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GRAPHENE AS A MATERIAL FOR SOLAR CELLS APPLICATIONS

ABSTRACT

Graphene is a two-dimensional material with honeycomb structure. Its unique mechanical, physical electrical
and optical properties makes it an important industrially and economically material in the coming years. One of
the application areas for graphene is the photovoltaic industry. Studies have shown that doped graphene can
change one absorbed photon of a few electrons, which in practice means an increase in efficiency of solar panels.
In addition, graphene has a low coefficient of light absorption 2.3% which indicates that is an almost completely
transparent material. In fact, it means that solar cells based on graphene can significantly expand the absorbed
spectrum wavelengths of electromagnetic radiation. Graphene additionally is a material with a very high tensile
strength so it can be successfully used on the silicon, flexible and organic substrates as well. So far, significant
effort has been devoted to using graphene for improving the overall performance of photovoltaic devices. It has
been reported that graphene can play diverse, but positive roles such as an electrode, an active layer, an
interfacial layer and an electron acceptor in photovoltaic cells. Research on solar cells containing in its structure
graphene however, are still at laboratory scale. This is due to both lack the ability to produce large-sized
graphene and reproducibility of its parameters.
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INTRODUCTION

Graphene calls great interest throughout the international scientific community. The first
person who described graphene was Hanns-Peter Boehm. In 1962, he characterized it as a
carbon-dimensional structure observed by X-ray diffraction, while research on allotropic
varieties atoms (observing the fine particles of graphite) [1]. For the first time managed to
isolate graphene in 2004 a group of British and Russian scientists Andre Geim and Konstantin
Novoselov. It is now known that graphene is composed of a single layer of carbon atoms
forming the honeycomb structure (Fig.1) [2]. It is made up entirely of carbon atoms bound
together in a network of repeating hexagons within a single plane just one atom. The length of
the bonds between the carbon atoms is about 0.0142 nm [3-6].



68 ADVANCES IN MATERIALS SCIENCE, Vol. 15, No. 4 (46), December 2015

s L8,

N g p——

Fig.1. Structure of graphene [2]

The strongest bond in nature, the C-C bond covalently locks these atoms in place giving them
remarkable mechanical properties. Conducted in 2009, the study determine the elastic limit of
graphene in the range of 1 TPa, and Young's modulus of 0.5 TPa. This material is 100 times
stronger than steel. And if so, graphene can come into the new super durable, yet very
flexible materials replacing or reinforcing plastic and metal. To be able to introduce such use
graphene need to find him a suitable substrate. In nature, pure graphene is absent, because it's
thin petals in the air immediately are crease or curl. What is needed is so material on which
graphene could be stretched so as not to lose its mechanical properties while remaining
flexible. Carried out so far studies show that as the substrate is very well suited carbide
silicon, nitride boron and copper. When the researchers will manage to overcome the problem
of graphene settle on a suitable substrate and hence the possibility of using it on an industrial
scale, will have a new generation of composite materials. They can then be used for the
production of car bodies and aircraft [7-10].
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Fig. 2. Transmittance for an increasing number of layers. Inset, sample design for the experiment, showing a thick
metal support structure with several apertures, on top of which grahene flakes are placed [11].
Reprinted with permission from Nature
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Heat ranged from 4840 + 440 to 5300 + 480 W / mK, which is more than double that for
diamond (whose thermal conductivity is from 900 to 2320 W / mK). Moreover, in its pure
form it conducts electrons faster at room temperature than any other substance. Graphite is
also resistant to mechanical stress. It can be stretched by 20 percent without the risk of
rupturing. Graphene is also extremely thin. Instruments made from graphene could be the
thinnest objects imaginable. At the same time graphene is transparent, one layer absorbs about
2,3 % light (Fig.2) [11]. Additionally, graphene has a flat transmittance spectrum from the
ultraviolet (UV) region to the long wave length infrared (IR) region [12].
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Fig. 3. Schematic of inorganic solar cells with graphene [11]. Reprinted with permission from Nature
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Fig. 4. Schematic of dye-sensitized solar cells with graphene. The |- and I-3 ions transfer electrons to the
oxidized dye molecules, thus completing the internal electrochemical circuit between the photoanode
and the counter-electrode [11]. Reprinted with permission from Nature
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Fig. 5. Schematic of organic solar cells with graphene [11]. Reprinted with permission from Nature

GRAPHENE SYNTHESIS

So far, many methods of graphene preparation have been developed. As it is known, the
manufacturing technique has a great influence on the characteristics and application of this
material. The most common methods of producing graphene with a brief discussion of their
feasibility for applications in solar energy devices are shown below.

Dry exfoliation - micromechanical cleavage

Dry exfoliation is the splitting of layered material into atomically thin sheets via
mechanical or electrostatic forces [14]. The most well-known technique of graphene
producing in this group of methods is micromechanical cleavage. It is based on a mechanical
peeling from the High Oriented Pyrolytic Graphite (HOPG) of a single- or few - layer
graphene flakes using simple scotch tape or atomic force microscopy (AFM). This technique
permits to obtain a material with very good parameters. Graphene prepared in this manner is
characterized by high carriers mobility [12,14]. Unfortunately, micromechanical cleavage is
impractical for large scale applications, but it is still the method of choice for fundamental
studies. Due to its high quality, the first substantial experiments (eg. quantum Hall effect)
were conducted [12,14].

