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Abstract We propose a solar cell design using the com-
bination of titanium dioxide (TiO,) and graphite as active
photon absorbing materials. TiO, absorbs photons of nearly
ultraviolet wavelengths to produce electron-hole pairs,
while graphite is expected to absorb photons of longer
wavelengths. Although many authors have claimed that
graphite is a semimetal, we observed that a model of a solar
cell containing TiO, only as the active material behaves
exactly the same as a model containing graphite only as the
active material. Additionally, we observed that a model of
a solar cell made using a composite of TiO, and graphite as
the active material had much higher efficiency than solar
cells made using TiO,- or graphite-only active materials.
Although the highest efficiency we report here is approx-
imately 1 %, our proposed solar cell structure is promising
for mass application, especially in low-income settings,
owing to its easy and flexible fabrication, and easy large-
scale application.

Keywords Graphite - Titanium dioxide - Solar cell -
Nanoparticles

Introduction

In recent years, many attempts have been made to produce
solar cells using cheaper materials, and easily applied and
readily scalable methods, because the manufacturing pro-
cess consists of only a few simple steps: spraying of TiO,
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suspension on the TCO’s surface, electroplating of metallic
bridges, adhesion of polymer electrolyte, and fixing a
counter electrode [1-5]. Although the efficiency of our
solar cells does not match the efficiency of presently
applied solar cells, our solar cells might compete with
presently applied solar cells economically, especially when
considering factors such as production and maintenance
costs and efficiency.

Although the application of TiO, in solar cells is not
new, the principle and implementation of its application in
presently applied solar cells and in our proposed model
greatly differ. The commonly used structure is a dye-sen-
sitized solar cell [6], with TiO, used as a conductive
medium for the transport of electrons from the dye to the
electrode. In the proposed structure, TiO, particles play the
role of a photon absorber and the produced electrons are
transported to the electrode through metallic bridges.

We used TiO; as an active material that absorbs photons
and converts them into electric current. This material has a
band gap around 3.2-3.8 eV, allowing the effective
absorption of ultraviolet light. Only a few electron-hole
pairs are produced when the material is illuminated by the
solar spectrum. To enlarge the absorption band of TiO,, the
doping of pure TiO, with V, Cr, Mn, Fe, Ni, or Au [7, 8]
and Pt, Rh, Au, Pd, Ni, or Ir [9] has been reported. The
cited studies claim that the band gap of TiO, is reduced by
doping, resulting in an increase in visible-spectrum
absorption and, thus, higher solar cell performance. Instead
of doping pure TiO,, we have tried using impure (low-
grade) TiO,, which is found in nature [10]. Previously, we
have demonstrated that impure TiO, has a wider absorption
spectrum [1-4, 9] than pure TiO, and have applied the
material in developing solar cells [1-5].

In addition to the absorption band, the lifetime of elec-
tron—hole pairs produced in the TiO, must be considered
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because it directly determines the photon-to-current con-
version. The lifetime of an electron-hole pair in TiO, is
very short and potentially limits the efficiency of photon-to-
current conversion. The electron and hole in anatase TiO,
undergo non-exponential decay, where the whole popula-
tion decays within in a few nanoseconds and the electron
population persists for periods up to microseconds [11].

In previous works we deposited copper particles in the
space between TiO, particles to suppress electron—hole
recombination and observed greatly improved efficiency
[1-5]. The formation of metal (Cu) and semiconductor
(TiO,) produces a high Schottky barrier that facilitates
electron capture by the metal. Vorontsov reported that Pt-
TiO, has the highest Schottky barrier and a longer elec-
tron—hole separation time [12, 13]. Similarly, the Cu-TiO,
contact in the present work might lengthen the lifetime of
electron—hole pair separation and allow enough time for
electrons to migrate into the metal and transport through
the copper bridge. Hoffmann et al. stated that although the
electron—hole pair lifetime is only a few nanoseconds, it is
long enough for electrons to migrate to the TiO, surface
and then be captured by the metal [14].

