.52 0.24 0.87 29.8 0.062
PSCII4-2 120 �C/30 0.43 0.28 1.06 29.1 0.086
PSCII4-3 120 �C/60 0.36 0.20 0.79 31.2 0.050

PSCIII4-V Vac./24 h 1.00 0.18 0.35 26.9 0.017
PSCIII4 80 �C/60 2.89 0.20 0.65 29.9 0.039
PSCIII4-1 120 �C/10 7.46 0.18 0.95 27.1 0.046
PSCIII4-2 120 �C/30 6.35 0.20 0.96 27.5 0.053
PSCIII4-3 120 �C/60 5.29 0.21 0.65 29.9 0.041

PSCIV2-V Vac./24 h 0.24 0.33 4.14 27.7 0.378
PSCIV2 80 �C/60 0.33 0.37 5.07 26.7 0.500
PSCIV2-1 120 �C/10 0.72 0.42 4.50 31.1 0.587
PSCIV2-2 120 �C/30 0.30 0.43 3.35 34.4 0.496
PSCIV2-3 120 �C/60 0.42 0.41 2.56 28.6 0.300

a Composition of photoactive layer: PSCI4-V – PSCI4-3: MPFM/PCBM ¼ 1: 8;
PSCII4-V – PSCII4-3: HPFM/PCBM¼ 1: 8; PSCIII4-V – PSCIII4-3: MPTM/PCBM¼ 1: 8;
PSCIV4-V – PSCIV4-3: HPTM/PCBM ¼ 1: 0.2.

b Thermal treated conditions of photoactive layer: drying in a vacuum system or
thermal annealing at various temperatures for different times.

Fig. 11. Current density versus voltage of PSCs fabricated from the MPFM/PCBM (1:8
w/w) and HPFM/PCBM (1:8 w/w) composite films after drying in a vacuum system or
thermal annealing at various temperatures for different times.

Fig. 12. Current density versus voltage of PSCs fabricated from the MPTM/PCBM (1:8
w/w) and HPTM/PCBM (1:0.8 w/w) composite films after drying in a vacuum system or
thermal annealing at various temperatures for different times.
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conjugated polymer/PCBM composite films, much higher surface
roughness was observed in the film annealed at 120 �C for 10 min
than in the film annealed at 80 �C for 1 h. High surface roughness
led to poor contact at the interface between the photoactive
polymer film and the cathode, resulting in the small Voc and low
Jsc values of the PSCs fabricated from the polymer films annealed
at 120 �C for 10 min. Moreover, the optimized thermal annealing
time was 30 min for the MPFM/PCBM, HPFM/PCBM, and MPTM/
PCBM composite films, expect for the HPTM/PCBM composite film.
For the MPFM/PCBM and HPFM/PCBM composite films, the
annealing temperature (120 �C) was near the glass transition
temperatures of the MPFM/PCBM (about 127 �C) and HPFM/PCBM
(about 131 �C) composite. The polymer chains would thus reorient
during the thermal annealing process. The surface roughness of
the composite films was reduced with increasing thermal
annealing time. Better contact at the interface of photoactive layer
and cathode was observed. The compatibility between the poly-
mer and PCBM was also improved. Consequently, improved PV
properties were observed for the PSCI4-2 and PSCII4-2 as
compared to the PSCI4-1 and PSCII4-1. However, the PV properties
of PSCI4-3 and PSCII4-3 were reduced as the annealing time of the
polymer composite films increased above 60 min. This can be
attributed to the aggregation of the polymer chains as the
annealing time was increased. Although aggregation of the MPFM
(or HPFM) polymer chains was not observed by the AFM spectra
as clearly as for MPTM, the polymer chain aggregation was proved
by the PL spectra. A red-shifting and an FWHM enhancement of
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the PL emission peak evidenced the aggregate formation in the
thermally annealed polymer films. As a result, the charge mobility
through the polymer chains would be suppressed. The PV prop-
erties of PSCI4-3 and PSCII4-3 were therefore reduced. Further-
more, the influence of thermal annealing time on the PV
properties of MPTM/PCBM composite film-based PSCs was the
same as the MPFM/PCBM and HPFM/PCBM composite film-based
PSCs. The PV properties of PSC III4-2 were better than PSC III4-1
and PSC III4-3. Since the thermal annealing temperature (120 �C)
was higher than the Tg (109 �C) of the MPTM/PCBM composite, the
agglomeration in the polymer film became pronounced with
increasing annealing time. The agglomeration sizes of 100 nm are
much larger than the exciton diffusion length (10–20 nm), so that
many excitons recombine before reaching the hetero-interface,
thus limiting the PV properties of MPTM/PCBM composite film-
based PSCs [67]. Poor PV properties were observed for PSCs
fabricated from the MPTM/PCBM composite film annealed at
120 �C. On the other hand, the PV properties were worsened with
increasing annealing time for the PSCs (PSC IV2-1–PSC IV2-3)
fabricated from the HPTM/PCBM composite films annealed at
120 �C. This can be attributed to the morphology modification of
the HPTM/PCBM composite film. Since the annealing temperature
(120 �C) was higher than the Tg (106 �C) of the polymer composite,
the molecular morphology changed significantly with increasing
annealing time. The best PV properties were observed for the PSC
IV2-1 as compared to the PSC IV2-2 and PSC IV2-3, even though
higher surface roughness of the photoactive layer was observed
for PSC IV2-1. This demonstrated that the PV properties are not
only affected by the surface roughness of the photoactive layer,
but also by the internal molecular morphology of the polymer/
PCBM composite.

4. Conclusions

A series of main-chain type and triazine-branched fluorene and
thiophene copolymers containing a 2-pyran-4-ylidene-malononi-
trile derivative were developed for PLED and PSC applications. For
PLED application, higher brightness and larger current efficiency
were observed for the devices based on fluorene/PM-containing
polymers as compared to the devices based on thiophene/PM-
containing polymers. Moreover, the incorporation of a p-deficient
triazine was favorable for the balancing of charge injection and
transport properties in the PLEDs. Better EL performances were
observed for the triazine-branched polymer-based device
compared to the main-chain polymer-based device. For PSC
application, the PV properties of the HPTM/PCBM composite-based
PSCs were much better than those of the other polymer/PCBM
composite-based PSCs. The incorporation of the electron-deficient
triazine unit led to the lower LUMO level and the higher HOMO
level of HPTM than MPTM. The low-band-gap-polymer was favor-
able for the absorption of long-wavelength photons. Moreover, the
higher HOMO level promoted the hole-injection from the HPTM to
the hole-transport layer. As a result, a stronger absorption intensity
of solar light and a lower series resistivity of the photoactive layer
were responsible for the improved PV properties of the HPTM/
PCBM-based PSCs as compared to those of the other polymer/
PCBM-based PSCs. In addition, thermal annealing effects on the
morphology of the photoactive layer and the PV properties of the
PSCs were also studied. Since the polymer chains would reorient
during the thermal annealing process, and therefore enhance the
compatibility between the polymer and PCBM, this resulted in the
formation of a phase-separated interpenetrating network with
sizable domains in the photoactive layer. The best PV properties
were observed for the PSCs fabricated from the polymer/PCBM
composite film annealed at elevated temperature.
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