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Abstract

Inverted P3HT:PCBM based organic solar cells were fabricated by using Fe*" doped TiO» films as electron selective layer. Pure and
Fe?* doped TiO, films were prepared by sol-gel method and the optical as well as the structural properties of the thin films were char-
acterized by UV-Vis spectrophotometer and SEM. The concentration of Fe** was varied as 0.5%, 1%, 2% and 3% (w/w) in TiO, layer
and the influence of Fe*' doping on the solar cell parameters were systemically investigated. Photocurrent density of the solar cells as
increased from 8.75 to 13.8 mA/cm?, whereas the solar cell efficiency changed from 1.7% to 2.79% by using Fe*" doped TiO» electron
selective layer. It was experimentally found and demonstrated that charge injection and selection in the TiO, interlayer was improved by

doping of Fe*' atoms in the TiO,.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been increasing demand for cost effective pho-
tovoltaic devices due to the global energy challenge. The
market is dominated by silicon based photovoltaic devices;
however, their wide utilization is limited by their high cost.
Bulk-heterojunction (BHJ) type organic photovoltaic
(OPV) seems the best alternative regarding cost efficiency.
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Therefore, recent years have witnessed the great research
effort on organic solar cells (OPVs) owing to their low-
cost as well as their mechanical flexibility, light weight,
and possibility of large area fabrication (Andersen et al.,
2014; Winkler et al., 2011). However, some of the disad-
vantages of OPVs are lowerpower conversion efficiency
and shorter life times compared to their inorganic counter-
parts. Thus, most of the research activities have been per-
formed on improving the power conversion efficiency of
organic solar cells as well as satisfying long term stability
of OPV devices during the last decade.
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For instance, the efficiency of OPVs has been improved
by synthesis of new donor and acceptor materials and man-
ufacturing of new device structures (Yu et al., 1995; Liang
et al., 2010). Conventional OPVs are typically constructed
by sandwiching of active layer between the hole transport
layer (PEDOT:PSS) and metal cathode, which has a low
work function. BHJ type OPV includes p-type (donor)
material and n-type (acceptor) material which are mixed
in solvent and coated as active layer either on the positive
or on the negative electrode. The blended electron donor
and acceptor materials form 3-D thin film matrix. Incident
light is absorbed by the active layer to create abounded
electron—hole pairs (exciton), which can move together up
to 10-20 nm (Su et al., 2012; Peumans et al., 2003). Exciton
usually separates into charge carrier as electron and hole at
the interface of the donor—acceptor materials. Hole moves
toward to PEDOT:PSS coated ITO (anode) side and elec-
tron moves toward to metal contact (cathode). The life
time of the organic solar cells is mostly determined by
the contact materials. Recent studies showed that low work
function metal cathode is easily affected by the ambient
conditions. On the other hand, ITO was found to be quite
sensitive to the acidic nature of PEDOT:PSS, which leads
to corrosion on ITO surface (de Jong et al., 2000;
Kawano et al., 2006; Girtan and Rusu, 2010; Norrman
et al., 2006). To overcome the mentioned obstacles,
inverted type OPVs have been proposed, which improved
the stability of the devices (Li et al., 2006; Kuwabara
et al., 2008; Norrman et al., 2010). In inverted type solar
cells, the surface of the ITO electrode is modified with
metal oxide materials such as ZnO, TiO, and Cs,CO; so
that ITO acts as a negative electrode (Hames et al., 2010;
Yu et al., 2008; Liao et al., 2008). On the other hand, high
work function metal layer such as Ag and Au etc. is coated
on the active layer to collect the holes.

TiO, is a very commonly used material as an electron
selective layer for inverted type solar cells because of its
high optical transparency in the visible and near infra-red
region as well as its high charge carrier mobility (Cheng
et al.,, 2011; Lin et al., 2011; Wong et al., 2014). Recent
research results demonstrated that the structural proper-
ties, photo reactivities, charge carrier recombination rates,
interfacial electron transfer rates and magnetic properties
can be easily manipulated, when TiO, is doped with some
metal ions (Kim et al., 2014; Yuan et al., 2013; Alparslan
et al., 2011). Nowadays, metal ion doped TiO, thin films
as an electron selective layer are frequently used to improve
solar cell efficiency (Xu et al., 2013; Thambidurai et al.,
2014; Liu et al., 2014).

