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A hybrid solar cell is designed and proposed as a feasible and reasonable alternative, according to acquired efficiency with the
employment of TiO2 (titanium dioxide) and Mn-doped TiO2 thin films. In the scope of this work, TiO2 (titanium dioxide) and
Mn:TiO2 hybrid organic thin films are proposed as charge transporter layer in polymer solar cells. Poly(3-hexylthiophene):phenyl-
C61-butyric acid methyl ester (P3HT: PCBM) is used as active layer. When the Mn-doped TiO2 solar cells were compared with
pure TiO2 cells, Mn-doped samples revealed a noteworthy efficiency enhancement with respect to undoped-TiO2-based cells. The
highest conversion efficiency was obtained to be 2.44% at the ratio of 3.5% (wt/wt) Mn doping.

1. Introduction

Main criteria in choosing material for photovoltaic devices
are feasibility and environmental convenience, as well as
compatibility to solar spectra and easy and cheap production
[1]. Organic-based materials are promising for photovoltaic
applications [2–4] with advantageous features such as low
cost, easy production, and flexible application. Therefore,
organic solar cells are serious candidates in place of silicon
solar cells [5]. Although organic-based materials are satisfy-
ing with most of these mentioned criteria, charge transport
properties of these materials are not so good and their
efficiency is still quite low. To overcome this problem, in
recent studies, bulk heterojunction structure of the n-type
PCBM and p-type P3HT materials was used [6–9] and 4-
5% efficiencies were obtained [10]. The PEDOT:PSS used
as an anode buffer layer in this kind of cells is acidic and
hygroscopic. Also, ITO is quite susceptible against the acidic
corrosions [11]. Therefore, PEDOT:PSS-based solar cells are
known to be unstable in air conditions and under light
illumination [12–14]. Moreover, in these devices, electron
collecting a metal cathode (e.g., Al, Ca) with low work
function must be used but they are easily oxidized and lead
to deterioration in performance. In order to get rid of these

problems, inverted solar cells have been used with inorganic
materials [15–18]. In inverted organic solar cells, the anode
is an air-stable high-work-function metal collecting holes
such as Ag. The ITO is also used as the cathode to collect
electrons. Previous works reveal that conventional solar cells
could merely endure for 4 days while inverted solar cells
still preserve almost 80% of their efficiency even 40 days
later [19]. However, power conversion efficiencies of inverted
solar cells are less than those of the conventional organic
solar cells. One of the reasons is the bad quality of interface
in these inverted designs. These worse interface conditions
deteriorate exciton formation and separation [20]. There are
various studies to cope with mentioned interface problems
[21].

When the polymer active layer in organic solar cell
is exposed to the light, excitons begin to form. Excitons
diffuse to donor-acceptor interface. In here, they dissociate
to form bound electron-hole pair. To separate this pairs into
free holes and electrons, there should be an electric field.
With the effect of the electric field produced by the work
function difference of both electrodes, these free charges
are transported to positive and negative electrodes. Since
the polymer has a disordered structure, there exists charge
carrier loss during transportation through polymer skeleton.
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Inorganic materials are used with organics so that ordered
continuous paths are provided to charge transfer. This kind
of designs are called hybrid systems, and for this aim, various
inorganic materials are used in solar cells such as ZnO [22],
CdTe [23], PbS [24], and so forth. TiO2 [20, 25, 26] is also
an attractive alternative among these materials. Usage of
TiO2 electrode in dye-based solar cell by Gratzel et al. could
be given as a successful application of this material [27].
There are various works to understand the structural changes
occurred when TiO2 is doped by metal ions. In particular,
photocatalytic and magnetic properties were investigated
by [28, 29]. In the result of such investigations, it was
understood that photoreactivity, charge carrier recombina-
tion rates, and interfacial electron transfer rates were changed
by metal ion doping [30]. Doped TiO2 is widely used in solar
cell applications, and there are several comparative works.
In one of them, it has been reported that power conversion
efficiency was achieved to be 8% with the dye-based solar
cells prepared by nitrogen-doped TiO2 while 6% efficiency
with pure TiO2 [31]. Also, K. H. Ko et al. performed another
work in which TiO2 was doped with Al and W elements for
dye-based solar cells. In Al-doped cells, while open-circuit
voltage (VOC) has increased, short-circuit current (ISC) has
decreased. As for W-doped cells, a behavior opposite to Al-
doped cells was observed [32].

