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Semiconducting metal-oxide TiO, films were deposited on FTO substrates via a sol-gel
method to fabricate inverted polymer solar cells. The pore size of the TiO, films was
effectively controlled by using the sols different in stirring time. The solar cell was
constructed with a fullerene derivative interlayer and a photoactive mixture of poly(3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) coated on the
TiO, films, which were purposely fabricated to have different porosity, referred as dense
film, mesoporous film, and macroporous film in this paper. The highest efficiency, ~3.4%,
was achieved on the cell with mesoporous film as the cathode buffer layer. It was
proposed that, compared with the case of dense film, the mesoporous film leading to
power conversion efficiency enhancement resulted from the efficient charge separation
introduced by increasing the interface area between an active layer and metal oxide films
and thus lowering the recombination rate happened to the excited electrons with holes in
the polymer. The cell with macroporous film showing a much low efficiency is attributed
to electron trapping during the transport in large grains, leading to lowly efficient electron
collection.
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1. Introduction

Polymer solar cells (or organic photovoltaic) are devices that are based on conjugated
polymers and can convert radiation from the sun to electricity,' and have attracted great interest
as a cleaner source of energy.”® An efficiency of 7.4% has been reported for bulk heterojunction
polymer solar cells with conventional device structures.” However, conventional solar cells can
suffer from both cathode degradation in view of their sensitivity to the oxygen and moisture in air
and anode degradation due to the etching of PEDOT to ITO film. Therefore, these devices exhibit
short lifetimes. '*'> To achieve higher device efficiencies and increased stability, high hole
mobility, high photosensitivity in the polymer, and high carrier mobility and good stability in the
inorganic semiconductors are properties that must be maximized in the development of solar cells.
Polymer solar cells with inverted device structure are an alternative solution to improve the
longevity, because they use a more air-stable, high work-function electrode such as Ag or Au as a
back contact to collect holes, while using an inorganic semiconductor as the buffer layer to collect
electrons and meanwhile avoid the contact of ITO film with PEDOT polymer."*"®

Inverted structure polymer solar cells often consist of nanocrystalline inorganic
semiconductor oxides such as ZnO or TiO, as cathode buffer layer, with various morphologies—
such as mesoporous structures, '°** nanotube arrays, > or nanorod structures '**’**—in contact
with the conjugated polymer. One of the most commonly used combinations is poly(3-
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hexylthiophene) (P3HT) with [6,6]-phenyl-C61-butyric acid methyl (PCBM). In polymer solar
cells, interaction between the incident photons and the conjugated polymer generates excitons. The
excitons move to and become disassociated at the interface of P3HT and PCBM, which function as
electron-donor and electron-acceptor, respectively. Electrons are then carried through the acceptor
material, pass through the cathode buffer layer, and reach the collecting electrode (i.e., typically
ITO film), as holes are transferred through the donor material, pass through a hole transport layer
(e.g., PEDOT), and eventually reach the metal electrode. In an inverted structure polymer solar
cell, the cathode buffer layer is adopted to prevent the recombination between the holes in the
donor material and the electrons in the collecting electrode. This is achieved by either enabling the
formation of a continuous film of PCBM *' or, as suggested in some literature, establishing an
energy barrier between the polymers and the ITO film.”> Moreover, it has been found that the
morphology of the cathode buffer layer may have a significant impact on the solar cell efficiency.

In this work, TiO, films different in morphology as well as roughness were fabricated on
fluorine-doped tin oxide (FTO) substrates via a sol-gel method to work as cathode buffer layer in
inverted structure polymer solar cells. The roughness of the TiO, films was carefully controlled
by adjusting the aging time of TiO, sol for the film fabrication. It would be shown that the solar
cells based on P3HT and PCBM with porous TiO, film as cathode buffer layer present higher
efficiency than dense films as the cathode buffer layer. The highest efficiency was achieved on the
cell using mesoporous TiO, film with pore size of ~20 nm.

2. Experimental details
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Fig. 1 Schematic showing the configuration of an inverted hybrid solar cell

Synthesis of metal oxide films.

Preparation of TiO, sol for dense film: Titanium isopropoxide [Ti(OCs;H; );, TTIP] was
used for the preparation of TiO, sol. Typically, 0.1 mL of acetic acid and 15 mL of ethanol were
dropwise added to 0.7 mL of TTIP. The solutions were mixed in a glass container by stirring for
30 min without heating, resulting in formation of a TiO, sol in light yellow color. The solution was
kept for aging for at least three days prior to use.

