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Donor-acceptor type (DA-type) polymeric photovoltaic material with a dicarboxylic imide-
substituted benzene (phthalimide) derivative as electron-withdrawing units, poly[4,4'-
didodecyl-2,2'-bithiophene-co-5,5'-(3,6-bis(thieno-2-yl)-N-octyl-phthalimide| (PDBTTPT),
was synthesized by a Stille coupling reaction. It had an optical band gap of 1.96 V and a rel-
atively low HOMO energy level of —5.34 eV in spite of it being a thiophene-based polymer.
Photovoltaic devices with PDBTTPT/PC;,BM active layers were fabricated under a variety of
conditions for optimizing device performance. PDBTTPT exhibited the best power conver-
sion efficiency (PCE) of 1.5% in the device where 80 wt.% of the PC7;BM was contained in
the active layer (PDBTTPT:PC:BM = 1:4, w/w) and which was pre-annealed at 120 °C for
10 min. In addition, a device which was pre-annealed at 140 °C for 10 min and a device
which was post-annealed at 120 °C for 10 min showed analogous PCE values of 1.5% as
well, although small differences were exhibited between various parameters, such as

Voc, Jsc, and FF.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Organic photovoltaic devices based on polymer semi-
conductors are clean and efficient electronic devices that
directly generate usable electricity by reactions between
photons from solar irradiation and semiconductor materi-
als in their active layers. In this respect, in order to develop
a high performance organic photovoltaic device, the key
technology is the design and synthesis of polymer
semiconductor materials. Photovoltaic polymer materials
have gained considerable attention for two decades due
to their various advantages, such as low-cost, flexibility,
eco-friendly use, etc. Recently, developments of several
high-performance organic photovoltaic materials [1-9]
and researches for photochemical stability of m-conjugated
polymers have increased the potential for organic photo-
voltaic applications [10,11]. Moreover, fabrication technol-
ogies of flexible and large area devices, such as ink-jet
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printing and roll-to-roll through solution processing [12-
16], have increased the practical potential of these materi-
als towards next generation energy converting devices.

Since organic photovoltaic devices had been investi-
gated, a variety of strategies have been used for developing
high efficiency polymeric photovoltaic materials [17-21].
Among them, the synthesis of copolymers that alternate
electron donating materials with electron withdrawing
materials in polymer backbones has been regarded as the
most efficient strategy for synthesizing photovoltaic mate-
rials since the polymer band gap was effectively controlled
by the intra-chain charge transfer [22,23]. In order to de-
velop outstanding donor-acceptor (DA) type copolymers,
the most important consideration is the choice of elec-
tron-donating and electron-withdrawing materials that
had various favorable properties, such as good solubility,
appropriate energy level, structural planarity, etc.

In this respect, phthalimide is a promising electron-
withdrawing material for organic photovoltaics. The solu-
bility and the energy levels of phthalimide can be easily
controlled by introducing various functional groups at its
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nitrogen site. Moreover, the highest occupied molecular
orbital (HOMO) energy level of a polymer with phthali-
mide in its polymer backbone could also be easily lowered
because of the low HOMO energy level of phthalimide,
which leads to improved open circuit voltage (Voc) values
of final devices. Nevertheless, there are almost no investi-
gations concerning polymeric materials with phthalimide
for OPVs, except for a few studies [24,25].

In this study, a DA-type polymer semiconductor that had
a phthalimide as an electron-withdrawing moiety,
PDBTTPT, was synthesized through a Stille coupling reaction
for organic photovoltaic materials. Bulk heterojunction-
type devices with 1-(3-methoxycarbonyl)propyl-1-phe-
nyl-6,6-C-71 (PC7;BM) as acceptors were fabricated in order
to investigate the photovoltaic properties of PDBTTPT. Addi-
tionally, in order to optimize device performance, photovol-
taic devices were fabricated under a variety of conditions,
according to different weight ratios between PDBTTPT and
PC;:1BM or various annealing temperatures and times.