The conduction band and valence band of TiO, are
produced by different orbitals. The valence band is
developed by the d-orbital while the conduction band is
developed by the s-p hybridized orbital [15]. This leads to
different parity of the electron and hole pair, which sup-
presses the recombination probability.

In the present work, we propose a method of further
improving the efficiency of TiO,-based solar cells by
adding particles capable of absorbing visible light. A
mixture containing such particles and TiO, particles is
expected to absorb more photons, with wavelengths
approximately ranging from the ultraviolet to the red
region. Previous investigations aimed to devise a strategy
for improving solar cell efficiency using materials with
different absorption bands. Kim et al. added a low-band-
gap material to a main absorbing material to improve the
efficiency of a plastic-based solar cell [16]. Peet et al.
developed a tandem solar cell by combining the functions
of low- and high-band-gap materials to widen the absorp-
tion range and observed improved efficiency [17]. The
important difference between the previous method and the
method reported here is the use of a cheap material and
simple processing.

In the present work, we mix graphite particles with TiO,
particles. The use of graphite as a conducting and catalytic
counter electrode for dye-sensitized solar cells has
improved efficiency [18]. However, to our knowledge, the
use of graphite as a photon-absorbing material in a solar
cell has not been investigated. Graphite is a semimetal with
a valence and conduction band that overlap by around
0.03 eV [19, 20].
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Method

The structure of the solar cell reported here is schemati-
cally shown in Fig. 1. The solar cell is composed of fluo-
rine-doped tin oxide (FTO) as a transparent electrode,
photon-absorbing particles, a polymer electrolyte and a
counter electrode. We trialed three composites as photon
absorbing particles: TiO, only, graphite only, and a mix-
ture of graphite and TiO,. We also deposited a copper
bridge in the space between particles to facilitate electron
transport [1-5].

First, we made suspensions of TiO, only, graphite only,
and TiO,/graphite mixtures with different weight ratios in
distilled water. The powders were homogeneously stirred
in distilled water for 1 h. The homogeneous suspension
was then sprayed (30 times) onto the FTO surface, and
heated at 200 °C to produce a thick film. The film was then
heated at temperatures of 100, 200, and 300 °C for 20 min
to evaporate water and to create better contact between the
film and FTO surface.

We deposited copper in the space between particles by
electroplating. Electroplating was conducted in a bath
containing electrolyte liquid. The temperature of the bath
was 55 °C. The electrolyte liquid was made by dissolving
14.999 g of CuSOy into 120 ml of distilled water. A copper
rod (99.99 % purity) was used as an anode, and the com-
posite film as a cathode. The deposition time was con-
trolled to be 10 s, the voltage was 5V DC, and the
separation of the anode and cathode was 2 cm.

A polymer electrolyte was made by dissolving 0.18 g
LiOH (Kanto, Japan) in a beaker containing 10 ml distilled
water and by dissolving 1.8 g polyvinyl alcohol (PVA)
(Bratachem, Indonesia) in another beaker containing 20 ml
distilled water. Each beaker was then stirred for 1 h.
Subsequently, the LiOH solution was mixed with the PVA
solution and stirred for 3 h at 100 °C to produce a gel-like
electrolyte. The electrolyte was smeared manually on the
film surface. Aluminum, used as a counter electrode, was

FTO

Particles

Polymer

\éj %%@Wﬁ@_ electrolytes

Counter
electrode

Fig. 1 Schematic of solar cells investigated in this work. The solar
cell is composed of a transparent conductive electrode (fluorine-
doped tin oxide, FTO), photon absorber particles, polymer electrolyte,
and a counter electrode
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then affixed to the opposite side of the electrolyte using a
clamper on both sides of the cell. The thickness of overall
solar cell structure is around 3 mm, including FTO and
aluminium counter electrode, and the cross section area is
1 em?.

