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Abstract A low bandgap copolymer poly(3,5-didecanyldi
thieno[3,2-b:2’,3'-d]thiophene-a/t-9-fluorenone) (PDTTFO)
consisting of dithieno[3,2-b:2',3'-d]thiophene (DTT) and 9-
fluorenone (FO) was synthesized as the donor material for the
polymer solar cells via Stille coupling polymerization. Both
donor and acceptor units were confirmed by FT-IR and 'H-
NMR. Optoelectronic properties of the PDTTFO copolymer
were investigated and observed by UV-vis, photolumi
nescence (PL) spectrum, and cyclic voltammogram (CV).
UV-vis spectrum of the film exhibited two absorption peaks
centered at 358, 474 nm with a broad absorption band in the
range of 300-700 nm and showed a low bandgap of 1.68 eV.
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of the
polymer were estimated to be —5.09 and —3.41 eV, respective-
ly. Based on the ITO/PEDOT:PSS/PDTTFO:PCBM/ALI de-
vice structure, the power conversion efficiency (PCE) under
the illumination of AM 1.5 (100 mW/cm?) was 0.374 %. The
effects of annealing temperature on the device performance
were studied. At annealing temperature of 175 °C/30 min, the
device demonstrated an optimal efficiency of 0.923 %. The
improved device efficiency under the optimal condition was
confirmed by the higher light harvest in UV-vis spectra, the
enhanced quenching of photoluminescence (PL) emission, the
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improved nanoscale morphology by atomic force microscopy
(AFM) examination, and the increase in external quantum
efficiency.
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Introduction

In recent decades, polymer solar cells (PSCs) based on con-
jugated polymers have attracted considerable attention due to
their unique advantages and great potential for future cheap
and renewable energy applications, such as low cost solution
fabrication process, large areas, light weight and practicability
in flexible devices [1-4]. Efficient polymer-based solar cells
utilize donor-electron acceptor bulk heterojunction (BHJ)
films as active layers [5, 6]. Among the various electron donor
conjugated polymers, the most commonly used one is
regioregular poly(3-hexylthiophene) (P3HT), and the gener-
ally used electron acceptor is the fullerene derivative [6, 6]-
phenyl C¢; butyric acid methyl ester (PCs;BM) owing to their
good electron-accepting and electron-transporting properties.
So far, BHJ photovoltaic devices combining P3HT with
PCBM normally could achieve power conversion efficiencies
(PCEs) of 4~6 % [7-9], and some of reported BHJ blends
from intermixed polymeric donors and fullerene acceptors
have reached an even higher PCE exceeding 8 % [7]. How-
ever, even though polymer-based BHJ solar cells have
achieved quite respectable power conversion efficiencies,
there still remain several questions that will limit the device
performance. For instance, the relatively large bandgap of
P3HT will result in the mismatch of the absorption spectrum
of the active layer and the solar emission, especially in the red
and near-infrared region, where the wavelength of solar pho-
tons that offer major energy. The hole mobility in the polymer
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component and the nanoscale morphology of the active layer
will also affect the further enhancement of cell performance
[8-13].

In this paper, we aim at improving the PCE of the organic
photovoltaic (OPV) devices by finding new conjugated poly-
mer donor materials with broader absorption, lower bandgap,
higher hole mobility, and suitable electronic energy levels to
maximize the J,. and V.. For designing low bandgap poly-
mers for application in PSCs, the concept of donor—acceptor
(D—-A) type copolymers is promising because of the vast
possibility in the unit combinations which can tailor the ener-
gy levels of conjugated polymer [14—17]. Through the intro-
duction of push-pull driving forces to facilitate electron delo-
calization and the formation of quinoid mesomeric structures
over the conjugated main chain, the bond length alternation
(BLA) can be significantly reduced. The bandgap decreases
linearly as a function of the increasing quinoid character with
concomitant decreasing BLA value [18, 19]. The electronic
and optoelectronic properties of donor—acceptor copolymers
could be efficiently manipulated by controlling intramolecular
charge transfer (ICT) which is correlated with the high-lying
HOMO of the donor unit and the low-lying LUMO of the
acceptor unit [19, 20]. Many D-A type copolymers have been
used in PSCs to achieve PCEs above 5 % with extensive
device engineering efforts [14, 21-23].