Preparation of TiO; sol for porous films: The solution was prepared by mixing 1.5 mL
of acetic acid and 2 mL of ethanol with 0.75 mL of TTIP. The as-prepared sol was used for the
fabrication of mesoporous TiO; film in this paper. For the sol to make macroporous film, 0.3 g of
PVP and 3.5 mL of ethanol were added to the aforementioned TiO, sol. The resulting light yellow
solution with 30-60 minutes of stirring was transparent without precipitation. However, it was
found that the solution suffering different stirring time might have a significant impact on the
porosity of the TiO, film produced with a spin coating method.

The FTO substrates were cleaned by sonication with acetone, DI water and isopropanol.
The sols of TiO, were employed to form films onto the FTO substrate through a spin coating
method. The as-prepared TiO, films then suffered a heat treatment at 450 °C for 1 h in order to
eliminate the organic components and to activate the crystallization of the TiO,. The surface
morphology was studied using a scanning electron microscope (SEM, Philips, JEOL JSM7000).
Crystallographic characterizations of the samples were performed with a Bruker D8 Focus X-ray
diffractometer.
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Device fabrication and characterization. First, the substrates with TiO, film were pre-
treated with oxygen plasma for 10 min. The fullerene '® of a dichlorometane solution containing 20
mg/mL of PCBM (American Dye Source Inc. ADS61BFB) was spin coated onto the mp-TiO, at a
rate of 1000 rpm for 30 s in a glovebox, and then annealed at 250 °C for 1 min to help the
infiltration of the polymer into the mp-TiO, films. Subsequently, the chlorodebenzene solution
containing 20 mg mL"' P3HT (Reike Metal, Sepiolid P100) and 20 mg mL"' PCBM, which was
stirred inside a glovebox overnight at 60°C and then filtered with a 0.2 pm polytetrafluoroethylene
(PTFE) filter, was spin coated onto the FTO glass substrates coated with TiO, films and fullerene
interlayer at 1,000 rpm for 30 s. The samples were then baked at 225 °C for 1 min to remove
residual solvent and improve the contact between the polymer and oxide film to some extent. A
poly(3,4-ethylene-dioxylene thiophene):poly(styrene sulfonic acid) (PEDOT:PSS, Clevios P VP
Al 4083) was mixed with absolute isopropanol and butanol at a volume ratio of 1 : 2 : 2." The
solution was subsequently spin-coated onto the P3HT/PCBM film to form a hole-transport layer.
The substrates were then heated at 120°C for 10 min. Finally, a 100 nm thick silver film was
deposited on the PEDOT:PSS under vacuum to work as top electrode. The structure of the device
is illustrated in Fig.1. The J-V characteristics of the solar cells were measured in the glovebox
using a Keithley 2400 source measurement unit, and an Oriel Xenon lamp (450W) coupled with an
AM1.5 filter. A calibrated silicon reference solar cell certified by the National Renewable Energy
Laboratory (NREL) was used to confirm the measurement conditions. A light intensity of 100 mW
cm™ was used in all the measurements in this study.

3. Results and discussion

Fig. 2 shows top-view scanning electron microscopy (SEM) images of (a) dense TiO,, (b)
mesoporous TiO,, and (c) macroporous TiO, films, respectively. The image of Figure 2a shows
that a densely packed TiO, film is successfully fabricated on the FTO glass substrate. The image
of Figures 2b and c¢ show the SEM images of TiO, films with different porosity by adopting
different stirring time to the mixture solution of TiO, and PVP. It can be seen that the pore
diameter was about 20-50 nm for the film produced with the solution with 60 minutes of stirring,
and 10-20 nm for 30 minutes of stirring. Figure 2c shows the cross section SEM of an inverted
structure solar cell using a porous TiO, films.

@

Fig. 2. Top-view scanning electron microscopy (SEM) images of (a) dense TiO,,

(b) mesoporousTiO,, and (c) macroporousTiO, films, respectively. The scale bar

represents 100 nm. (d) The cross section SEM of an inverted structure solar cell using a
porous TiO, films.
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Fig. 3. XRD patterns for the TiO, films

Fig. 3 shows XRD pattern for the TiO, dense film after annealed at 450 °C for 1h in air,
indicating an anatase phase of TiO, produced with the as-prepared sol (JCPDS Card no. 84-1286).
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Fig. 4. Line scan profile of (a) mesoporous TiO, films and (b) macroporous TiO,.Analysis
performed using ImageJ.
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Fig. 4 shows the line scan profiles for the mesoporous and macroporous TiO; films. The
roughness of the macroporous TiO, was shown to be larger than that of the mesoporous TiO,.