The morphology was observed using a scanning electron
microscope (SEM) (JEOL JSM-6360LA, operated at
20 kV). A current—voltage (IV) meter (Keithley 617) was
used to measure the performance of the solar cell. The
measurements were made under illumination. The mea-
surements were set up under XENOPHOT 64653 HLX
ELC 24 V, 250 W GX5.3 OSRAM lamp illumination with
light intensity of 900 lumens (45 W/m?) and the light
intensity was measured using a lux meter.

Results and discussion

We first analyzed the I-V behavior of solar cells containing
TiO, only, graphite only, and a mixture of TiO,/graphite as
the photon-absorbing material as shown in Fig. 2. All
samples contained deposited Cu as an electron bridge to the
FTO electrode. It is interesting to observe that the I-V
behavior of the solar cell containing graphite as the active
material was similar to that of the solar cell containing
TiO, as the active material. The efficiency of the solar cell
containing TiO, was only 0.03 % while that of the solar
cell containing graphite was a much higher 0.12 %. A
further increase in efficiency was achieved with a mixture
of TiO, and graphite as the active material. Using a weight
ratio of 8 % of graphite relative to TiO,, efficiency of
0.27 % was achieved as displayed in Fig. 2.

It is clear that the mixture of TiO, and graphite achieved
higher efficiency. However, the maximum observed effi-
ciency of 0.27 % remains low. Achieving a much higher
efficiency remains a challenge. To this end, we investigated
the deposition of multiple absorbing layers. Our basic
assumption was that some of the radiation penetrating the
solar cell was not converted into electricity. Thickening the
active layer may maximize the photon absorption and thus
improve the efficiency of conversion. We used an active
layer of the TiO,/graphite mixture with a weight ratio
(graphite/TiO,) of 8 %w/w. We deposited one, two, and
three layers. Nair et al. confirmed the effects of film
thickness on the structural, optical, and luminescence
properties of TiO, prepared by radio frequency magnetron
sputtering [21]. We expect that the film thickness also
affects the efficiency of the solar cell.

Figure 3 clearly shows that, compared with the case for
one layer, two active layers provide higher efficiency at
1.09 %, with a fill factor of 0.28. One active layer is unable
to absorb all photons, with some of the light penetrating the
cells not being used to generate current. The realized
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Fig. 2 Current-voltage characteristics of solar cells containing an
active layer of TiO, only (triangle), graphite only (circle) and a
mixture of TiO,/graphite (square) with a graphite/TiO, ratio of
8 %w/w. The fill factors and efficiencies of the solar cells are 0.33
and 0.03 %, 0.29 and 0.12 %, and 0.26 and 0.27 % for cells
containing TiO, only, graphite only, and a mixture of TiO,/graphite,
respectively
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Fig. 3 Effect of the number of active layers on the current-voltage
characteristic of the solar cells: (circle) one layer, (square) two layers,
and (triangle) three layers. An active layer is composed of TiO, and
graphite with Cu particles deposited in the space between TiO, and
graphite particles. The measurement was made under a xenon lamp
with illumination intensity of 37.38 W/m?

efficiency was thus only 0.35 %. Using two layers maxi-
mizes photon absorption and achieves a greater light-to-
current conversion (efficiency). Further increasing the
number of layers reduces the efficiency; the efficiency was
only 0.29 % for three layers. It is likely that the third layer
did not receive any photons, with all photons being
absorbed by the first and second layers. The creation of
electrons and holes thus occurs optimally in the first and
second layers.

The number of electrons produced by the solar cell is
nearly the same for two layers and for more than two active
layers. However, the use of more than two layers adds
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more space for electrons to spread out and some move
away from the electrode. This electron will have enough
time to recombine again with a hole and does not take part
in the generation of current. Consequently, the efficiency of
the solar cell is reduced.