2. Experimental section
2.1. Materials

All reagents were purchased from Aldrich and were
used without further purification. 4,4'-Didodecyl-5,5'-
trimethylstannyl-2,2’-bithiophene [26] were prepared as
described in the literature.

2.1.1. 3,6-Dibromophthalic anhydride (1)

A mixture of phthalic anhydride (5.9 g, 40 mmol),
oleum (20% free SOs, 75 ml), bromine (13.4 g, 84 mmol)
and silver sulfate (25 g, 80.2 mmol) was stirred at 70 °C
for 24 h. After cooling to room temperature, precipitations
were filtered off and washed by dichloromethane. The
solution was washed with water and extracted with chlo-
roform. The organic layer was concentrated via rotary
evaporation to a brown solid. This brown solid was recrys-
tallized twice from acetic acid to provide colorless crystals
(1.4 g, 4.6 mmol). 'TH NMR (400 MHz; CDCl3; Me,Si): 7.85
(s, 2H). >C NMR (100 MHz; CDCls; Me,Si): 159.15,
141.55, 131.10, 120.16.

2.1.2. N-Octyl-3,6-dibromophthalimide (2)

Compound 1 (1.4 g, 4.6 mmol) was dissolved in glacial
acetic acid (25 ml) followed by dropwise of octyl amine
(0.78 g, 6.0 mmol). The mixture was refluxed under nitro-
gen for 2 h. After most of the acetic acid was removed un-
der reduced pressure, the crude product was purified using
column chromatography using dichloromethane/hexane
(1:3, v/v) as the eluent. Colorless crystals were obtained
after recrystallization from hexanes (1.6 g, 3.9 mmol). 'H
NMR (400 MHz; CDCls; Me,Si): 7.62 (d, 2H), 3.66 (d, 2H),
1.65 (m, 2H), 1.37-1.24 (m, 10H), 0.87 (t, 3H). '3C NMR
(100 MHz; CDCl3; Me,Si): 165.05, 139.68, 131.51, 117.69,
38.05, 31.33, 28.97 (2C), 28.05, 26.88, 22.87, 13.98.

2.1.3. 3,6-Bis(thieno-2-yl)-N-octyl-phthalimide (3)
Compound 2 (1.6 g, 3.9 mmol), 2-tributylstannylthioph-
ene (3.7g, 9.8 mmol) and Pd(PPhs),Cl, (5 mol%) were

dissolved in a mixture of THF (40 ml). The mixture was re-
fluxed for 24 h. After cooling to room temperature, the or-
ganic layer was dried with Na,SO4 and was concentrated
via rotary evaporation. The product was purified using col-
umn chromatography using dichloromethane/hexane (1:3,
v/v) as the eluent. The product was obtained as bright yel-
low solid (1.15 g, 2.7 mmol). 'H NMR (400 MHz; CDCls;
Me,Si): 7.77 (d, 2H), 7.76 (s, 2H), 7.47 (d, 2H), 7.17 (t,
2H), 3.66 (d, 2H), 1.65 (m, 2H), 1.37-1.24 (m, 10H), 0.87
(t, 3H). '3C NMR (100 MHz; CDCls; Me,Si): & 167.02,
137.24, 135.87, 132.31, 130.00, 127.95, 127.72, 127.54,
38.27, 31.64, 29.05 (2C), 28.18, 26.96, 22.96, 14.04.

2.1.4. 5,5'-Dibromo-3,6-bis(thieno-2-yl)-N-octyl-phthalimide
4)

Compound 3 (1.15 g, 2.7 mmol) were dissolved to mix-
ture of chloroform/acetic acid (1:1, v/v) at room tempera-
ture. NBS (1.0 g, 5.9 mmol) was added to the mixture.
After 24 h, the mixture was poured to water and organic
layer was extracted with chloroform. The organic layer
was dried with Na,SO4 and was concentrated via rotary
evaporation. The product was purified using column chro-
matography using dichloromethane/hexane (1:3, v/v) as
the eluent. The product was obtained as bright yellow solid
(0.87 g, 1.5 mmol). 'H NMR (400 MHz; CDCls; Me,Si): 7.70
(s,2H), 7.52 (d, 2H), 7.12 (d, 2H), 3.66 (d, 2H), 1.66 (m, 2H),
1.33-1.20 (m, 10H), 0.86 (t, 3H). '3C NMR (100 MHz;
CDCl3; Me,Si): 167.27, 138.48, 135.27, 131.43, 130.55,
130.38, 127.88, 115.10, 38.35, 31.79, 29.16 (2C), 28.46,
26.97, 22.64, 14.12.

