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Introduction
Organic dyes, conjugated polymers, and C60 and C70
derivatives play a major role to harvest solar energy and charge
generation and transport in solar energy conversion devices such as
dye sensitized solar cells (DSSC) and organic photovoltaic cells
(OPV). Sun light is absorbed into these molecules and produces
exciton, an electron-hole pair. The exciton must be dissociated into
an electron and a hole and the charges should be collected to produce
useful electric power. Optical and electronic properties of these
organic dyes, conjugated polymers, and electron capture molecules
are directly related to how efficiently the energy harvesting
molecules absorb solar spectrum and how effectively the generated
exitons can be dissociated and collected. We have been developing
molecular design principles to realize such efficient organic energy
harvesting materials with tailored properties through the combination
of density functional theory (DFT), chemical synthesis, device
fabrication, and performance analysis.
Experimental
Molecular geometry calculation.
Electronic structure
calculations and spatial relaxation of the molecules were performed
using Gaussian03.[2] Pre-optimizations of the molecules were carried
out using AM1 semi-empirical quantum chemistry model.[3] The
resulting molecular configurations were then further optimized in the
density functional theory (DFT) framework. We used B3LYP as the
exchange-correlation functional that is a Hartree-Fock-DFT hybrid
where the exchange energy is explicitly calculated using the HartreeFock approach.[4] The molecular geometries were optimized in the
Cartesian coordinate system without any symmetry (maximum
degrees of freedom) using 6-31G* contracted Gaussian basis set with
polarization functions.[5,6]
Exciton binding energy calculation. This quantity is directly
related to the charge separation in excitonic solar cells, and hence, it
is an important factor for the efficiency of the cells.[7] The exciton
binding energy can be viewed as the difference between the
electronic and optical bandgap energies.[8] For small molecules with
localized wavefunctions, the electronic bandgap is approximated as
the energy difference between HOMO and LUMO, while the optical
gap is taken to be the first excitation energy.[9] The calculations of
the excitation energy are performed using time dependent density
functional theory (TDDFT) techniques at the same approximation
level as was used for the molecular structure optimizations.[10]
DSSC device fabrication. After cleaning, the FTO glass plate
was immersed in aqueous 40 mM TiCl4 at 70 oC for 30min and
washed with deionized water and ethanol. Nanocrystalline TiO2 paste
was coated on top of the FTO glass by means of the doctor blade
method, followed by sintering at 500 oC for 20 min. The obtained
transparent TiO2 layer was measured with a spectrometer and a
surface profiler (haze 35% at 800 nm, 15 µm). The TiO2 electrodes
were immersed into each dye solution (0.5 mM in a mixture of

tetrahydrofuran and tert-butyl alcohol (v/v. 8/2), and kept at room
temperature for 24 hours under dark condition. Counter electrodes
were prepared by coating with a drop of H2PtCl6 solution on an FTO
glass and heated at 400 oC for 15 min. The dye-adsorbed TiO2
electrode and Pt counter electrode were assembled and sealed with an
ionomer film under hot-press. A drop of the electrolyte was filled by
means of vacuum backfilling and finally, the hole was sealed with
ionomer film. The electrolyte was made with l-propyl-3methylimidazolium iodide (PMII, 0.7 M), iodine (I2, 0.03 M),
Guanidiumthiocyanate (GSCN, 0.05 M) and 4-tert-butylpyridine
(TBP, 0.5 M) in 3-methoxypropionitrile (MPN) solvent.
OPV device fabrication: PCBM[70] was purchased from SES
research and used without further purification. After dissolving
obtained CPs (10 mg) and PCBM[70] (10 mg) into odichlorobenzene (2.0 ml) and 1,8-octanedithiol (26 µl), the mixture
was filtered with a syringe filter having 0.45 µm pore and used to
form the active layer by means of spin casting. In case of PBT8PT, 1.5
ml of o-dichlorobenzene and 20 µl of 1,8-octanedithiol were used for
the blend solution. ITO-coated glass was cleaned with acetone and
IPA followed by UV ozone treatment for 10 minutes. PEDOT:PSS
(Baytron PH 500) was spin cast on the substrate and baked at 140°C
for 15 minutes. Different polymer/PCBM[70] blend solutions were
spin cast at 700 rpm for 30 seconds and used for metal electrode
evaporation without further treatment. Final devices were fabricated
by depositing a 1 nm thick LiF and a 70 nm Al layer (9.6 mm2)
sequentially under 5 × 10-7 torr. All devices were characterized under
the nitrogen condition and the typical illumination intensity was 100
mW/cm2 (AM 1.5G Oriel solar simulator).
Results and Discussion
To analyze the relationship between the dyes’ chemical
structures and their exciton binding energy (EBE), we divided each
dye’s frame into four sections, as shown in Figure 1(a). Since the
characteristic properties, such as aggregation behavior, absorption
range, and molar extinction coefficient,[11,12] strongly depend on the
chemical structure, we fixed triphenyl amine as an electron donor and
cyanoacrylic acid to anchor the dyes to the semiconducting TiO2 in
this study. The EBE of each dye was varied by changing the 1st and
2nd linkers (Figure 1(b)), and the calculated EBEs are summarized in
Table 1.

