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Molecular Design of Interfacial Modifiers for Polymer-
Inorganic Hybrid Solar Cells
The heterojunction of poly(3-hexylthiophene) (P3HT) and TiO2 in hybrid 
solar cells is systematically engineered with four cyanoacrylic acid-containing 
conjugated molecules with various lowest unoccupied molecular orbital 
(LUMO) levels, WL-1 to WL-4, which are prepared by the formylation of 
thiophene derivatives in a Vilsmeier–Haack reaction, followed by treatment 
with cyanoacetic acid. The optical characteristics, redox properties, and 
intrinsic dipole moments of these interfacial modifiers (IMs) are examined 
using UV-vis spectrophotometry, cyclic voltammetry, and density functional 
theory calculations. Using cyanoacrylic acid as a terminal anchoring group 
in IMs increases the electron affinity in regions close to the titania surface 
and forms a molecular dipole that is orientated away from the TiO2 surface, 
enabling both open-circuit voltage (VOC) and short-circuit current density to 
be increased simultaneously. Photovoltaic measurements demonstrate that 
VOC increases with the dipole moment of IMs along the molecular backbone. 
Moreover, the external quantum efficiency (EQE) spectra display a bimodal 
distribution, revealing that both IMs and P3HT contribute to the photocur-
rent. The EQE at 570 nm is identified as characteristic of P3HT. More impor-
tantly, the LUMO of the IMs decisively determines the dissociation efficiency 
of P3HT excitons. The device based on P3HT/WL-4/TiO2 exhibits the highest 
power conversion efficiency of 2.87%.
1. Introduction

Organic solar cells based on conjugated polymers have attracted 
considerable interest in recent decades owing to their great 
potential for fabricating large-area, physically flexible, and 
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low-cost photovoltaic cells.[1–3] Recent 
efforts have demonstrated the feasibility 
of polymer solar cells using fullerene 
derivatives[4,5] as acceptor combination 
with a polymer acting as a donor, leading 
to encouraging efficiencies of 7%–8%.[6,7] 
Alternatively, other works have devised 
hybrid solar cells based on conjugated 
polymers combined with n-type inorganic 
semiconductors, including CdSe,[8–10] 
TiO2,[11–13] and ZnO,[14,15] owing to the 
high electron mobility and excellent chem-
ical and physical stability of inorganic 
semiconductors.[16,17] Among them, TiO2 
has been widely used as an acceptor to fab-
ricate hybrid cells because of its reputation 
as a safe, environmentally stable, and inex-
pensive material. However, polymer-TiO2 
hybrid solar cells described in recent years 
had relatively low efficiencies (<0.5%).[18,19] 
Of priority concern, the p-type polymers 
and n-type semiconductors used in hybrid 
solar cells commonly have a poor compat-
ibility, resulting in serious charge recombi-
nation at the donor–acceptor interface.[20,21] 
Recently, Chen and co-workers[22] modi-
fied the surface of titania nanorods with a 
monolayer of interfacial modifiers (IMs), capable of increasing 
the compatibility of poly(3-hexylthiophene) (P3HT) and TiO2, 
as well as suppressing back recombination, ultimately leading 
to a substantial increment in cell efficiency to 1.12% –2.20%. 
Very recently, close contact of polymer chains with titania sur-
face was also achieved by functionalization of both chain ends 
of P3HT with cyanoacetic groups that markedly increases the 
charge injection efficiency, subsequently producing a power 
conversion efficiency of 2.2%.[23]