In this study, therefore, Fe doped TiO, inter layer were
used to produce an inverted solar cell and the assembly has
been constructed as ITO/Fe:TiO,/P3HT:PCBM/V,0s/Ag.
Pure and Fe*" doped TiO, thin films were fabricated by
sol-gel method. The optical and structural properties of
the thin films were characterized by using SEM and UV-
Vis spectrophotometer. Influence of Fe’' doping in the
TiO, interlayer on the efficiency of P3HT:PCBM based

solar cell was studied. Fe’" was introduced to TiO, via
solution at concentrations ranging from 0 to 3 wt.% with
respect to the weight of the TiO,. Photocurrent density of
the solar cells were increased from 8.75 to 13.8 mA/cm?>
and solar cell efficiencies from 1.7% to 2.79% by using
Fe** doped TiO, as electron selective layer. This phe-
nomenon indicates that actually charge injection and selec-
tion in the TiO, interlayer is effected by doping. The
improvement in performance in terms of affect of charge
injection and selection are correlated to the increase in
solar cell efficiency and this was realized and discussed.

2. Experimental

P3HT (Aldrich) and PCBM (Aldrich) were used in the
structure of active layer without any further purification.
Their chemical formulas are given in Fig. 1(a) and (b),
respectively. P3HT and PCBM were firstly mixed in 1,2
dichlorobenzene with 1:1 (wt/wt) ratio and stirred at 50 °
C overnight. In order to prepare TiO, sol-gel mixture; tita-
nium n-butoxide, ethanol, isopropanol alcohol, and acetic
acid were mixed with (1:20:20:0.15) molar ratio, respec-
tively, for 48 h at room temperature. Also, FeCl, was
added into a solution containing a mixture of ethanol, iso-
propanol alcohol, and acetic acid molar ratio of
1:20:20:0.15. This solution was stirred for two hours at
room temperature, and then titanium n-butoxide was
added to this sol-gel mixture to prepare Fe-doped TiO,
sample. Ti amount in the solution is proportional to the
amount of Fe, at ratio of their weights. The Fe amounts
in samples were prepared as 0.5%, 1%, 2% and 3%. In
regard to the solar cell fabrication process, ITO coated
glass was firstly subject to a standard cleaning process with
acetone, ethanol, and distilled water in ultrasonic bath for
15 min. TiO, and Fe doped TiO, solutions were coated
with spin coater at 3500 rpm 25 s., followed by annealing
at 400 °C for 30 min with a heating rate of 10 °C/min.
The solar cells were designed with ITO/TiO,/P3HT:
PCBM/V,0s/Ag and ITO/Fe:TiO,/P3HT:PCBM/V,0s/
Ag configuration as shown in Fig. 1(c) and (d). Next,
P3HT:PCBM was coated at 800 rpm as active layer on
the TiO, films. Then, V,05 (10 nm) and Ag (100 nm) was
deposited as hole transport and contact layers, respectively.
Current—voltage characteristics of the samples were ana-
lyzed with (Keithley 4200 SCS) semiconductor characteri-
zation system and (Thermo Oriel) Solar Simulator under
AM1.5G (100 mW/cmz) with standard characterization
regulations. Solar simulator was calibrated with reference
photodiode.

3. Results and discussion

Morphological properties of the Fe doped and pure
TiO, thin films were investigated via scanning electron
microscopy (SEM). Fig. 2 shows the SEM images of the
produced Fe doped and pure TiO, thin films by spin
casting from solution. It is clearly seen from Fig. 2 that
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Fig. 1. (a) Molecular structure of the P3HT and (b) PCBM, (c) energy diagram of the materials, and (d) the device configuration.

Fig. 2. SEM images of undoped and Fe doped TiO, thin films; (a) undoped, (b) 0.5%, (c)1%, (d) 2%, and (e) 3% Fe doped TiO; thin films.

granular structure are becoming more aperient with Fe
doping in the TiO, at 0.5%, 1% and 2% doping ratios.
However, granules getting smaller at 3% doping ratio and
the morphology shift to a more smooth film structure.

Optical absorption spectra are a nice tool to calculate
the band gap of the semiconductors. Basically, absorption
determines the electron excitation from valance band to
conduction band, which can be used for calculation of
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the band gap. The relationship between absorption coeffi-
cient (o) and incident photon energy (4v) in fact is given
by following equation for allowed indirect transitions.