2.1.5. PDBTTPT
4,4'-Didodecyl-5,5'-trimethylstannyl-2,2’-bithiophene
(0.41 g, 0.5 mmol), compound 4 (0.30g, 0.5 mmol) and
Pd(PPh3),Cl, (1.5 mol%) were dissolved in THF/DMF (1/1,
v/v). The solution was refluxed for 48 h with vigorous stir-
ring in nitrogen atmosphere, and then the excess amount
of bromothiophene and 2-tributylstannylthiophene were
added and stirring continued for 3 h, respectively. The
whole mixture was poured into methanol. The precipitate
was filtered off, purified with methanol, acetone and hex-
ane in a Soxhlet apparatus for 24 h, respectively. The chlo-
roform soluble fraction was recovered and dried under a
reduced pressure at 80 °C. The product was obtained as
dark red powder (0.13 g, 27%). 'H NMR (400 MHz; CDCls;
Me,Si): 7.86 (d, 2H), 7.80 (s, 2H), 7.19 (d, 2H), 7.05 (s,
2H), 3.70 (t, 2H), 2.81 (t, 4H), 1.71 (m, 4H), 1.61 (m,
2H),1.5-1.2 (br, 8H), 0.87 (t, 3H). Elem. Anal. for
CseH75N1S405: C, 72.91; H, 8.19; N, 1.52; S, 13.91; O,

3.47. Found: C, 72.84; H, 8.22; N, 1.53; S, 13.99; O, 3.42.

2.2. Instruments and characterization

All of the reagents and chemicals were purchased from
Aldrich and used as received unless otherwise specified.
The 'H NMR (400 MHz) spectra were recorded using a Brii-
ker AMX400 spectrometer in CDCl;, and the chemical
shifts were recorded in units of ppm with TMS as the inter-
nal standard. The elemental analyses were measured with
EA1112 using a CE Instrument. The absorption spectra
were recorded using an Agilent 8453 UV-vis spectroscopy
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system. The solutions that were used for the UV-vis spec-
troscopy measurements were dissolved in chloroform at a
concentration of 10 pg/ml. The films were drop-coated
from the chloroform solution onto a quartz substrate. All
of the GPC analyses were carried out using THF as the elu-
ent and a polystyrene standard as the reference. The DSC
and the TGA measurements were performed using a NET-
ZSCH DSC 200 F3 and a NETZSCH TG 209 F3, respectively.
The cyclic voltammetric waves were produced using a Zah-
ner IM6eX electrochemical workstation with a 0.1 M ace-
tonitrile (substituted with nitrogen for 20 min) solution
containing tetrabutyl ammonium hexafluorophosphate
(BugNPFg) as the electrolyte at a constant scan rate of
50 mV/s. ITO, a Pt wire, and silver/silver chloride [Ag in
0.1 M KCl] were used as the working, counter, and refer-
ence electrodes, respectively. The electrochemical poten-
tial was calibrated against Fc/Fc*. The HOMO levels of the
polymers were determined using the oxidation onset va-
lue. Onset potentials are values obtained from the intersec-
tion of the two tangents drawn at the rising current and
the baseline changing current of the CV curves. The LUMO
levels were calculated from the differences between the
HOMO energy levels and the optical band-gaps, which
were determined using the UV-vis absorption onset values
in the films.

The current-voltage (I-V) curves of the photovoltaic de-
vices were measured using a computer-controlled Keithley
2400 source measurement unit (SMU) that was equipped
with a Peccell solar simulator under an illumination of
AM 1.5G (100 mW/cm?). Thicknesses of the thin films were
measured using a KLA Tencor Alpha-step 500 surface pro-
filometer with an accuracy of 1 nm. Topographic images of
the active layers were obtained through atomic force
microscopy (AFM) in tapping mode under ambient condi-
tions using a XE-100 instrument.