Many studies have also demonstrated that the formation of 
a self-assembled monolayer of IM on the surface of inorganic 
semiconductors or metals that produces an interfacial dipolar 
layer can adjust the work function of substrate materials.[24,25] 
The change in work function is ascribed to the redistribution 
of electrons by charge transfer and hybridization of wave func-
tions of the organic molecules and substrate surface.[26,27] An 
IM with a dipole pointing away from the substrate, in which the 
dipole direction is defined from negative pole toward positive 
pole, induces a vacuum level raise across this dipolar interfacial 
layer to the substrate surface that upshifts the work function 
of substrate, as shown in Figure 1a; meanwhile, an IM with a 
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Figure 1.  a) Energy level diagram of the interface of polymer/interfacial modifiers (IMs)/TiO2 in a hybrid solar cell. (EVAC: vacuum level, Ef,p: quasi-Fermi 
level of holes, Ef,n: quasi-Fermi level of electrons, VOC: open-circuit voltage). b) Chemical structures of IMs (WL-1 to WL-4).
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dipole pointing toward substrate downshifts the work function 
of substrate.[28] This phenomenon has been widely exploited to 
enhance charge injection from metals into organic materials in 
organic light-emitting diodes and field-effect transistors.[29,30] In 
2007, based on a series of para-substituted benzoic acids as the 
IMs of P3HT/TiO2 heterojunction, McGehee and co-workers[31] 
systematically examined the effect of IMs on the photovoltaic 
properties of hybrid solar cells. According to their results, both 
molecular dipole of IM and the acid–base interaction between 
Ti –OH and –COOH moieties can cause a band-edge shift in 
TiO2, subsequently changing the open-circuit voltage (VOC). As 
expected, VOC increases while electron-donating groups, such as 
–NH2 and –OCH3, substituted benzoic acids are applied as IMs, 
due to the formation of a molecular dipole directing away from 
TiO2 that shifts the band-edge of titania closer to the vacuum 
level of the polymer, thus increasing the effective gap between 
the conduction band of TiO2 and the highest occupied molecular 
orbital (HOMO) of P3HT. However, these electron-rich substitu-
ents diminish the electron affinity of IMs, resulting in a decline 
in the short-circuit current density (JSC). Both VOC and JSC could 
not be improved simultaneously to increase the cell efficiency. 
Conversely, an electron-withdrawing group substituted benzoic 
acid increases the JSC value, yet decreases the VOC value.

In addition, several studies demonstrated the feasibility of 
increasing the JSC value by applying organic or Ru-dyes as the 
IMs of TiO2 and polymer.[32–35] Such an increase is possible 
owing to the enhanced light harvesting by dye molecules and 
the cascaded electron transfer from conjugated polymer, IMs 
to TiO2 as the lowest unoccupied molecular orbital (LUMO) of 
IMs sits in between the LUMO of P3HT and the conduction 
band of titania. In this study, a class of conjugated cyanoacrylic 
acids (WL-series, as shown in Figure 1b) was synthesized and 
then used to improve the interface between P3HT and TiO2. 
An electron-withdrawing moiety was designed on the side of 
the –COOH anchoring group to produce a molecular dipole 
pointing away from TiO2 surface and raise the electron affinity 
of molecules, especially in the region near TiO2. Therefore, as 
expected, both VOC and JSC can be increased simultaneously. 
Moreover, the LUMO of IMs was fine tuned by lengthening 
the conjugation length or adopting a donor–acceptor structure. 
These molecules allow us to investigate systematically how the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
LUMO position of IMs affects the contribution of P3HT exci-
tons to the photocurrent and cell efficiency.

2. Results and Discussion

2.1. Design and Synthesis of Interfacial Modifiers

A series of conjugated molecules was synthesized and applied 
as the surface modifier of TiO2 to examine how the energy 
levels and dipole moments of molecules affect the photovoltaic 
behavior of P3HT/TiO2 hybrid solar cells. The design strategy 
of molecular structure includes using cyanoacrylic acid moiety 
to provide grafting ability and dipoles directing away TiO2. Both 
the LUMO and bandgap were tuned by the increment of the 
number of thiophene rings and the incorporation of benzothia-
diazole as an electron acceptor into the π-conjugated backbone. 
Figure 1b displays the chemical structure of these molecules. 
The thiophene end-groups may also improve their compat-
ibility with P3HT.

Figure S1 (Supporting Information) depicts the synthetic 
routes of IMs, WL-1 to WL-4. Thiophene oligomers and ben-
zothiadiazol derivative were synthesized by Kumada or Stille 
coupling. The corresponding conjugated precursors were then 
formylated by Vilsmeier–Haack reaction, followed by treatment 
with cyanoacetic acid under typical Knoevenagel condensation 
to produce the target IMs. Their chemical structures were fully 
characterized with 1H NMR, 13C NMR, and EI-MS (as shown in 
Supporting Information).