(ahv) = A(hv — E,)’

where A4 is a constant, E, is the band gap of the material, v
is the frequency of the photons and / is the Planck’s con-
stant. (ahv)? versus hv plot of Fe doped and pure TiO, thin
films given in Fig. 3. The optical band gap of doped and
pure TiO, thin films has been calculated from the above
equation, which gives the band gap (E,), when linear por-
tion of («hv)* against hv plot is extrapolated to the point
o = 0. The changes of the band gap with respect to the
Fe*" concentrations are also given in Fig. 3 as inset. It is
clearly seen that from Fig. 3 absorption is shifting firstly
to higher energy levels so band gap of the small amount
Fe?" doped samples is increasing and then it is decreasing
for higher Fe?* concentrations. There are numerous studies
related to the Fe*" doped TiO, thin films in the literature
(Wang et al., 2009; Lin et al., 2012; Wang et al., 2013).
Red-shift in the absorption spectra in high Fe concentra-
tion is not originally related to Fe concentration; however,
it can be explained by the structural changes from anatase
to rutile due to the iron concentration in the TiO, lattice
(Bally et al., 1998). Blue-shift is observed with low Fe con-
centration, which can be explained by the Burstein—-Moss
shift (Burstein, 1954).

The crystal structure of pure and Fe doped TiO, thin
films were analyzed with X-ray diffraction (XRD). XRD
pattern of pure and Fe doped TiO, thin films on the Y axis
offset were given in Fig. 4. It is clearly seen that form Fig. 4,
all the diffraction peaks of doped and undoped samples
belong to anatase phase TiO, structure and no other phase
can be detected. Moreover, it can be observed from Fig. 4
that intensity of diffraction peaks decreases with increases
Fe concentration in the TiO, lattice. It can be attributed
that Fe impurities disrupt the crystal structure of the ana-
tase TiO,.
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Fig. 3. Graphs of (cxhv)l/ 2 versus /v of TiO, and Fe:TiO,. The changes of
band gap according to Fe concentration as inset.
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Fig. 4. X-ray diffraction spectra of the Fe-doped TiO, thin films with the
standard differential peaks of anatase TiO, (JCPDS No. 21-1272).

The surface properties of the Fe doped and undoped
TiO, films were studied by X-ray Photoelectron Spec-
troscopy (XPS). Fig. 5 shows the XPS survey spectra of
1% Fe doped TiO; thin films. The XPS peaks show that
the Fe doped TiO, films contains Ti, O, C, and Fe ele-
ments. The XPS peaks at 458.28, 529.72 and 285.5 eV are
attributed to Ti 2p, O 1s, C 1s and 708.5 eV correspond
to binding energy of Fe 2p. In order to demonstrate iron
content in the TiO,, the Fe 2p core level XPS spectra are
given in Fig. 5 as inset. Fig. 5 shows that the peaks intensity
is increasing with Fe concentration.

TiO, is in fact an intrinsic oxide semiconductor material
and has n type conductivity. However, when it is doped
with iron atoms, its conductivity converts to a p type
behavior, because Fe impurities act as acceptor impurities
in the TiO; crystal (Bally et al., 1998). Bally et al. (1998)
reported that Fe atoms don’t behave as simple substitu-
tional defects, which replace Ti atoms in the crystal
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Fig. 5. Core level XPS spectra for the 1% Fe doped TiO; thin films. The
Fe 2p,/, and 2p;, spectra for the 0%, 1% and 3% Fe doped TiO, samples
is given as inset.
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Performance parameters of the solar cells produced with pure and Fe

doped solar TiO, thin films.