2.3. Fabrication and characterization of polymer solar cells

All of the bulk-heterojunction PV cells were prepared
using the following device fabrication procedure. The
glass/indium tin oxide (ITO) substrates [Sanyo, Japan
(10 Q/y)] were sequentially lithographically patterned,
cleaned with detergent, and ultrasonicated in deionized
water, acetone, and isopropyl alcohol. Then the substrates
were dried on a hot-plate at 120 °C for 10 min and treated
with oxygen plasma for 10 min in order to improve the
contact angle just before the film coating process.
Poly(3,4-ethylene-dioxythiophene):  poly(styrene-sulfo-
nate) (PEDOT:PSS, Baytron P 4083 Bayer AG) was passed
through a 0.45 um filter before being deposited onto ITO
at a thickness of ca. 32 nm by spin-coating at 4000 rpm
in air and then it was dried at 120 °C for 20 min inside a
glove box. Composite solutions with PDBTTPT and PC;;BM
were prepared using o-dichlorobenzene (0-DCB). The con-
centration was controlled adequately in the 0.5 wt.% range,
and the solutions were then filtered through a 0.45 pm
PTFE filter and then spin-coated (500-1700 rpm, 30s) on
top of the PEDOT:PSS layer. The device fabrication was
completed by depositing thin layers of BaF, (1 nm), Ba
(2 nm), and Al (200 nm) at pressures of less than 1076 torr.
The active area of the device was 4.0 mm?. Finally, the cell

was encapsulated using UV-curing glue (Nagase, Japan). In
this study, all of the devices were fabricated with the fol-
lowing structure: ITO glass/PEDOT:PSS/polymer:PCBM/
BaF,/Ba/Al/ encapsulation glass.

The illumination intensity was calibrated using a stan-
dard a Si photodiode detector that was equipped with a
KG-5filter. The output photocurrent was adjusted to match
the photocurrent of the Si reference cell in order to obtain a
power density of 100 mW/cm?. After the encapsulation, all
of the devices were operated under an ambient atmo-
sphere at 25 °C.

3. Results and discussion
3.1. Material synthesis

The synthesis process for the monomers and PDBTTPT is
shown in Scheme 1. Since thiophene has a good electron
donating and charge transporting property, dodecylbithi-
ophene was adopted as the electron-donating unit. Long
alkyl chains (dodecyl chains) were introduced in the bithi-
ophene unit to improve solubility. In addition, in order to
minimize the steric hindrance between the dodecyl chains,
dodecylbithiophene was synthesized in a tail-to-tail for-
mation. Thiophene spacers that neighbored the phthali-
mide molecule were introduced into the polymer
backbone to decrease the band gap by enlarging the mt-con-
jugation length and to diminish the steric hindrance
between the electron-donating unit and the electron-with-
drawing moiety [27].

The number average molecular weight (M) and the
weight average molecular weight (M,,) of PDBTTPT were
16.7 and 22.2 kg/mol, respectively. The thermal properties
of PDBTTPT were investigated using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA)
at a heating rate of 10 K/min. As shown in Fig. 1, the poly-
mers had a glass transition temperature (T,) of 146 °C and
decomposition temperature (Ty4) of 387 °C, which indicated
that they exhibited good thermal stability, making them
applicable for use in polymer solar cells and other opto-
electronic devices. Particularly, PDBTTPT indicated a high
Tg, which stemmed from its rigid backbone structure and
its phthalimide molecules.