Well-chosen D and A groups are particularly desirable for
low band gap polymers. In the design of D—A type conjugated
polymers, one of the most useful strategies is to introduce the
monomer unit with highly planar nature and stable quinoid
form into the polymer backbone to enhance 7t-conjugation
and reduce the band gap [24]. Fused aromatic ring moieties
are well known for these kinds of characters [25-28]. Due to
the rigidity and planarity, 7t-extended heteroarene structure
makes the polymer backbone more rigid and coplanar, and
therefore enhances strong 7—7t stacking interaction. Charge
carriers are expected to transport efficiently not only along the
polymer chain but also through intermolecular hopping in the
mi—7t direction [26, 29, 30], therefore leading to a high hole
mobility of the copolymer with lower bandgap, extending
absorption, and good electrochemical stability [31-33]. Re-
cently, some of representative polymer systems containing
fused thiophene units have demonstrated efficiencies greater
than 7 % [34-37], which shows a very attractive feature for
high-performance OPV devices.

Dithieno[3,2-b:2",3'-d]thiophene (DTT) is a fused thio-
phene units that have been widely used in organic field-
effect transistors (OTFTs) application [34-38]. It is also one
of the popular units in fused thiophene ring system due to the
great possibility they have showed in recent reports. Most
DTT-containing copolymers exhibited high crystallinity,
charge carrier mobility and excellent environmental stability,
which are attributed to the highly extended heteroarene struc-
ture of DTT to offer better electron-donating properties [30,

@ Springer

38-40]. Furthermore, several reports have showed high PCEs
over 5 % by using DTT as a building block [30, 41], that make
us paid a great attention to DTT units and its electric and
optical properties.

On the other hand, 9-fluorenone (FO) is an acceptor type
compound with the structure of a flat fused ring, which is useful
in constructions of low bandgap polymers. FO is advantageous
as an acceptor unit because it can be directly incorporated into
the D—A type copolymer without introducing steric effects into
the polymer backbone. In addition, 2,7-dibromo-9-fluorenone
is an inexpensive and a commercially available product which
could be used in the Stille coupling reaction of D—A type
copolymer without tedious synthetic steps.

Since both building blocks have the structure of flat and
fused ring, it was expected that a low bandgap polymer with
a high hole mobility and strong absorption ability could be
obtained for this type of D—A copolymer. Herein, we have
synthesized a new copolymer consisting of alternating DTT
and FO units via the Stille coupling reaction, where the DTT
unit has attached two alkyl chains to increase the solubility.
The optoelectronic properties and the PCEs of the fabricated
PSCs were investigated. The effect of thermal annealing on
the PCEs of solar cells is also reported.

Experimental
Materials

Tetrabromothiophene (Alfa Aesar), n-butyllithium (Acros),
undecanal (Alfa Aesar), sodium bichromate (SHOWA), ethyl
mercaptoacetate (Acros), potassium carbonate (SHOWA), lith-
um hydroxide (Alfa Aesar), copper (Alfa Aesar), bis(triphe
nylphosphine)palladium(Il) dichloride (Pd(PPh;3)Cl,, Alfa
Aesar), 2,7-dibromo-9-fluorenone (TCI), poly(3,4-ethylene
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Al-
drich), phenyl-Cg;-butyric acid methyl ester (PC;BM, FEM
Tech.) were used as received. All other reagents were used as
received.

Synthesis

The donor material, 3,5-didecanyldithieno[3,2-b:2’,3'-d]thio-
phene (DTT), was prepared via the approaches similar to the
published procedures [42—46]. The acceptor material, 9-
fluorenone (FO) was obtained from the commercial product:
2,7-dibromo- 9-fluorenone. The copolymer poly(3,5-dideca
nyldithieno [3,2-b:2',3'-d]thiophene-a/t-9-fluorenone) (PDTT
FO) was synthesized via Stille coupling reaction of the donor
unit of 2,6-bis-trimethylatannanyl (3,5-didecanyldithieno)[3,2-
b:2'3'-d]thiophene with the acceptor unit of 2,7-dibromo-9-
fluorenone.
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Preparation of 2,6-bis-trimethylstannanyl
(3,5-didecanyldithieno[3,2-b:2',3'-d]thiophene)