2.2. Optical and Electrochemical Properties of Interfacial Modifiers

Figure 2a shows the molar absorption spectra of WL-1 to WL-4 
IMs dissolved in tetrahydrofuran (THF). A visible absorption 
band corresponding to the π–π* transition is observed for WL-1 
to WL-3. As expected, the absorption maximum (λmax) red-shifts 
from 337 nm (ε = 20 400 M−1cm−1), 407 nm (ε = 20 200 M−1cm−1) 
to 444 nm (ε = 44 600 M−1cm−1) as the number of thiophene 
rings along the backbone increases from one to three. Upon 
incorporation of benzothisdiazole, λmax is further red-shifted 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 245–252
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Figure 2.  UV-vis absorption spectra of WL-1, WL-2, WL-3, and WL-4 a) dissolved in THF and b) adsorbed on a 250 nm thick mesoporous TiO2 film.
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to 472 nm (ε = 34 700 M−1cm−1) with two weaker absorption 
bands appearing at 313 nm (ε = 13 500 M−1cm−1) and 381 nm 
(ε = 17 300 M−1cm−1), indicating the donor–acceptor structure 
shortens the optical bandgap.

The redox properties of WL-series IMs were examined using 
cyclic voltammetry (CV), in which ferrocene was used as the 
internal standard. According to Figure S2 (Supporting Informa-
tion), all cyclic voltammograms exhibit an irreversible oxidation 
curve with no reduction wave deducted. The HOMO was then 
calculated from the onset potential of oxidation wave (Eox,onset), 
according to the formula of HOMO = –[(Eox,onset–EFc+) + 4.8 eV], 
where EFc+ denotes the measured oxidation potential of ferrocene 
and 4.8 eV is the absolute oxidation potential value of ferrocence 
under vacuum. Notably, Eox,onset of WL-1 to WL-3 decreases 
with an increasing number of thiophene units, indicating that 
extending π-conjugated moieties elevates the electropositive over 
the molecular structure and increases the oxidized ability, ulti-
mately raising HOMO for about 0.7 eV from WL-1 to WL-3. How-
ever, the replacement of the central thiophene ring in WL-3 with 
benzothiadiazole unit slightly lowers its oxidation potential so 
that WL-4 has a Eox,onset in between WL-2 and WL-3. This finding 
suggests that introducing electron-withdrawing moiety into the 
oligothiophene system lifts the electron affinity and reduces 
the oxidized ability over the conjugated structure. Moreover, the 
LUMO can be estimated from the sum of HOMO and optical 
bandgap, which was determined from the onset absorption in 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 245–252

Table 1.  Optical and electrochemical properties of interfacial modifiers (IM

IMs λmax
a)  

[nm]
εa)  

[M−1cm−1]
λonset

a)  
[nm]

E0-0
b)  

[eV]
HOMOc)/LUMOd)  

[eV]
μx

e)  
[D]

μ
[D

WL-1 337 20,400 379 3.27 –6.16/–2.89 0.00 2.

WL-2 407 20,200 470 2.64 –5.74/–3.10 –0.19 2.

WL-3 444 44,600 523 2.37 –5.47/–3.10 0.20 3.

WL-4 472 34,700 552 2.25 –5.61/–3.36 –0.09 4.

λmax: the wavelength of the absorption peak; ε: absorption coefficient; λonset: the onset
moment; f: oscillator strength for the lowest energy transition (HOMO → LUMO); a)A
the corresponding absorption spetra in THF; c)The formal oxidation potentials (versu
was calculated by HOMO + E0-0; e)Density functional theory/time-dependent density 
TiO2 surface normal; the transition weight is the composition in terms of molecular or
UV-vis spectra. Table 1 summarizes all optical and electrochem-
ical properties of IMs. According to this table, although LUMO 
systematically decreases as the conjugated backbone lengthens, 
WL-4 possesses the lowest-lying LUMO and the smallest bandap.