In this experiment we have used the illumination
intensity of 37.38 W/m? to determine the efficiency of the
solar cells. We assume that the observed efficiency will be
not much different when using different intensities. This
assumption is based on the equation of the solar cell effi-
ciency &€ = (Pmax/Pin) X 100 %, where Py, is the power of
illumination and P,,,x is the maximum value of the mul-
tiplication of current and voltage. If the intensity of illu-
mination is increased, the resulting current will change, and
multiplication of the current and voltage which producing
the maximum power increases. This conclusion is strongly
supported by El-Shaer et al. report [22]. They investigated
the dependence of current, voltage, fill factor, and effi-
ciency on light intensity for mono C-Si and poly C-Si solar
cell modules. The experiments were carried out in the light
intensities between 0.2 and 1.0 of the sunlight’s intensity at
temperature of 25 °C. They found the current increased
linearly with light intensity. The voltage and efficiency of
the solar cell module experienced a small rise with light
intensity. They also investigated the fill factor dependency
on light intensity and observed that the fill factor was
nearly independent of light intensity.

To further assure the results, we measured directly the
efficiency of the solar cells containing an active layer of
TiO, only at two different illumination intensities:
37.38 W/m” and 213 W/m?. The results of measurement
are displayed in Table 1. It appears that P, at intensities
of 37.38 W/m?> and 213 W/m*> are 0.33 pVA and
2.68 uVA, respectively. The ratio of P, to intensity of
illumination are 0.33/37.38 = 0.009 and 2.68/213 = 0.013
at intensities of 37.38 W/m? and 213 W/m? respectively. It
might be concluded that different illumination intensities
produced nearly the same efficiency.

Figure 4 shows the effect of number of spray layers on
efficiency and Iy current. It appears that initially the effi-
ciency increases with the number of layer and then
decreased when further increasing the number of layers.
Similar observations have been reported by other
researchers, including for solar cells made from different
materials. For example, Li et al. reported the effect of
thickness on efficiency of solar cell made from poly(3-
hexylthiophene) [23]. They observed that the efficiency
initially rises with increasing thickness of the active layer
and then dropped after reaching the optimum thickness.
Zheng et al. investigated the effect of thickness of poly3-
hexylthiophene:6,6-phenyl C61 butyric acid methyl ester
P3HT:PCBM active layer on the solar cell efficiency [24].
They varied the thickness from 130 nm to 1200 nm and
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Table 1 Voltages and currents of the solar cell having TiO, active
layer only at two different illumination intensities: 37.38 W/m? and
213 W/m®

Intensity 37.38 W/m? Intensity 213 W/m?

V() T@A) VxI(VA) V (V) TI@EA) VxI(@uVA)
0 6 0 0 44 0

0.05 5.85 0.29 0.05 40.75 2.038

0.1 2.35 0.24 0.1 26.63 2.66

0.15 22 0.33% 0.15 17.88 2.68%

0.22 0 0 0.2 8.75 1.75

0 6 0 0.25 2 0.5

- - - 0.26 0 0

* Marks the multiplication voltage and current that producing maxi-
mum value (Ppaks)
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Fig. 4 Effect on the number of layers on efficiency (circle, left axis)
and I (three angle, right axis)

observed the efficiency initially increased with active layer
thickness from 130 nm to 830 nm, and then decreased with
active layer thickness when the thickness is above 830 nm.
Islam et al. investigated the influence of thickness on the
optical characteristics of the blend of poly (3-hexylthio-
phene) (P3HT) and Phenyl C61 butyric acid methylester
(PCBM) used as an active material [25]. The active
material was deposited on ITO by spin-coating method.
They found that the absorption of the active layer increases
with active layer thickness. Yu Xie et al. investigated the
effects of thickness on light absorbance of P3HT:PCBM
thin-films which is used as an active layer in polymer solar
cells (PSCs) [26]. This active material was deposited using
spray method. The thickness was varied from 60 nm to
80 nm. It is again confirmed that light absorbance
increased with increasing active layer thickness.

Here we propose a simple model to explain the effect of
the active layer thickness on the solar cell efficiency. The
assumptions used in this model are the TiO, films are
homogeneous regardless of thickness and photoelectrons
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generated at any point will move in all directions with
equal probability. It should be emphasized that the pro-
posed model is just a simple qualitative models, merely to
show that the efficiency indeed increases and then
decreases with increasing the active layer thickness. Pre-
dictions from the model are also not confronted directly
with the experimental data.