To a solution of 3,5-didecanyldithieno[3,2-b:2’,3"-d]thiophene
(0.56 mmole) in THF (20 mL), n-BuLi (0.8 mlL,1.6 M in
hexanes) was added dropwise at —78 °C under argon. The
reaction was keep at =78 °C for 2 h. Then CISn(Me); (1.2 ml)
was added. The reaction mixture was warmed to room tem-
perature and reacted for another 10 h. The reaction was
quenched by adding 60 mL of water and the organic layer
was separated. The aqueous layer was extracted with diethyl
ether three times and then dried over with anhydrous MgSO,.
After purified by column chromatography using toluene as
eluent, the product was given as viscous brown oil. The
synthetic route is shown in Scheme 1. Yield: 39 %. 'H
NMR (500 MHz, CDCls, 6 ppm): 2.37 (t, 4H), 1.83 (m,
4H), 1.25 (m, 28H), 0.88 (t, 6H), 0.27 (s, 18H, Sn-CH3).

Synthesis of D—A type copolymer (PDTTFO)

In a 250 mL flask, the two monomers (1 mmol of each), 2,6-bis-
trimethylstannanyl  (3,5-didecanyldithieno)[3,2-b:2",3"-d]thio-
phene and 2,7-dibromo-9-fluorenone were dissolved in 20 mL
of dry DMF and then flushed by argon for 10 min. Following
that, 0.03 mmol of Pd(PPh3)CI, was added, and the reactant was
purged by argon for another 20 min. The reaction mixture was
then heated at 120 °C for 72 h under the protection of argon. The
solution was cooled and poured into 100 mL of methanol, where
the crude polymer was precipitated and collected as powder,

Scheme 1 Synthesis of
PDTTFO copolymer
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which was then subjected to Soxhlet extraction with methanol
for 2-3 days. The polymer was recovered from the THF fraction
by rotary evaporation. The synthetic route is shown in Scheme 1.
Yield: 57 %. "H NMR (500 MHz, CDClLs, & ppm): 7.97 (t, 2H),
7.74 (m, 2H), 7.51 (m,1H), 7.35 (m,1H), 2.42 (t, 4H), 1.85 (m,
4H), 1.29-1.31 (m, 28H), 0.88 (t, 6H). Anal. Calcd for
(C41H43083),: C, 75.41; H, 7.41. Found: C, 76.58; H, 7.64.
GPC (THF): Mn = 9,100g/mol, Mw = 12,800g/mol,
PDI=1.41.

Device fabrication and characterization

The device structure of the polymer photovoltaic cells in this
study is ITO/PEDOT:PSS/PDTTFO:PCs,BM/AL Before de-
vice fabrication, the glass substrates coated with indium tin
oxide (ITO) were first cleaned by ultrasonic treatment in ace-
tone, detergent, de-ionized water, methanol and isopropyl al-
cohol sequentially. The ITO surface was spin coated with ca.
80 nm layer of poly(3,4-cthylene dioxythiophene): poly(sty-
rene) (PEDOT:PSS) in the nitrogen-filled glove-box. The sub-
strate was dried for 10 min at 150 °C and then continued to spin
coating the active layer. The PDTTFO:PCgBM blend solu-
tions were prepared with 1:1 weight ratio (10 mg/mL
PDTTFO) in 1,2-dichlorobenzene (DCB) as the active layer.
The obtained thickness for the blend film of PDTTFO:PCg;BM
was ca. 115 nm. The devices were completed by evaporation of
metal electrodes Al with area of 6 mm? defined by masks.
The films of active layers were annealed directly on top of a
hot plate in the glove box, and the temperature was monitored
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Fig.1 a UV-vis absorption spectra of PDTTFO in dilute THF solution
and thin film, b Plot of (ahv)? vs. hv for PDTTFO film

by using a thermocouple touching the top of the substrates. After
removal from the hotplate, the substrates were immediately put

—4— PDTTFO film
—4— PDTTFO in THF
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Wavelength (nm)