An attempt was made to further elucidate the geometrical 
and electronic properties of WL-series by performing the den-
sity functional theory (DFT) calculation under B3LYP/6-31g* 
basis set through use of the Gaussian 03 program package.[36] 
Figure 3 illustrates the optimized ground state structure of WL-
series. This figure reveals that the thiophene units are coplanar 
with respect to the cyanoacrylic acid group, implying a strong 
conjugation across the thiophene-cyanoacrylate groups. In addi-
tion, the values of oscillator strengths, HOMOs, and LUMOs 
of these IMs were also estimated using the time-dependent 
DFT calculation based on the B3LYP/6-31G* optimized ground 
state geometries in the vacuum, as listed in Table 1. The oscil-
lator strength, f, is calculated to have the largest value at the 
transition state of HOMO to LUMO, illustrating the fact that 
the most dominant transition is from HOMO to LUMO. The 
electron density of HOMO is localized mainly on the thi-
ophene moiety, while that of LUMO is localized on the side of 
cyanoacrylic acid group. In addition to helping to inject elec-
trons from IMs to TiO2, this distribution assists in lowering the 
recombination rate of separated electrons and holes.[37,38] The 
trend of calculated HOMOs and LUMOs correlates well with 
the experimental results determined by the CV/UV-vis method.
247wileyonlinelibrary.combH & Co. KGaA, Weinheim

s).

y
e)  
]

μz
e)  

[D]
μtotal

e)  
[D]

f e) Transition weighte) HOMOe)/LUMOe)  
[eV]

84 3.28 4.34 0.51 60% HOMO → LUMO –6.90/–3.03

53 4.29 4.99 0.83 61% HOMO → LUMO –6.21/–3.12

21 5.35 6.24 1.09 62% HOMO → LUMO –5.85/–3.15

83 5.02 6.97 0.71 62% HOMO → LUMO –5.92/–3.44

 wavelength of the absorption spectrum; E0-0: the lowest transition energy; μ: dipole 
bsorptions were measured in THF; b)E0-0 were determined by onset wavelengths of 

s NHE) were internally calibrated with ferrocene and taken as the HOMO; d)LUMO 
functional theory calculated values (in the vacuum); the Z-axis corresponds to the 
bital contributions of the lowest energy transition.
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Figure 3.  The optimized ground state structures, the dipole moments perpendicular to the TiO2 surface (μz), and the electronic density distributions 
of highest occupied molecular orbital (HOMO) and lowest unoccupied molecualr orbital (LUMO) of WL-series interfacial modifiers.
2.3. Fabrication and Performance of Photovoltaic Devices

Figure S3 (Supporting Information) shows the schematic struc-
ture and scanning electron microscopy (SEM) images of solar 
devices. Rough fluorine-doped tin oxide (FTO) with distinct 
crystallites was fully covered with a thin layer of dense TiO2 
to prevent the direct contact of P3HT with FTO electrode. The 
mesoporous TiO2 layer was made by the dip-coating procedure 
from an ethanol solution comprising (TiOEt)4 precursor and an 
amphiphilic triblock copolymer, Pluronic P123, which functions 
as a structure directing agent. Mesopores were formed by calci-
nating the hybrid film at 450 °C to burn out the copolymer.[39] 
Figure S3 indicates that the as-prepared porous film has pore 
sizes of 8–10 nm and a thickness of around 230–250 nm.

This study also attempted to improve the compatibility of 
P3HT and TiO2 by modifying the titania surface with a layer 
of IMs. Figure 2b displays the UV-vis spectra of WL-1 to WL-4 
adsorbed on a 250 nm thick TiO2 films. Compared to the solu-
tion spectra of corresponding IMs, they exhibit an evident 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