3.2. Optical and electrochemical properties

The UV-vis absorption spectra of PDBTTPT in a chloro-
form solution and in thin solid films are depicted in
Fig. 2. A maximum UV-vis absorption peak (4m.x) appeared
at 457 nm in solution. And the A,.x value in the solid film
was displayed at 526 nm, and this was red-shifted by
approximately 70 nm. In addition, a shoulder peak was
shown at around 570 nm. This indicated that PDBTTPT
had a good intermolecular interaction property in solid
film [28]. However, in spite of its outstanding red-shifted
UV-vis absorption property, the UV-vis absorption range
of PDBTTPT was not wide in comparison with other DA-
type copolymers. It seemed that the electron-withdrawing
property of phthalimide was not as strong as typical
electron-withdrawing material, 2,1,3-benzothiadiazole.
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Fig. 1. DSC thermogram of PDBTTPT (inset: TGA curve of PDBTTPT).

Generally, band gap energy of DA-type copolymer is effec-
tively decreased by orbital overlap through charge transfer
between electron-donating materials and electron-with-
drawing materials. Therefore, in DA-type polymer back-
bones, the stronger electron-withdrawing property of
electron-deficient material was, the narrower the band
gap became [29]. However, as shown in Fig. 3, according
to a theoretical study, the electron affinity of phthalimide
was weaker than that of 2,1,3-benzothiadiazole, which
could lead to inefficient charge transfer in intramolecular
polymer chains. Nevertheless, as mentioned above, when
considering that the HOMO energy level of the polymer
was formed by orbital overlap between the HOMO energy

levels of the electron-donating material and electron with-
drawing material, the low HOMO energy level of phthali-
mide could have an influence on lowering the HOMO
energy level of PDBTTPT, which was one of the most
important requirements for oxidative stability and high
Voc of photovoltaic polymer materials. The optical band
gap (Eg”) of PDBTTPT, which was calculated from the band
edge of the UV-vis absorption spectra in the film, was
1.96 eV.

The electrochemical behavior of the copolymers was
investigated using cyclic voltammetry (CV). The support-
ing electrolyte was tetrabutyl ammonium hexafluorophos-
phate (BusNPFg) in acetonitrile (0.1 M), and the scan rate
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Fig. 2. UV-vis absorption spectra of PDBTTPT.
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between 2,1,3-benzothiadiazole and phthalimide.

was 50 mV/s. The ITO glass and Pt plates were used as the
working and counter electrodes, respectively, and silver/
silver chloride (Ag in 0.1 M KCl) was used as the reference
electrode. All of other measurements were calibrated using
the ferrocene value of —4.8 eV as the standard. The HOMO
levels of the polymers were determined using the oxida-
tion onset value. The lowest unoccupied molecular orbital

(LUMO) levels were calculated from the differences be-
tween the HOMO energy levels and the optical band-gaps,
which were determined using the UV-vis absorption onset
values in the films.

Fig. 4 shows the cyclic voltammogram of the PDBTTPT.
The HOMO level of this polymer was —5.34eV and the
LUMO level was —3.36eV. As expected and mentioned
above, PDBTTPT exhibited a low HOMO energy level. It
should be noted that the HOMO energy level of PDBTTPT
was relatively low in comparison with other photovoltaic
copolymers based on thiophene derivatives [30]. This orig-
inated from the low HOMO energy level of phthalimide.
Considering that the V¢ value was determined by the dif-
ference between the HOMO level of the donor polymer and
the LUMO level of the acceptor, it was expected that
PDBTTPT would exhibit high V¢ values in the final device.
The electrochemical band gap (E;) of PDBTTPT was
2.13 eV, and this was determined by the difference be-
tween the HOMO and the LUMO energy levels, which were
calculated from oxidation and reduction onsets, respec-
tively. A little difference between Eg” and E° was observed.
This was because free ions were created in the electro-
chemical experiment rather than a neutral excited state
[31]. The optical and electrochemical properties of the
polymers are summarized in Table 1.

3.3. Morphology analysis

The topography images of the PDBTTPT/PC;;BM blend
films were obtained using AFM on non-contact mode.
The topography images showed that detailed p, n-channels
appeared as the PC;;BM weight ratio increased in Fig. 5(a-
). In addition, aggregated large PC;;BM domains were not
observed with increases of the PC;;BM weight ratio. Here-
by, 20 wt.% PDBTTPT and 80 wt.% PC;;BM (1/4, w/w) was
identified as the most efficient blend ratio between
PDBTTPT and PC7;BM.
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Fig. 4. Cyclic voltammograms of thin film recorded in 0.1 M BusNPFs/acetonitrile at a scan rate of 50 mV/s.