Fig. 2 Photoluminescence spectra of PDTTFO in dilute THF solution
and thin film with excitation at 300 nm
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Fig. 3 Cyclic voltammograms of PDTTFO film on an ITO substrate in
CH;CN/AcOH (V/V=7/1) containing 0.1 M tetrabutylammonium per-
chlorate at a scan rate of 50 mVs™'

onto a metal plate at room temperature. Ultraviolet-visible (UV-
vis) spectroscopic analysis was conducted on a Perkin—Elmer
Lambda 35 UV-vis spectrophotometer. Photoluminescence
(PL) spectrum was recorded on a Hitachi F-7000 fluorescence
spectrophotometer. After removing Al electrode, the film to-
pography images of active layers were recorded with a Digital
Instruments Dimension 3100 atomic force microscope (AFM)
in tapping mode under ambient conditions. The J-V curves
were measured under illumination from a solar simulator, using
a Keithley 2400 source meter. The intensity of solar simulator
was set with a primary reference cell and a spectral correction
factor to give the performance under the AM 1.5 (100 mW/cm?)
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Fig. 4 Energy level diagram of the components in the polymer solar
cell
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Table 1 Photovoltaic character-

istics of devices for the RT 100 °C 125 °C 150 °C 175 °C 200 °C

PDTTFO:PCg,BM blend under

different annealing temperatures Voe (V) 0.208 0.258 0.205 0.298 0.282 0.287

for 30 min Jse (mA/sz) 6.409 7.464 10.28 8.942 9.303 7.374
FF (%) 28.03 30.74 26.80 32.63 35.11 31.90
7 (%) 0.374 0.592 0.565 0.869 0.923 0.675

global reference spectrum (IEC 60904-9). EQE was detected
with a QE-3000 (Titan Electro-Optics Co., Ltd.) lock-in ampli-
fier under monochromatic illumination. Calibration of the inci-
dent light was performed with a monocrystalline silicon diode.
Mobility measurements were performed using an Agilent
4155C parameter analyzer.

Results and discussion
Synthesis and characterization

Since the completely flat crystal structure of dithieno[3,2-
b:2'3'-d]thiophene (DTT) enhance a good 7-conjugation
across the fused ring, we have synthesized a new D—A type
copolymer containing the DTT segment as the donor unit and
another flat fused ring of 9-fluorenone (FO) as the acceptor
unit in this study. In addition, in comparison with regioregular
poly(3-alkylthiophene)s, PDTTs are polymers with extended
conjugation and show high charge carrier delocalization and
reduced bandgaps [47, 48]. Therefore, we expected that a low
bandgap D-A type copolymer would be obtained to facilitate
the power conversion efficiency of solar cells.

The synthetic route toward the polymer is outlined in
Scheme 1. The polymer is well dissolved in common organic
solvents such as chloroform, 1,2-dichlorobenzene, THF, and
toluene. In addition, the polymer exhibited a high glass transi-
tion temperature (T,) of 152 °C as a result of the rigid donor and
acceptor units.

Optical properties

Figure 1a shows the absorption spectra of the PDTTFO co-
polymer in dilute THF solution and in thin solid film. The

Table 2 Photovoltaic characteristics of devices for the PDTTFO:PC4;BM
blend prepared at various weight ratios

Ratio (w/w) 1:1 1:1.5 1:2 1:2.5
Vo (V) 0.208 0.229 0.251 0.197
Jge (mA/cm?) 6.409 7.691 7.922 6.388
FF (%) 28.03 28.55 31.59 32.49
1 (%) 0.374 0.502 0.628 0.409

spectrum of the PDTTFO film exhibits a broad absorption
ranging from 300 to 700 nm. The optical absorption threshold
at 706 nm of red light region from the spectrum of the film
corresponds to the bandgap (£,) of the PDTTFO copolymer.
Hence, the estimated optical bandgap is 1.76 eV. To obtain a
more accurate optical bandgap of PDTTFO, the fundamental
equation orv = B(hv — E,,)" developed in Tauc relation was
used [49]. As shown in Fig. 1b, the optical bandgap calculated
by this equation is 1.68 eV. Both estimated optical bandgap
(E,"™) and curve-fitting optical bandgap (E,"™ by Tauc rela-
tion) are far smaller than that (E,"™ =1.9 eV) of the widely
used regioregular P3HT.