Figure 4.  Current–voltage curves of solar devices fabricated from P3HT/inte
A) and b) with TBP treatment (devices B), which were measured under A.M
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blue-shift. Next, λmax of WL-3 on TiO2 film is blue-shifted by 
52 nm from 444 nm of its THF solution, while that of WL-4 is 
shifted by 23 nm from 472 nm. This is mainly owing to either 
the acid–base interactions of –COOH and TiO2 or the forma-
tion of H-aggregates of IMs on TiO2 surface.[40] The electron-
withdrawing moiety of benzothiadiazole in WL-4 apparently 
renders a stronger molecular dipole that counterbalanced the 
deprotonation effect of IMs, resulting in a smaller blue shift 
in λmax for WL-4 compared to WL-3 upon anchoring onto 
TiO2.[41] Moreover, 4-tert-butyl-pyridine (TBP) was employed 
to physically plug the surface voids at molecular scale and 
take advantage of its basicity to reduce the protonation effect 
of TiO2.[31,35,42] After infiltrating P3HT into the mesopores of 
TiO2 layer by heat treatment,[39] Au (5 nm) and Ag (100 nm) 
were subsequently deposited on top of P3HT to serve as the 
back electrode and increase the light reflectivity inside the 
device.[43]

Figure 4 displays the current density–voltage curves of devices 
with bare or various IMs-modified TiO2, under A.M. 1.5G 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 245–252

rfacial modifiers (WL-1 to WL-4)/TiO2 a) without TBP treatment (devices 
. 1.5G simulated illumination at 100 mW cm−2.
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Table 2.  Photovoltaic characteristics of solar cells fabricated from P3HT/interfacial modifiers (WL-1 to WL-4)/TiO2 without (devices A) and with 
(devices B) TBP treatment, which were measured under A.M. 1.5G simulated illumination at 100 mW cm−2 .

Devices A IMs VOC  
[V]

JSC  
[mA cm−2]

FF  
[%]

η  
[%]

Rs  
[Ωcm2]

Rsh  
[kΩcm2]

Devices B IMs VOC  
[V]

JSC  
[mA cm−2]

FF  
[%]

η  
[%]

Rs  
[Ωcm2]

Rsh  
[kΩcm2]

/ 0.41 1.03 57.58 0.24 2.19 2.02 TBP 0.65 0.60 51.96 0.20 8.42 5.24

WL-1 0.48 0.89 41.78 0.18 6.94 2.10 WL-1/TBP 0.65 1.69 54.16 0.59 10.07 2.47

WL-2 0.58 1.84 53.46 0.57 7.99 1.17 WL-2/TBP 0.74 3.21 54.50 1.30 7.26 1.83

WL-3 0.62 3.18 56.36 1.11 6.31 0.92 WL-3/TBP 0.82 4.46 52.82 1.93 9.27 1.71

WL-4 0.75 4.54 55.70 1.90 5.73 1.23 WL-4/TBP 0.80 6.79 52.81 2.87 6.11 0.74
simulated illumination at 100 mW/cm2. As presented in Table 2,  
all devices with IMs-modified TiO2 have a higher VOC than the one 
with unmodified TiO2 and the VOC of A-series devices, in which 
no TBP is used, increases in the order of WL-1, WL-2, WL-3, and 
WL-4. It has been demonstrated that the maximum value of VOC 
is strongly associated with the band edge difference between the 
conduction band (ECB) of TiO2 and the HOMO level (EHOMO) of 
polymer. As is well known, self-assembly of IMs on titania that 
produces a thin layer of dipoles pointing away from the TiO2 sur-
face, shifts the band edge potential of TiO2 upward, consequently 
raising the ECB–EHOMO gap and the achievable VOC.[28,31,44] On the 
other hand, the carboxylic acid group of IMs may protonate the 
titania surface to yield dipoles pointing toward TiO2, which coun-
teracts the upward shift of TiO2 conduction band edge.[31,45,46] 
Upon treating TiO2 with TBP, B-series devices, VOC increases sig-
nificantly, suggesting that TBP effectively reduces the unfavorable 
protonation effect of titania. Moreover, the B-series devices gen-
erally have a higher shunt resistance (Rsh) than that of A-series 
devices, revealing that the co-adsorption of TBP on TiO2 could 
also retard the charge recombination in P3HT/TiO2 interface.[47] 
Interestingly, in contrast with A-series devices, the device with 
WL-3 has the highest VOC in B-series devices. To quantitatively 
correlate IM’s dipole moment with the VOC of P3HT/TiO2 cells, 
the intrinsic dipole moment (μtotal) of IMs in the gas phase was 
determined by the DFT approach and listed in Table 1. It shows 
the μtotal increases as the number of donor moieties increases 
or as an electron acceptor unit, benzothiadiazole, is inserted in 
between two thiophene rings. Figure 3 reveals that these IMs are 
somewhat adsorbed perpendicularly on TiO2 surface. Therefore, 
the μtotal vector was decomposed into three components along the 
x-, y-, and z-axes, where μz represents the dipole moment along 
the molecular backbone. This finding clearly reveals that WL-3 
has the highest μz among the four IMs studied. Also, the order 
of the μz value coincides perfectly with the order of measured 
VOC’s.