In this work, hybrid solar cells were produced and char-
acterized with ITO/TiO2/P3HT : PCBM/Ag configuration.
The novelty and goal of this work comes from the employ-
ment of Mn+2 ions for the first time with this configuration,
in which different amounts of Mn were incorporated to
TiO2and cell parameters were investigated in terms of doping
amount. It was explicitly observed that solar cell efficiency
was being improved with Mn doping until a certain doping
amount, which is 3.5%. One of the inspirations of choosing
Mn+2 ion in our aim comes from some works such as [33],
which reveals the fact that although the Mn+2 ion is slightly
larger than Ti+4, the general crystal structure is not changed
with doping but light interaction of modified TiO2.

2. Experimental

P3HT (Aldrich) and PCBM (Aldrich) were used in the struc-
ture of active layer without any further purification. Their
chemical formulas are given in Figure 1. P3HT and PCBM
were firstly mixed in chlorobenzene with 1 : 0.8 (wt/wt)
ratio at 60◦C for a night. In order to prepare TiO2 sol-gel
mixture, titanium n-butoxide, ethanol, isopropanol alcohol,
and acetic acid were mixed with (1 : 20 : 20 : 0.15) molar ratio,
respectively, for two days at room temperature. Also, MnCl2
was added into a solution containing a mixture of ethanol,
isopropanol alcohol, and acetic acid. This solution of mixture
was stirred for two hours at room temperature, and then
titanium n-butoxide was added to this sol-gel mixture so
that Mn-doped TiO2 sample was prepared. Ti amount in the
solution of mixture is proportional to the amount of Mn,
at ratio of their weights. The Mn amounts in samples were
prepared as 0.5%, 1.5%, 3.5%, 8.5%, 15%, and 25%.

In regard to the solar cell fabrication process, ITO-
coated glass was firstly subject to a standard cleaning process
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Figure 1: Chemical formulas of (a) P3HT and (b) PCBM.
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Figure 2: Absorption spectra of pure, 0.5%, 1.5%, 3.5%, 8.5%,
15%, and 25% doped TiO2 films.

with acetone, ethanol, and distilled water in ultrasonic
bath for 15 minutes to each cleaning agent. Later, TiO2-
and Mn-doped TiO2 gels were coated with spin coater
at 3500 rpm. These thin films were annealed at 400◦C
for 30 min, which was reached in steps of 10◦C/min. The
solar cells were designed with ITO/TiO2/P3HT : PCBM/Ag
and ITO/TiO2 : Mn/P3HT : PCBM/Ag configuration. TiO2
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Figure 3: SEM pictures of pure (a), 0.5% (b), 1.5% (c), 3.5% (d), 8.5% (e), 15% (f), and 25% (g) doped TiO2 films.

and doped TiO2 films were coated with the mixture of
P3HT : PCBM as active layer at 2500 rpm. After this, Ag
contact layers were deposited at approximately thickness of
100 nm with thermal evaporator. Current-voltage character-
istics of the samples were analyzed with (Keithley 4200 SCS)
semiconductor characterization system and (Thermo Oriel)
Solar Simulator under AM1.5 G (100 mW/cm2) standard
characterization regulations. Solar Simulator was calibrated
with reference photodiode.