As seen from Fig. 1a, the UV-vis absorption spectrum of the
copolymer in dilute THF solution exhibits a smaller absorption
band ranging from UV region to 620 nm with one absorption
peak positioned at about 356 nm. The solid-state absorption
spectrum of PDTTFO shows a bathochromic shift compared to
that of the polymer in THF solution with two absorption peaks
centered at 358 and 474 nm, respectively. The former one is
due to the 7—* transition of the dithienothiophene moiety
[50], while the last peak is assigned to the intramolecular
charge transfer (ICT) between the donor and the acceptor
[51]. The small red-shift indicates more efficient 7t-stacking
and stronger intermolecular interactions in the solid state. In
particular, the broadened absorption spectrum extended to
700 nm reveals that a low bandgap polymer has been obtained,

<
5
<
£
> PDTTFO:PCBM(w/w)
-8 ——1:1
: ——1:15
10 3 ——1:2
124 ' —0—1:25
14 i

-0.10 -0.I05 0.60 0.I05 0.I10 0.I15 0.I20 O.I25 O.ISO 0.535 0.40
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Fig. 5 J-V characteristics of devices under AM 1.5 simulated solar

illumination at an intensity of 100 mW/cm? for the PDTTFO:PC4;BM

blend prepared at various weight ratios
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Fig. 6 UV-vis absorption spectra of PDTTFO:PC4;BM blend films
after annealing at different temperatures for 30 min

as evident from the £, of PDTTFO. It is apparent that the ICT
interaction between donor and acceptor moieties in D—-A co-
polymers is a practical approach to lower the bandgap and
broaden the absorption bands of conjugated polymers. Hence,
our successful synthesis of a low bandgap D—A type copolymer
is further confirmed.

The photoluminescence (PL) emission spectra of PDTTFO
in dilute THF solution and thin film are shown in Fig. 2. Both
the fluorescence spectra exhibit the vibronic structure with a
maximum at 470 and 550 nm, respectively. As seen from the
figure, both spectra show only one emission peak, indicating
that an effective energy transfer from the DTT segments to the
FO unit occurs. The red-shift in the spectrum of the PDTTFO
film is probably due to the lowering of bandgap of copolymer
by more efficient 7t-stacking in the solid state.

Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Fig. 7 Photoluminescence spectra of PDTTFO:PCs;BM blend films
after annealing at different temperatures for 30 min with excitation at
300 nm
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Fig. 8 J-V characteristics of devices under AM 1.5 simulated solar
illumination at an intensity of 100 mW/cm? after annealing at different
temperatures for 30 min

Electrochemical properties and energy levels

Cyclic voltammetry (CV) is a preliminary characterization
technique to determine the redox properties of organic and
polymeric materials. The HOMO energy level can be calcu-
lated from the onset oxidation potential [E,«(onset)] based
on the reference energy level of ferrocene (4.8 eV below the
vacuum level, which is defined as zero) according to Eq. (1).
The LUMO level can be obtained from Eq. (2) based on the
E, from Fig. 1. Epc is the potential of the internal standard,
the ferrocene/ferrocenium (Fc/Fc") redox couple.

HOMO = —[Ex(onset)—Egc + 4.8]eV (1)

LUMO = HOMO + E, (2)

As seen in Fig. 3, the E, (onset) for PDTTFO has been
determined as 0.54 V vs. Ag/Ag". Epcis 025V vs. Ag/Ag".
Hence, the HOMO energy for PDTTFO has been evaluated to
be —5.09 eV and the LUMO level determined from Eq. (2) is
—3.41 eV. Figure 4 shows the schematic diagram representing
the potential metrically determined HOMO and LUMO ener-
gy of PDTTFO and PC¢;BM relative to the work function of
the electrodes.