Fe doping ratio (%) FF (%) Voe (V) I. (mA/cm?) n (%)
0 0.3665 0.53 8.75 1.7
0.5 0.3673 0.55 10.89 2.19
1 0.3689 0.55 13.8 2.78
2 0.4231 0.51 9.28 1.98
3 0.4125 0.41 7.68 1.29
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Fig. 6. J-V characteristics of inverted type solar cells fabricated with TiO,
and Fe doped TiO, electron transport layers.

structure. They claimed that in their work the samples with
the lowest concentration Fe atoms shows n type conductiv-
ity higher than undoped samples because of the new oxy-
gen vacancies produced by the iron atoms in the oxide
lattice (Sayle et al., 1995). The increased band gap at
0.5% and 1% Fe concentration may be attributed to the
new oxygen vacancies induced by Fe atoms in the lattice.
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The most important part of the inverted type solar cells
is the electron transport layer and TiO, is a famous mate-
rial that are used as an electron selective layer in the
inverted type solar cell structure. In order to improve the
electron transport and hole blocking properties of TiO,
layer, it is typically doped with some metal ions. There
are various investigations about the effect of the dopant
ions in the TiO, layer. For instance, Ranjitha and co-
workers doped TiO, with Cd ions, which led to improve-
ment in solar cell efficiency. This was explained by the
improved electron transport properties of the TiO, by Cd
doping (Ranjitha et al., 2014). Sn-doped TiO, was used
by Thambidurai and co-workers as an electron selective
layer and they could have improved the solar cell parame-
ters indeed (Thambidurai et al., 2014). In addition, Zn was
also used as a dopant ion to improve the solar cell efficiency
(Thambidurai et al., 2014). However, there is no any study
about the using of Fe doped TiO, thin films as electron
transport layer for inverted type solar cells.

In this study, we have mainly investigated, what is the
effect of Fe doping of TiO, in inverted type solar cell effi-
ciency. Electrical and optical properties of the Fe doped
TiO, thin films were investigated by many research groups.
It is well known that Fe impurities act as acceptor impuri-
ties in the TiO, lattice. Thus, at the first glance, it can be
considered that Fe doped TiO, cannot be used as an elec-
tron selective layer due to the fact that acceptor impurities
induced iron atoms act as trap levels for the electrons from
active layer. However, at low Fe concentrations, n type
properties of TiO, are improved (Sayle et al., 1995).
Fig. 4 illustrates the current-voltage characteristic of the
inverted type solar cells fabricated with undoped and Fe
doped TiO, thin films under the illumination of AM 1.5
and solar cell parameters. These results are shown in
Table 1. From the J-V characteristics a dramatic increase
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Fig. 7. Dependency of Solar cell parameters on the Fe concentration in TiO, structure (a) fill factor; (b) open circuit voltage; (c) short circuit current; and

(d) power conversion efficiency.
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was observed in the Jsc from 8.75 mA/cm? to 13.8 mA/cm?
with the 1% Fe doped TiO, solar cell sample. When the
concentration of Fe impurities in the TiO, lattice was
increased to higher than 1%, current density was dimin-
ished suddenly, as expected. Fill factor showed slight
increase as well up to 1% Fe doping ratio. After this value,
there is a negligible change in open circuit voltage values
until 1% doping, but suddenly a decrease observed at
higher concentrations.

To obtain a better overview of the effect of Fe impurities
in the TiO, layer, photovoltaic parameters such as FF, V.,
I and 1% was systematically studied and the results are
shown in Fig. 5. It is clearly seen that, [, and V. are
increased by increasing of Fe concentration up to 1% and
then sudden decrease was observed for higher concentra-
tion for both. Similarly, the solar cell efficiency increased
from 1.7% to 2.79% with 1% Fe doping ratio and it sud-
denly decreased to 1.29% with 3% doping ratio (see Figs. 6
and 7).

4. Conclusion

Inverted P3HT:PCBM based organic solar cells were
fabricated by using Fe*" doped TiO» films as electron selec-
tive layer in this work. The goal of our work was princi-
pally to present a quantitative and valuable optimization,
which encourages the possible implantations of similar
kind of doping in similar applications. Major findings are
summarized as follows; Pure and Fe>" doped TiO, layers
were successfully prepared on ITO substrate. Granular
structure was observed with Fe doping in the TiO, layer
at 0.5%, 1% and 2% doping ratios. However, the morphol-
ogy shifted to smooth structure at 3% doping ratio. Band
gap was increased at 0.5% and 1% Fe®>" concentrations,
which was attributed to the new oxygen vacancies induced
by Fe atoms in the lattice. A dramatic increase was
observed in the Jsc from 8.75 mA/cm? to 13.8 mA/cm?
with the 1% Fe doped TiO, solar cell sample. I, and V.
showed maximum values at 1% Fe?" concentration and
solar cell efficiency of 2.78% was obtained.
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