3. Result and Discussion

Figure 2 depicts the UV-Vis absorbance spectra of TiO2-
and Mn-doped TiO2 films. As the doping percentage of Mn
increases, the absorbance curves shift to visible region. In
fact, it is supposed that this shift is caused by the diffusion of
Mn atoms into TiO2 lattice. The shift implies that the energy
levels of Mn atoms placed in TiO2 lattice are between the
band gap of TiO2 and the contribution to the light-induced
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Figure 4: J-V characteristic curves for TiO2- and Mn-doped TiO2

solar cells under dark circumstances (before any illumination
process).
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Figure 5: J-V characteristic curves for TiO2- and Mn-doped TiO2

solar cells under dark circumstances (after 60-minute illumination).

charge transfer [34]. Also, these kinds of red shifts are related
to the charge transfer between d-electrons of metal ions and
valance or conduction band of TiO2 [35]. The SEM pictures
of TiO2- and Mn-doped TiO2 films are given in Figure 3.
The SEM pictures show the growing of weak skeletons in the
case of Pure TiO2 as shown in Figure 3(a). As the Mn doping
percentage is further increased, branches of the skeleton are
getting stronger and these stronger branches are yielding an

obvious fiber structures particularly as seen in Figures 3(f)
and 3(g).

Figure 4 shows the dark J-V characteristic curves of
solar cells prepared by Mn-doped and pure TiO2 films. The
forward bias current of pure-TiO2-based cells is bigger than
that of the Mn-based cells. That is, injection current is more
in pure TiO2 cells. This indicates the presence of an injection
barrier imposed by Mn doping. The same cells are subject
to the same measurements under dark conditions again,
but this time these cells are exposed to illumination for
60 minutes before dark J-V measurements (Figure 5). This
time, the obtained results are entirely different from previous
measurements. Forward bias current has increased in all
cells, but this increase is much more in 0.5%, 1.5%, 3.5%, and
8.5% doping percentages. In the case of 15% and 25% Mn-
doped TiO2 cells, the increasing tendency of the forward bias
current is disrupted. This indicates that there is a threshold
value of the Mn doping in our solar cell design. When the
cells are exposed to illumination, both photoexcitation and
thermal-excitation play an important role in increasing the
number of charge carriers in (P3HT : PCBM) active layer and
highly photoreactive TiO2 layers. This could be recognized
to be the cause of the increase in current. Also, the injection
barrier mentioned for the Mn-doped cells is eliminated when
the cells are waited under illumination, so forward bias
currents are becoming more with respect to the pure TiO2

based cells.
The highest forward bias current and maximum power

conversion efficiency were observed in 3.5% Mn-doped solar
cell. The J-V plots of pure TiO2 and Mn-doped TiO2-
based solar cells under illuminated conditions are shown
in Figure 6. The power conversion efficiency parameters
obtained from these graphs are given in Table 1. There is
no improvement in the pure TiO2 solar cell when the cell is
subject to a light illumination even if forward bias current
slightly changes due to the heating of the cell. Whereas,
even very little amount of Mn doping, for example 0.5%,
causes an S-shape in reverse bias in the J-V curves, as soon
as illumination starts. In this study as the solar cells were
exposed to continuous illumination, the S-shape disappears.
After two minutes, it converted conventional solar cell shape
for % 0.5 Mn doped. This was observed in all Mn-doped
TiO2 cells. In a work, this kind of S-shape curves was
previously explained with electrical dipoles occurred at the
interface [36]. In another study, it is expressed that the reason
for S-shaped curve is charge accumulation near one of the
electrodes [37]. As for our cells, the reason for S-shaped
curve (Figure 6) was the accumulation of the charge occuring
in TiO2 due to Mn doping.

ITO/TiO2/P3HT : PCBM/Ag solar cells are actually the
inverted structures, and light is absorbed in P3HT active
layer. The excitons, which are produced in polymer active
layer, are separated at P3HT/PCBM interface, and free
electrons are diffused to ITO side by passing through
TiO2while the free holes are diffused to Ag side as represented
in Figure 7. It is obvious that the reason of S-shaped curve is
the Mn(II) ions, since there is no such a shape in pure-TiO2-
containing cells, as seen in Figure 6. In regard to possible
mechanism of this event, one can think that either the
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Figure 6: Continued.
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Figure 6: J-V characteristic curves for TiO2- and Mn-doped TiO2 solar cells under illumination.