As an illustration, look at Fig. 5. Light comes from the
left side with intensity I, penetrates the TCO and falls on
the active layer to produce electron-hole pairs. If the cross-
sectional dimension is very large compared to the thickness
dimension, the generated electrons at any point can be
considered to move to the right or the left directions only
with equal probability. Electron moving to the left reaches
to the electrode directly. Electron moving to the right will
be reflected by the right edge of the active layer, and turns
to the left toward the electrode. The electrons have a
specific lifetime. Thus not all the electrons can reach the
electrode due to recombination with holes during the trip.
The efficiency of a solar cell is determined by the number
of electrons reaching the electrode.

At position x measured from the left surface of the
active layer, the light intensity drops to I(x) = Ipe™ ™ with
o is the absorption coefficient. The number of electrons
generated in the active layer element with thickness dx is
proportional to the intensity of the light falling on the
elements and the element thickness, or

dg(x)dx = ylye *"dx (1)
with v is a constant. Assuming the cross section dimension

is very large compared to the thickness dimension, the
electrons generated in the element dx effectively flow in

dx
TCO
1=l e
Iy
-
EpS | PE
Tio,
.
X
D
Toload

Fig. 5 Model of absorption of light by the solar cell active layer.
Light comes from the left side with intensity I, penetrates the TCO
and falls on the active layer to produce electron—hole pairs

both directions (left and right). Half the electrons flow
directly toward the electrode and the other half flow away
from the electrode, reflected by the right edge of the active
layer, and then flow back toward the electrode. If v is the
average velocity of the electrons then the time required by
electron to reach the electrode in the two directions of flow
are t; = x/v and t, = (2D — x)/v, respectively.

The photogenerated electron in a semiconductor mate-
rial has a lifetime, 1, namely the average life time of
electrons in the material before recombining with holes. In
the presence of this lifetime, the probabilities of electrons
moving directly to the electrode and electrons which are
reflected by the right edge of the active layer to reach the
electrode are p; o exp(—t;/1) and p, o= exp(—t./1),
respectively. Thus, the number of electrons generated by
the elements dx reaching the electrode is proportional to

dQ(x) o< dg(x)[p1 + p2]
o Ioe—ooc [e—x/vr + e—(2D—x)/vT] dx (2)

o IO |:ef(1+l/vr)x + ef(atfl/vr)x672D/vr:| dx

The efficiency of the solar cell is proportional to the
total number of electrons reaching the electrode. Therefore,

D
e = ﬁ[o/ (e*(oﬁtl/vr)x + €7<a71/VT)X672D/VT>dx
0
= Blo ! — 20 —(o+1/vt)D LD/W
a+ /vt o2 —1/v212 e

(3)

with f is a new constant. If we define & = 1/avt, the
efficiency can be written as

BIO |: 1 2~ (148D erﬁD:|
g ="— -
o [14¢ 1- & 1-¢

Figure 6 is an illustration of the calculation result using
Eq. (4). As mentioned earlier, we are not confronting
models with observational data. We only intend to show
qualitatively that the efficiency initially rises then falls with
increasing the active layer thickness. More accurate model
that takes into account more factors that contribute to the
efficiency and direct comparison with experimental data
are being explored.

The maximum value of efficiency occurs at thicknesses
that satisfies de/dD = 0, or

20(1 + &)e 149D B 2ofe2ED

+ (4)

1-& e
which produces
Iné
D=——"— 5
A1- 5 )
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Fig. 6 Illustration of the calculation results using the Eq. (4) for
¢ =0.15 and ¢ = 0.25. Qualitatively it appears that efficiency
increases and then decreases with increasing the active layer thickness

An SEM image of a graphite film sprayed onto an FTO
substrate is shown in Fig. 7a. The particles are of
micrometer size. An SEM image of the graphite/TiO,
composite inserted with particles copper is shown in
Fig. 7b. The average size of a TiO, particle is approxi-
mately 160 nm, while the copper particles are larger than
the TiO, particles.