Table 2 clearly indicates that treating TiO2 with IMs mark-
edly increases the JSC value of devices. Moreover, the B-series 
devices exhibit a higher JSC than that of the corresponding 
cells of A-series, except the one without IMs. A previous study 
has established that TBP molecules can plug the voids of dye-
covered TiO2 surface and insulate the aggregation of dyes that 
retards charge recombination as well as facilitates more exciton 
dissociation and charge injection at the heterojunction interface, 
further elevating the JSC value. For devices based on bare TiO2, 
the presence of TBP may lower the efficiency of photoexcited 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 245–252
electron injection from P3HT to TiO2 due to the higher-lying 
LUMO of TBP than that of P3HT.

Figure 5a shows the UV-vis spectra of active components and 
the corresponding external quantum efficiency (EQE) spectra of 
TBP-treated devices that consist of various IMs-modified TiO2. 
A noticeable difference is observed in the shape of the EQE 
spectra. Although the absorption of IMs dominates the con-
tribution of photocurrent for those devices based on WL-1 and 
WL-2, the role of P3HT becomes visible as WL-3 and WL-4 are 
used. These findings evidently indicate not only that excitons 
generated by the light harvest of both P3HT and IMs contribute 
to the photocurrent, but also that the type of IMs profoundly 
impacts the efficiency of transferring excited electrons from 
P3HT to TiO2.

This study more closely examined how the IMs affect the 
contribution ratio of photocurrent from both sources. Figure 5b  
replots all EQE spectra. The onset absorption (λonset) of all 
IMs used in this study is shorter than 570 nm, and P3HT has 
absorption maxima at around 530–570 nm. Therefore, the 
EQE at 570 nm is assumed to be almost exclusively ascribed 
to P3HT. Without IMs, the solar device has an extremely low 
EQE of below 3% with a maximum at 540 nm, indicating that 
the photon-to-electron converting ability of P3HT/bare TiO2 is 
inefficient. Interestingly, the type of IMs has significant impact 
on the quantity of P3HT-generated photocurrent. The EQE at 
570 nm increases progressively from 3.6% of WL-1, 5.7% of 
WL-2, 21.3% of WL-3, to 33.8% of WL-4. For this device type, the 
excited electron created in P3HT should traverse IMs to inject 
into the conduction band of TiO2. Therefore, the LUMO posi-
tion of IMs may affect the injection efficiency of P3HT excitons, 
as depicted in Figure 6. Although the ELUMO of WL-1 (–2.89 eV) 
is higher lying than that of P3HT (≈–3.0 eV), the EQE of TiO2/
WL-1/P3HT at 570 nm is still roughly 1.5 times higher than 
that of TiO2/P3HT. This observation implies that the electron-
withdrawing group of cyanoacrylic acid in WL-1 may elevate 
the electron affinity near TiO2 surface, and the thiophene end 
group may also enhance the interfacial compatibility between 
P3HT and TiO2. In contrast, the LUMO levels of WL-2 to WL-4 
lie between the ELUMO of P3HT and the ECB of TiO2, thus 
facilitating a cascade of electron migration from P3HT to TiO2 
via IMs. As the LUMO of the IMs downshifts from –3.10 to 
–3.36 eV, JSC increases from 3.21 to 6.79 mA cm−2, accompa-
nied by an increase in the contribution of P3HT to EQE. This 
finding demonstrates that a larger energy offset benefits the 
efficient exciton dissociation and charge injection. To the best 
249wileyonlinelibrary.combH & Co. KGaA, Weinheim