Table 1: Designed solar cells power conversion parameters.

Mn doped FF (%) VOC (Volt) ISC (mA/cm2) η (%)

0% Mn 41 0.51 8.18 1.71

0.5% Mn 45 0.53 7.19 1.74

1.5% Mn 51 0.53 8.41 2.27

3.5% Mn 51 0.53 9.03 2.44

8.5% Mn 50 0.56 7.37 2.06

15% Mn 36 0.50 4.34 0.78
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Figure 7: Schematic representation of the energy levels in our solar
cell design (inset: the proposed solar cell assembly).

production of an electric dipole at the TiO2/P3HT : PCBM
interface or energy levels of Mn(II) ions are close to the
valance band in the band gap of TiO2 [38].

As the light illumination time is prolonged, this S shape
disappears and the power conversion efficiency reaches
2.44% in 3.5% Mn2+-doped sample. Also dependency of the
increase of the stabilization period on Mn amount reveals the

presence of a reaction between Ti and Mn atoms. Actually
Saponjic and his coworkers propose the following reaction
for this event [33]:

TiO2 : Mn(II) ⇐⇒
hv

Mn(III) + xe−cb + (1− x)Ti(III)latt (1)

For this reason, the injection barrier of the TiO2/P3HT:
PCBM interface disappears and those electrons produced in
active layer diffuse to TiO2. However, there exists a decrease
in conversion efficiency in the case of 8.5% Mn doping,
although the light exposure duration is at the order of
20 minutes. Consistently, 15% Mn doping amount causes
further decrease in the efficiency even after 30 minutes of the
light exposure duration and solar cell parameters were lost in
25% Mn-doped sample.

In terms of dependence on the doping amount and light
exposure, reasons of the S-shaped curve were tried to be
clarified by inspirations from previous works done for both
Mn and TiO2 for other purposes. In regard to the evaluation
of them in our case, the Mn(II) ions, embedded in the
TiO2 lattice, are excited by light resulting in that Mn(II) is
converted to Mn(III). Then, the excited electrons are trapped
producing in Ti(III). In this solar cell device, we can suppose
that the electrons produced in active layer follow a path from
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the TiO2 to the ITO. As the light falls on the cell, the Mn
(III) traps in the TiO2 lattice occur for the electrons from the
active layer. These electrons should pass to ITO side, but Mn
(III) traps in the TiO2 lattice capture them. The real reason
of the observed S-shaped curve can be these Mn (III) traps.
As long as the device is waited under the light illumination,
electrons fill these trap levels. After the filling of the trap
levels, the electrons transfer towards ITO effectively. In our
opinion, the use of transition metal ions in hybrid solar cell
is a serious candidate for the applications according to the
results obtained experimentally.

4. Conclusion

The goal of this work is to exploit transition metal ions in
hybrid organic solar cell. The Mn(II) ions were successfully
adapted to TiO2-based solar cells for the first time.

The S-like shape, which is observed occasionally, in the
proposed solar cells, is attained in the scope of our hybrid
design. The S-like shape is dependent on the Mn doping
amounts and light exposure time (it disappears after long
exposure time) for yielding an efficient solar cell. Maximum
power conversion efficiency was obtained to be η = 2.44%
for 3.5% Mn-doped TiO2 solar cell. Isc value is considered
to be 9.03 mA/cm2, which is a maximum in this efficient cell
and Voc value is 0.53 V, which is a constant in all cells. This
efficient cell reaches stability after 10-minute illumination.
But further doping with Mn(II) ions resulted in decaying
of the efficiency despite having longer stability periods. 25%
Mn-doped cell could not reach desired stability and the cell
parameters could not be measured for it even after 45-minute
illumination.
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