Table 1
Summary of photovoltaic characteristics of devices.
Active layer Weight ratio (P:A, w/w) Annealing (°C, min) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Polymer (P) Acceptor (A)
PDBTTPT PC7:BM 1:2 (120, 10)* 0.85 4.7 334 13
1:3 (120,10)* 0.83 52 322 14
1:4 (120,10)* 0.81 59 30.0 1.5
PDBTTPT PC7:BM 1:4 (100, 20) * 0.77 4.2 33.1 1.1
1:4 (120, 20)* 0.77 4.6 36.0 13
1:4 (140, 10) * 0.79 5.0 37.6 1.5
1:4 (120, 10) ® 0.85 4.4 39.0 1.5

2 Pre-annealing.
b Post-annealing.

Fig. 5(d-f) shows the topography images of PDBTTPT/
PC;:BM blend films with different annealing conditions.
Fig. 5(e and f) shows the morphology images with rela-
tively efficiently developed networks between the
PDBTTPT and PC;:BM, while the PDBTTPT/PC;;BM blend
film annealed at 100 °C for 20 min did not efficiently form
p, n-channels. This would be due to insufficient kinetic
activity for achieving better polymer chain ordering
between polymer chains, which results from a low anneal-
ing temperature and short annealing time [32]. Differences
in the active layer morphologies as above could have an
influence on the final photovoltaic device performance,
especially with respect to the short circuit current density
(Jsc) and fill factor (FF).

3.4. Photovoltaic characteristics

Bulk heterojunction solar cells using PDBTTPT as donor
materials and PC;;BM as an acceptor material were fabri-
cated with a structure of ITO/PEDOT:PSS/active layer/
BaF,/Ba/Al. Since PC;,BM has a stronger UV-vis absorption
property than does PCgq;BM in the visible region, especially
around 500 nm [33], PC;;BM, was used as the acceptor

material in this research. In order to optimize the active
layer thickness, polymer/PC;;BM blend films were spin-
coated under various conditions (500-1700 rpm, 30 s). All
the photovoltaic measurements were performed under
100 mW/cm? AM 1.5 sun illumination in ambient condi-
tions. In order to optimize device performance, photovol-
taic devices were fabricated under different fabricating
conditions, including different weight ratios of PC;;BM
and different annealing conditions.

As shown in Fig. 6(a), in a comparison of devices with
different weight ratios of acceptors, the best power conver-
sion efficiency (PCE) of 1.5% was exhibited in the device
where 80 wt.% PC7;BM was contained in the active layer
(PDBTTPT:PC71BM = 1:4, w/w) while the same thermal
annealing conditions were used (120 °C, 10 min). Although
this device exhibited a somewhat low open circuit voltage
(Voc) value of 0.81 V and FF of 30% in comparison with the
other two devices, it had a higher value of Jsc (5.9 mA/cm?).
This Jsc value originated from the UV-vis absorption prop-
erty of PC;;BM. As mentioned above, PC;;BM absorbed in
the UV-vis spectrum at around 500 nm. Fig. 6(b) explained
the reason why the Jsc value increased as the PC;;BM
weight ratio increased. As depicted in Fig. 6(b), as the
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Fig. 5. Topography image obtained non-contact mode AFM on the surface for PDBTTPT/ PC;;BM thin films annealed at 120 °C for 10 min (a) (1:2, w/w), (b)
(1:3, w/w), (c) (1:4, w/w) and PDBTTPT/PC;{BM thin films (1:4, w/w) with different thermal annealing conditions (d) at 100 °C for 20 min (e) at 120 °C for

20 min (f) at 140 °C for 10 min.

PC;:BM weight ratio increased, the conversion of photo-
current to electrons was also improved. When comparing
the device with 75% PC;;BM with 80% PC;,BM, although
the two devices showed analogous maximum external
quantum efficiency (EQE) intensities, the latter exhibited
more extended EQE spectra toward long wavelengths than
the former.