We also estimated the final thickness of the active layer
after spraying several times on the TCO. Figure 8 is a SEM

SEl 15 kV WD 11 mm SS30 x 15,000 1pm

Fig. 7 SEM images of a graphite and b Cu/graphite/TiO, film
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Fig. 8 SEM image TiO2/graphite results of 30 times spraying on the
surface of the TCO

image TiO,/graphite results of 30 times spraying on the
surface of the TCO. It appears from the image that the final
thickness of the active layer is between 15 and 30 pm.

The ultraviolet—visible light characterization of the
composite graphite/TiO, film is presented in Fig. 9. The
graphite/TiO, film absorbs a wide range of the solar
spectrum, from less than 400 nm to more than 850 nm. The
film absorbs a wider solar spectrum than pure TiO, does.
Pure TiO, only absorbs the solar spectrum below 400 nm.
It is clear that the use of the active layer of graphite and
TiO2 enhances the absorption in the visible region, despite
the decrease in absorption in the ultraviolet region. This is
important because the content of the ultraviolet light of the
sun is less than 8 % [1] and most of the spectrum spread in
the visible to the infrared region. Decrease of absorbance in
the ultraviolet region and an increase in the absorbance in
the visible region and longer wavelengths accumulatively
increase efficiency.

100 T T T T T T
—TiO,
—— Graphite
— 80 — Graphite/TiO, -
X
8 601 i
c
©
Qo
S 40- i
17}
e
<
20 b
0 L ——

T T T T T
300 400 500 600 700 800 900

Wavelength [nm]

Fig. 9 Ultraviolet-visible light characterization of pure TiO,,
graphite and graphite/TiO, Composite
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Fig. 10 a Tauc plot of the UV spectrum and b EDX spectrum of
graphite used in this work

Graphite has a wider band of absorption but this does
not mean the absorbed photons were used to produce
electron—hole pairs. However, we observed a strange phe-
nomenon. Although graphite is a semimetal, its function is
similar to that of TiO, when applied to make solar cells
having the structure reported in [1]. Why does a semimetal
function similarly to a semiconductor? It remains unclear
whether phenomena other than electron—hole pair produc-
tion play a role in this. Garcia et al. found evidence for the
semiconducting behavior of Bernal graphite with a narrow
band gap [27], but it is unclear whether the graphite used in
the present work exhibited semiconducting behavior.

We directly measured the absorbance of graphite used in
this work. Figure 10a is Tauc plot of the UV spectrum of
graphite used in this work. We estimated that the band gap
is about 1.8 eV. This value is much greater than the values
reported previous researchers of around 0.03 eV [19, 20].

We assume that this difference is caused by graphite we
used in this work is not a graphite with a very high purity.
This assumption is supported by EDX data as shown in
Fig. 10b. It appears that the graphite that we have used a
purity of only 90 % and there are about 10 % of other
elements such as oxygen, aluminium, and silicon. The use
of graphite with a low purity is intended to reduce material
cost in the manufacturing of solar cell.

Further work is required to improve the properties of the
presently proposed solar cell. Because the presently
reported model’s efficiency is lower than that of commer-
cial p—n junction or dye-sensitized solar cells, greatly
improving the efficiency of our proposed model remains an
important objective. Additionally, the stability of the solar
cells (e.g., how long the solar cell can maintain its function
before decaying) must be explored intensively.

Conclusion

We demonstrated that a design of solar cells having a
TiO,/graphite mixture as an active (absorber) material can
reach an efficiency of approximately 1.09 %, much higher
than solar cells using TiO, only (0.03 %) or graphite only
(0.12 %) as the active material. Owing to its easy and
flexible fabrication, and easy scaling up to very large areas,
the reported solar cell model is promising for mass appli-
cation, especially in low-income communities.
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