Device characteristics

The bulk heterojunction solar cells based on PDTTFO in
combination of PC4;BM has been prepared for investigation
of device characteristics. The employed device structure was
ITO/PEDOT:PSS/PDTTFO:PC4;BM/AL. The blend solutions
(in DCB) of PDTTFO:PC4BM were prepared with 1:1
weight ratio as the active layer. The photovoltaic performance
of the device for the blend film cast at room temperature (RT)
was measured under illumination from solar simulator at
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Fig. 9 AFM topography images
(1x1 pm) of PDTTFO:PCs,BM
blend films after annealing at
different temperatures for

30 min. 2D height image for the
blend film a unannealed, b
annealed at 100 °C, ¢ annealed at
125 °C, d annealed at 150 °C, e
annealed at 175 °C, and f
annealed at 200 °C. Phase image
for the blend film g unannealed,
h annealed at 100 °C, i annealed
at 125 °C, j annealed at 150 °C, k
annealed at 175 °C, and 1
annealed at 200 °C
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Table 3 Surface roughness of PDTTFO:PCs;BM blend films obtained from AFM after annealing at different temperatures for 30 min

Annealing temp. RT 100 °C 125 °C 150 °C 175 °C 200 °C
Average roughness (nm) 0.434 0.643 0.745 0.832 1.226 0.748
Root Mean Square (nm) 0.541 0.865 0.953 1.078 1.589 1.018

100 mW/cm? light intensity. The corresponding open-circuit
voltage (V,.), short-circuit current (Jg.), fill factor (FF), and
power conversion efficiency (PCE,n) are listed in Table 1. The
power conversion efficiency of the solar cell using the as-
prepared blend film as the active layer is 0.374 %, which
didn’t show the expected result, though it exhibited a good
Jsc value. The low efficiency may be due to the low V.
(0.208 V) which is arising from the high-lying HOMO
(=5.09 eV), the low FF (0.280), a result of the lower molecular
weight of polymer (Mn = 9, 100g/mol ), non-optimized mor-
phology of the blend film, etc. However, because the PL
emission of the PDTTFO/PC¢BM blend was not completely
quenched at the weight ratio of 1:1, the photovoltaic perfor-
mances of PSCs based on the higher PCs;BM contents were
also measured. The results are shown in Table 2 and Fig. 5. It
was found that J. increased significantly with the increase of
the PCs;BM content from a blend ratio of 1:1 to 1:2. However,
Jsc decreased at the ratio of 1:2.5 presumably because of
increased aggregation of PCqBM [27]. Thus, the optimal
device efficiency was obtained from the device with a blend
of PDTTFO and PC¢BM at a weight ratio of 1:2. For the
blend ratio of 1:2, the obtained values of J,. and PCE are
7.922 mA/em” and 0.628 %, respectively.

Thermal annealing

Thermal annealing is an effective way to elevate the photovol-
taic performance of polymer solar cells. The effect of annealing

24

—=—RT
221 —e—100°C
20 - ——125°C

E.Q.E. (%)

T T T T T T T P
300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 10 EQE spectra of PDTTFO:PCs;BM blend films after annealing
at different temperatures for 30 min
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temperature on the UV-vis absorption spectra for the thin films
of PDTTFO:PC4BM (1:1 weight ratio) spun cast on quartz
substrates is shown in Fig. 6. The annealing time was kept at
30 min for all annealing temperatures.

As seen in Fig. 6, all of the spectra of the annealed
samples show three absorption bands. An increase in the
absorption strength after heat treatment normally means
increased packing of the PDTTFO domains. Most of maxi-
mum absorption bands are observed for the film annealed at
175 °C, indicating an enhanced conjugation length and a
more ordered structure of PDTTFO. Since the thickness of
all the films is similar (ca. 115 nm), the increase in the peak
absorption intensity during thermal annealing may be attrib-
uted to the lowering of the bandgap between 7t and 7t*, the
increase of the optical 7m—7mt* transition, and the increased
interchain interaction among the PDTTFO. After thermal
annealing, the PDTTFO molecules afford higher energy
and move more easily. Consequently, the polymer chains
become mobile and self-organization can occur to form
ordering. Therefore, the peak intensity increases in the more
ordered films due to the improved charge carrier transport in
both donor (PDTTFO) and acceptor (PCs;BM) phases after
thermal annealing. Further increasing the annealing temper-
ature to 200 °C, however, results in a decrease in the inten-
sities of the three bands. From these results, in order to obtain
the highest power conversion efficiency the optimum
annealing temperatures for PDTTFO and PC¢BM may be
around 175 °C.