As shown in Fig. 7, the photovoltaic devices with the
same PC;;BM weight ratio (1:4, w/w) were prepared under
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various annealing conditions as well. Under pre-annealing
conditions, the PCE values of devices increased as the
annealing temperature increased. This is due to the in-
creased kinetic activity, which is sufficient for better poly-
mer chain ordering between polymer chains, as
mentioned above. The best performance (0.79V Vg,
5.0 mA/cm? Js¢, 37.6% FF, and 1.5% PCE) was exhibited in
the device where the active layer was annealed at 140 °C
for 10 min. Although the device that was pre-annealed at
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Fig. 6. (a) J-V characteristics and (b) EQE spectra of photovoltaic devices as the PC;;BM weight ratio increased.



J.Y. Lee et al./European Polymer Journal 48 (2012) 532-540

~_~
o

Ny

N

24

PDBTTBT:PC,,BM (1:4, wiw)
—4— 120 °C, 10 min (pre-annealing)
—o—100 °C, 20 min (pre-annealing)
—c—120 °C, 20 min (pre-annealing)
—v— 140 °C, 10 min (pre-annealing)
—o—120 °C, 10 min (post-annealing)
-8 T T T T T T e

-0.2 0.0 0.2 0.4 06 08 1.0

Voltage (V)

Current density (rnAfcmz)

539

PDBTTBT:PC, BM (1:4, wiw)
—a&— 120 °C, 10 min (pre-annealing)
\\ —o— 100 °C, 20 min (pre-annealing)
—o— 120 °C, 20 min (pre-annealing)
\o\ \. +— 140 °C, 10 min (pre-annealing)

(b) 50 ]

40 -]

\ <— 120 °C, 10 min (post-annealing)

N

EQE (%)

T T T T
400 500 600 700 800

Wavelength(nm)

Fig. 7. (a) J-V characteristics and (b) EQE spectra of photovoltaic devices with different thermal annealing conditions.

120 °C for 10 min and the device that was pre-annealed at
140 °C for 10 min exhibited the same PCE value (1.5%), there
were differences between their other parameters, such as
Voo, Jsc, and FF. Particularly, the Jsc value decreased and
the FF increased as the pre-annealing temperature in-
creased. The EQE date explained the reason of the decrease
of the Jsc value. When pre-annealing at 120 °C for 10 min,
the device had an extended absorption spectrum toward a
long wavelength region compared with the device that
was pre-annealed at 140 °C for 10 min. Considering that
the PC;;BM absorbed a UV-vis spectrum around 500 nm,
the absorption of photons by PC;;BM could be disrupted
due to the inappropriate annealing conditions, which re-
sulted in a reduced Jsc value. The device that was post-an-
nealed at 120 °C for 10 min had the same reason for its
reduced Jsc value as well. In contrast, the FF increased as
the annealing temperature increased, which could be be-
cause of the improved morphology property due to the in-
creased kinetic activity of the polymer chains.

As shown in Table 1, the PCE value of PDBTTPT was
governed by the Jsc value and FF, which was primarily
determined by the photon absorption property and de-
vice fabrication conditions. If the energy level and band
gap of the phthalimide derivative are modified by intro-
ducing various functional groups and the device fabrica-
tion conditions are optimized, it will be possible to
develop high performance photovoltaic materials and
devices.

4. Conclusions

PDBTTPT, which is based on phthalimide, was success-
fully synthesized through the Stille coupling reaction for
the OPVs. The best PCE of 1.5% was exhibited in the device
with 80 wt.% PC;1BM in its active layer
(PDBTTPT:PC7:BM = 1:4, w/w) and was pre-annealed at
120 °C for 10 min. It was noted that PDBTTPT had a rela-
tively high Voc value in spite of the thiophene-based poly-
mer material. Although PDBTTPT did not exhibit a very
high PCE value, the development of various polymer mate-

rials with improved photovoltaic performance by modifi-
cation of phthalimide moieties is possible.
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