2

www.MaterialsViews.com
www.advenergymat.de

FU
LL

 P
A
P
ER

Figure 5.  a) External quantum efficiency (EQE) spectra of WL-1, WL-2, WL-3, and WL-4 modified P3HT/TiO2 hybrid solar devices and normalized 
UV-vis absorption spectra of corresponding films; b) EQE spectra of P3HT/TiO2 hybrid solar cells with bare or various interfacial modifiers (IMs), 
WL-1 to WL-4, treated TiO2.
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of the authors’ knowledge, this is the first investigation to opti-
mize systematically the EQE of P3HT by fine-tuning the LUMO 
level of IMs. Accordingly, the WL-4-modified cell exhibits the 
highest power conversion efficiency of 2.87% with a VOC of 
0.8 V, a JSC of 6.79 mA cm−2 and an FF of 52.81%.
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3. Conclusions

The interface of the P3HT/TiO2 heterojunction in hybrid solar 
cells was modified using conjugated cyanoacrylic acid deriva-
tives. The thiophene end-groups in the IMs apparently improve 
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Figure 6.  Energy level diagrams and charge transfer processes of solar 
devices fabricated from P3HT/IMs/TiO2, where Exp. denotes the energy 
levels, which were experimentally determined from UV-vis spectrum and 
cyclic voltamogram; TDDFT denotes the calculated values using time-
dependent density functional theory.
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the mutual compatibility of P3HT and TiO2. Incorporating a 
strong electron-withdrawing –CN moiety adjacent to the –COOH 
anchoring group in the molecular structure of the IMs induces 
a molecular dipole directing away from the titania surface, and 
enhances the electron affinity of the molecules, simultaneously 
increasing the JSC and VOC of the device. The increment in 
VOC is consistent with the order of the dipole moment along 
the molecular backbone of the IM. EQE spectra clearly indicate 
that excitons that are generated in both IMs and P3HT make 
contribution to JSC. All IMs herein considerably increase the 
EQE at 570 nm, which is attributed to the light harvesting of 
P3HT, although WL-1 has a LUMO that is slightly higher than 
that of P3HT, suggesting the IMs greatly improve the P3HT/
TiO2 interface, promoting the dissociation of P3HT excitons. 
Furthermore, the LUMO of IMs plays an important role in 
determining the efficiency of the injection of electrons from 
P3HT to TiO2. The order of EQE at 570 nm (WL-4 > WL-3 >  
WL-2), which represents the degree of contribution of P3HT, 
coincides perfectly with the order of the LUMO offset of IMs 
and P3HT, revealing that an energy offset of greater than 
≈0.3 eV between the LUMOs of P3HT and the IM promotes the 
smooth electron injection from P3HT through IM to TiO2. This 
study provides valuable guidelines for further designing novel 
IMs for use in the development of high-efficiency polymer/
inorganic hybrid solar cells and solid-state dye-sensitized solar 
cells.

4. Experimental Section
Synthesis and Characterization of Interfacial Modifiers: Four IMs of 

WL-1 to WL-4 were synthesized by the preparation of corresponding 
conjugated precursors with Kumada or Stille coupling methods, 
followed by performing Vilsmeier–Haack reaction and then Knoevenagel 
condensation. The detailed synthesis procedures and characterization 
data are provided in Supporting Information.