Figure 1. (a) Prototype dye structure, (b) specific dye structures (R;
hexyl), and (c) absorption spectra in THF.
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Table 1. Summaries of DSSC device performance and
optical/electrical properties of PTD series

The results showed that the photocurrent generation efficiency
of the synthesized dyes strongly depends on their EBEs. Dyes with
lower EBE exhibit better efficiency in generating current from the
absorbed light, which demonstrates an inverse relationship between
EBE and maximum IPCE of the dyes in DSSC devices. When the
electron withdrawing moiety, benzo[c][1,2,5]-thiadiazole, is
introduced into the dye structure it significantly impairs the
photocurrent generation because the electron-withdrawing moiety
pulls the electron strongly, weakening electron coupling between the
dyes and the TiO2, causing an adverse effect on charge transport.
From the results for our prototype dyes, we derived dye design
principles for highly efficient photo-sensitizer in DSSC. As a proof of
concept, a novel organic dye, EB-01, shown in Figure 2, was
designed based on the developed design principles, and its
photosensitizing property was investigated. The two peripheral
phenyl rings of the triphenyl amine of prototype dyes were replaced
with the lager fluorine and the inner phenyl groups in PTD-01 were
substituted with the longer benzene derivative (benzothiophene).
These modifications give the dye a longer conjugation and more
spatial distance for electron distribution between the LUMO and
HOMO, lowering the EBE. The EBE of EB-01 is 0.180 eV, which
produces a dramatically enhanced maximum IPCE (over 81%). In
order to entrap the incident light more efficiently for a high
performance DSSC, a scattering TiO2 layer (~ 4 µm) was applied and
the device showed a largely improved 9.18 % power conversion
efficiency (PCE) mostly due to the enhanced Jsc (16.86 mA/cm2).
Over 9.0 % PCE is rarely reported from pure organic photosensitizers in DSSC devices. This outstanding performance of EB-01
can be ascribed to its lower EBE for an efficient light-to-electric
energy conversion and to its somewhat broadened absorption
characteristic for better harvesting of solar spectrum.

Figure 2. Chemical Structure of EB-01.
Conjugated polymers also have been used for organic
photovoltaic cells (OPVs). To harvest sunlight efficiently the band
gap of conjugated polymers for OPV should be matched the high
photon flux region of the solar spectrum. In this regards donoracceptor co-polymer structures have been widely utilized to reduce
the band gap of conjugated polymers. However, in a bulk
heterojunction solar cell the LUMO of a conjugated polymer should
be a certain eV higher than the LUMO of an electron acceptor
molecule for efficient excition dissociation. Therefore, there is a limit
for conjugated polymer’s LUMO to be lowered. The HOMO of a
conjugated polymer also cannot be moved up freely because the gap
between the conjugated polymer’s HOMO and the LUMO of electron
acceptor molecules is directly related to the open circuit voltage of

bulk heterojunction solar cells. Therefore, a capability to precisely
control HOMO and LUMO of conjugated polymer is very important
to develop efficient conjugated polymers for OPVs. We have
designed and synthesized series of conjugated polymers having
alternating donor-acceptor monomer units. By fixing the donor unit
and gradually changing the electron withdrawing power of the
acceptor unit we have systematically investigated the correlation
between the monomers’ HOMO and LUMO levels and the resulting
conjugated polymers’ HOMO and LUMO. From the experimental
results combined with DFT calculation we recently could develop an
effective rule to precisely predict HOMO and LUMO of conjugated
polymers from the HOMO and LUMO of their constituent
monomers. Applying this rule to a novel conjugated polymer we
could achieve the predicted HOMO and LUMO and over 7% power
conversion efficiency before device and morphological structure
optimization of the device made out of the novel polymer.
Conclusions
Molecular design assisted by density functional theory is an
important and powerful tool to design organic dyes and conjugated
polymers having predictable optical and electronic properties. By
combining DFT, chemical synthesis, device fabrication, and
performance analysis related to chemical structures, we developed a
pure organic dye showing 9.18% CPE in a DSSC. We also developed
series of conjugated polymers having tailored HOMO and LUMO
levels and achieved over 7% CPE. The developed molecular design
principle can be readily applicable to other organics for
optoelectronic applications.
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