Figure 7 shows the PL intensity for blend films annealed at
different temperatures. The PL is due to photogenerated excitons
in PDTTFO that do not take part in charge separation. PL
quenching provides direct evidence for exciton dissociation,
and thus efficient PL quenching is necessary to obtain efficient
organic solar cells. As shown in the figure, it can be seen that the
PL intensity decreases with the increase of annealing tempera-
ture. The significant reduction in the PL intensity is attributed to
efficient photoinduced charge separation between electron-
donating (PDTTFO) and electron-accepting (PCsBM) mole-
cules. The PL intensity shows a minimum at the annealing
temperature of 200 °C. This may be attributed to the higher
charge carrier mobility or the higher interfacial area between D—
A molecules as compared with those of other annealing temper-
atures. However, this does not necessarily mean that the stronger
the PL quenching is, the better the performance of the solar cells
is. Although the PL intensity of the blend film annealed at
175 °C is higher in comparison with that of the film annealed
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at 200 °C, the highest power conversion efficiency (0.923 %) is
achieved by this blend film as shown in Fig. 8 and Table 1.

Since the morphology of heterojunction plays an important
role on the performance of polymer solar cells, the topogra-
phies of blend films of PDTTFO:PC4;BM (1:1, w/w) were
studied by AFM. The 2D height images and phase images of
film surfaces at different annealing temperatures have been
taken and shown in Fig. 9. The values of average roughness
and root-mean-square roughness for the blend films by AFM
are shown in Table 3. As seen from the phase images in Fig. 9,
compared to the films annealed at other temperatures, both
PDTTFO and PCsBM domains of the film annealed at
175 °C are more uniformly distributed throughout the surface
of the film, indicating the nanoscale interpenetrating network
has been formed in this blend, which can benefit not only the
charge separation but also the charge transport. In addition, it
is evident from the height images and Table 3 that a rougher
surface was observed in the film annealed at 175 °C. As
mentioned in several literatures [52—55], a rougher surface
will increase the contact area between the active layer and the
metal electrode in a blend film. Thus, this will enhance the
transport rate of charge carriers to the metal electrode while
reducing the charge recombination of the excitons. Therefore,
the highest PCE for the film annealed at 175 °C could be
justified since it possesses the highest values of roughness.
Moreover, the fact that the highest PCE is acquired by this
film is further confirmed below.

External quantum efficiency and solar cell performance

The external quantum efficiency (EQE) for photocurrent is the
number of electrons flowing per second in the external circuit
of a solar cell divided by the number of photons per second of
a specific energy (or wavelength) that enter the solar cell. This
measurement is often also referred to as IPCE. The acronym
IPCE stands for incident photon (to charge) conversion effi-
ciency. In order to learn more on the recombination mecha-
nisms in the PDTTFO/PCg4;BM photoactive layer, EQE mea-
surements with monochromatic wave from 290 to 700 nm
were performed on the solar cell devices (Fig. 10).

As seen in the figure, the EQE spectra of blend films exhibit
similar patterns with the optical data. For the untreated sample,
a dominant band present at 376 nm with an EQE of 16.4 %.
After thermal treatment for the blend films, the EQE is signif-
icantly improved with minor changes in the peak position.
Among the EQE spectra taken from different annealing tem-
peratures, the film annealed at 175 °C almost demonstrates the
highest EQE in the most illuminated regions by possessing the
EQE of the dominant band reaching ca. 19 %. Consequently,
the highest power conversion efficiency (0.923 %) has been
achieved by this blend film. However, the EQE values are still
small compared to those of high performance PSCs. The low
EQE may be attributed to the high recombination rate of charge

carriers in the PDTTFO/PCg;BM blend system, which results
in the low photocurrent.

Conclusions

The D-A type copolymer PDTTFO based on DTT and FO
units has been synthesized and employed as the donor mate-
rial in the active layer of BHJ-type polymer solar cells. UV-vis
absorption spectra indicated that an expected low bandgap
polymer with a wide absorption band has been obtained.
Through the annealing treatment at an optimum condition
(175 °C/30 min), the photovoltaic performance was signifi-
cantly improved and the power conversion efficiency of the
device reached 0.923 % under white light illumination (100-
mW/cm?). We attribute the higher efficiency to the improved
morphology in the active layer, increase of light absorption,
and higher carrier mobility.
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