Fabrication of Hybrid Photovoltaic Devices: The fluorine-doped SnO2 
(FTO, 15 Ω−2) substrates were ultrasonically cleaned with detergent, 
deionized water, acetone, and isopropyl alcohol and then dried in N2 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 245–252
flow. A precursor solution of titanium isopropoxide–acetylacetone 
complexes was prepared by mixing titanium isopropoxide (0.284 g) 
with acetylacetone (0.203 g) in ethanol (5.0 mL). The solution was 
deposited by the spray pyrolysis method using N2 as carrying gas at a 
flow rate of 400 c.c. min−1, on a cleaned FTO glass surface preheated 
to 450  °C. Following deposition, films were calcined under air for 
5 min at 450  °C, yielding dense TiO2 films with a thickness of around 
50 –60 nm. Mesoporous TiO2 films were then prepared by adding a solution 
containing concentrated HCl (3.205 g) and titanium ethoxide (4.302 g)  
to Pluronic P123 triblock copolymer (1.007 g) dissolved in ethanol 
(15.0 mL). After 3–4 h of vigorously stirring at room temperature, the 
resulting solution was dip-coated on top of FTO/dense TiO2 substrates 
at a speed of 6 cm min−1, followed by rapid thermal treatment at 450 °C 
for 5 min and then gradually cooled to ambient temperature. The above 
dip-coating process was repeated one more time to yield a porous TiO2 
layer with a thickness of 230–250 nm. Next, the mesoporous film was 
calcined at 500 °C for 4 h. After the subsequently prepared substrates 
had cooled to 80 °C, they were immersed into WL-series IMs solution 
(1.0 × 10−3 m) prepared in anhydrous THF overnight, followed by rinsing 
in THF three times and drying in N2 flow. P3HT solution (15.0 mg mL−1, 
dissolved in a solvent mixture of o-dichlorobenzene and chlorobenzene 
with a volume ratio of 3:1), was spin-coated on top of the IM-modified 
TiO2 layer (1000 rpm for 30 s), and then heated at 125 °C for 7 min 
to facilitate the filtration of P3HT into titania pores. For samples with 
TBP treatment, the IM-modified TiO2 films were spin-coated with a TBP 
solution (0.05 m) in p-xylene (3500 rpm for 30 s), and dried in N2 flow 
prior to depositing P3HT layer. Finally, the devices were coated with Au 
(5 nm) and Ag (100 nm) by an evaporation route under vacuum (lower 
than 1 × 10−5 Torr) in an EDWARDS AUTO 306 vacuum evaporation 
system.

Characterization: The 1H NMR and 13C NMR spectra were collected 
on BRUKER AC-300 and AC-400 MHz spectrometers, respectively. All 
NMR spectra were calibrated by D-chloroform (CDCl3) or dimethyl 
sulfoxide D6 (DMSO-d6) signal, where 1H NMR chemical shifts of 
CDCl3 and DMSO-d6 are 7.24 ppm and 2.50 ppm, respectively; in 
addition, 13C NMR of DMSO-d6 is 39.5 ppm. The peak multiplicity was 
described as follows: s = singlet, d = doublet, t = triplet, q = quartet, p =  
pentet, dd = doublets of doublets, and m = multiplet. Low resolution 
electron ionization mass spectra (MS/EI) were collected using a 
Finnigan TSQ 700. Optical absorbance measurements were taken by a 
JASCO V-670 UV/Vis spectrophotometer. The UV/Vis spectra of IMs in 
2.5 × 10−5 m solution of THF were measured in a range of 300–700 nm,  
while the solid state UV/Vis spectra of FTO/TiO2/IMs and FTO/TiO2/
IMs/P3HT were measured in a range of 300–800 nm. CV of all IMs 
were analyzed using CH Instruments model of CHI 660A with three 
electrode cells in anhydrous DMF solution containing 0.1 m tetra-n-
butylammonium hexafluorophosphate at a scan rate of 30 mV s−1 under 
N2 atmosphere. The three electrodes used in the CV measurement were 
as follows: (i) glassy carbon as the working electrode, (ii) platinum 
as the counter electrode, and (iii) saturated aqueous Ag/AgCl as the 
reference electrode. The reference electrode was calibrated by running 
the CV of ferrocene without adding IM to the solution. The morphology 
and thickness of dense and mesoporous TiO2 films were examined 
using a field-emission scanning electron microscope (JSM-6700F, 
JEOL Company). The current density–voltage (J–V) characteristics 
of photovoltaic devices were evaluated with a Keithley 2400 source 
meter under AM 1.5G solar irradiation obtained from a 300 W Oriel 
solar simulator, at 100 mW cm−2, which was calibrated by a mono-Si 
reference cell with a KG5 filter. The EQE spectra were recorded under 
illumination by a xenon lamp and a monochromator (TRIAX 180, JOBIN 
YVON), and the light intensity was calibrated by using an OPHIR 2A-SH 
thermopile detector.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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