The characteristic current density(J)-voltage(V) plots shown in Figure 5 gave the short-
circuit current (Js;) and open-circuit voltage (V,.) of the inverted structure solar cells constructured
with fullerene interlayer and a blend of P3HT and PCBM using TiO, film as cathode buffer layer.
The short-circuit current density (Js.), open-circuit voltage (Voc), fill factor (FF), and overall power
conversion efficiency (m) values are summarized in Table I. The maximum efficiency was
obtained with mesoporous TiO, films with a pore size of ~10-20 nm. The highest hybrid solar cell
performance was achieved with values of Vo= 0.602 V, Ji=9.03 mA/cmz, FF=62.0%, n=3.4%.
The solar cells based on dense TiO, and macroporous TiO, exhibited relatively low efficiencies,
1.9% and 1.7%, respectively.

Table I. Performances of solar cells with electrodes made of dense, mesoporous and macroporous TiO,

films.
TiO, Voc Jsc FF(%) 1n(%)
V) (mA-cm™)
mesoporous 10-20 nm 0.602 9.03 62.0 3.4
macroporous 20-50 nm 0.565 7.22 41.9 1.7
dense 0.595 7.02 449 1.9
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Fig. 5. Current density-voltage curves for inverted hybrid solar cells
with dense, mesoporous and macroporous TiO, films.

It is interesting that the morphology of TiO, serving as cathode buffer layer may
significantly affect the performance of inverted structure polymer solar cells. In our previous work,
it has been revealed that the role of an oxide layer in the inverted structure polymer solar cells is to
enable the formation of a continuous layer of PCBM on the conductive transparent substrate so as
to prevent the recombination happening between the holes in the polymer such as P3HT and the
electrons in the collecting electrode of the solar cells. We have pointed out that, in the case of a
very thin oxide film (~10 nm) as cathode buffer layer, the electrons in the polymer such as PCBM
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transport to the ITO or FTO collecting electrode in a way of tunneling through the oxide film
instead of a diffusion within it.”' However, while the thickness of the oxide film is in a range of 50-
60 nm as the case of the present paper, the electrons will firstly have to transport into the oxide and
then diffuse to the collecting electrode.’” Such a diffusion process in the oxide film may cause a
loss of electrons due to the existence of traps in the oxide. This can explain why the efficiency
achieved in this paper with dense TiO; film (1.9%) is lower than what we reported in the previous
work while the TiO, film was as thin as ~10 nm.*!

Although the transport of electrons within a relatively thick oxide film may have a
negative impact on the efficiency of solar cells, our result based on a comparison of different
structure TiO, films suggests that a rational design and optimization of the structure of the cathode
buffer layer, for example, by employing the nanostructured mesoporous film, can counteract the
negative impact in view of the loss of electrons due to the traps and it can even enhance the
electron collection efficiency compared with the case of a planar oxide film as the cathode buffer
layer, leading to a high conversion efficiency of 3.4% as shown in this paper while a mesoporous
film with average pore sizes of 10-20 nm is adopted. The nanostructure employed in the inverted
structured polymer solar cells plays a role in stretching into the polymers and thus shortening the
traveling distance of photoexcited electrons within the acceptor polymer, i.e., PCBM in this paper.
In other words, the electrons may quickly transfer into the oxide film and, as a result, receive
lower recombination rate in respect that the mobility of electrons in the oxide is much higher than
in the polymer.'** Note that the solar cell with macroporous TiO, film as cathode buffer layer
receives the efficiency of 1.7%, lower than those for TiO, dense film and mesoporous film. This
can be explained that the grain size the macroporous film is much larger than the diffusion length
of electrons and therefore the electron transport in the macroporous film is lowly efficient due to
the electron trapping. Such an experimental observation strongly suggests that the performance of
inverted structure polymer solar cells is very sensitive to the structure and morphology of the
cathode buffer layer, for which an optimization is significantly necessary.

4. Conclusions

Inverted structure polymer solar cells fabricated with mesoporous TiO, produced more
photocurrent; in these devices n showed a 3.4% over the devices with dense and macroporous
TiO; structures. This improved efficiency resulted from the efficient electron collection due to the
use of nanostructured oxide as buffer layer. The excited electrons could transport to the TiO,
before being recombined by holes.
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