Liquid-phase exfoliation (LPE)

Graphite may also be exfoliated ultrasonically in liquid environments. This process usually
consists of three stages: dispersion of graphite in a solvent; exfoliation and purification-
which is required to separate of exfoliated from un-exfoliated flakes [14, 20,21, 22].

LPE of graphite oxide
One of the best known techniques of the liquid phase exfoliation is the graphite oxide (GO)

exfoliation. This method consists of several steps: 1) the oxidation of graphite, 2) the
dispersion of oxidized graphite layers in the solvent, 3) the reduction of GO to grapheme [14].
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Graphite is oxidized using Hummer method by its reaction with sodium nitrite in sulfuric
acid and potassium permanganate. GO flakes can be produced via sonification, thermal
expansion or stirring of graphite oxide [21]. Graphite oxide is luminescent under continuous
wave irradiation. Visible excitation gives a broad photoluminescence spectrum from visible to
nearinfrared, while blue emission is detected upon ultraviolet excitation. This makes GO an
interesting material for bio-imaging and lighting applications (e.g. light emitting devices). Till
date, several reports have been demonstrated on the application of GO for organic solar cells,
organic memory devices, Li ion batteries, and many more [12,14,21]. In order to reduce the
graphite oxide are used methods which involves treatments by hydrazine, hydrides, p-
phenylene, hydroquinone, as well as dehydration or thermal reduction. Graphite oxide and
reduced graphite oxide (rGO) can be deposited on different substrates. GO and rGO are ideal
for composites, due the presence of functional groups, which can link polymer. However, this
method of graphene production has several short-comings, such as small yield, defective
structure, and incomplete reduction of graphene, which readily degrade the graphene
properties.

LPE of intercalated graphite

Another known technique of exfoliation in the liquid phase is graphite intercalation.
Intercalated graphite is formed by periodic insertion of atomic or molecular species
(intercalants) between graphite layers. Intercalated graphene is classified in terms of
”staging” index m which is the number of graphene layers between two intercalant layers
[12,14]. Thus, e.g., a stage 3 intercalated graphene has each 3 adjacent graphene layers
sandwiched by 2 intercalant layers. It should be emphasized, that intercalation of atoms or
molecules with different m gives rise to a wide variety of magnetic, electrical and thermal
properties. Intercalated graphene have potential as highly conductive material [12]. For the
intercalation of graphite alkali metal ions are used. The major types of alkali metal ions are
Li, Na, K, and Cs. The main reason for the use of such ions is the fact that these ions readily
react to form intercalated graphite structure. Intercalation requires a high vapor pressure (i.e.,
~3 — 5 atm) to enable intercalants to penetrate between the graphite layers [12,14]. The
exfoliation process of intercalated graphene is often called “spontaneous” due to the absence
of ultrasonication, but it requires mechanical energy, frequently provided by stirring. To date
it is-possible to exfoliate of intercalated graphene to give flakes with lateral sizes ~20 um and
mobilities of ~tens cm2 V—1s-1. Liquid- phase exfoliation of intercalated graphene is time
consuming process. Thus obtained graphene has tendency to oxidize [12,14].

Growth on SiC

One of the techniques for producing graphene on a SiC substrate is sublimation. It involves
annealing of SiC at high temperature, typically above 1300°C, in which the silicon
sublimates. As a result, the carbon on the surface is formed. Whilst maintaining the relevant
parameters of the process, carbon can create the structure of grapheme [14,19].

Another technique for the preparation of graphene on a SiC substrate is the carbon deposition
from the gas phase (CVD), so-called vapor phase epitaxy. This method involves stopping the
sublimation by using a suitable flow of argon in the reactor and the deposition of carbon films
from a hydrocarbon (eg. propane) added to the carrier gas [19].

The size of thus produced graphene is limited only by the size of the used substrate.
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Unfortunately, graphene grown on SiC is strongly influenced by the substrate and therefore is
highly sensitive to imperfections. In addition the transfer of graphene from SiC to other
substrate is difficult. Therefore these restrict the using of such produced graphene for solar
cell applications [12,14,19].

Synthesis by chemical vapor deposition method

Another well known method is the preparation of graphene by chemical vapor deposition
method (CVD) on metallic substrates (Cu, Ni, s Pt, Pd, Ru, Ir, Co itp.) [15,16,25]. Thus
obtained layers can be transferred to non-metallic substrates, such as, for example silicon
covered by a SiO; layer, or organic materials. The formation of graphene on metallic
substrates through CVD follows a two-step mechanism. The first step is the dilution or
incorporation of carbon into the metal, which is then followed by the formation of a graphene
through rapid cooling, also known as segregation [14-16,25]. Graphene grown on metals
seems to be ideal for use in transparent electronics - such as for the construction of solar cells,
touch screens and similar applications, using transparency and conductivity of graphene. This
method for manufacturing graphene is inexpensive and can be used on a mass scale. Although
large-scale graphene can be obtained by the CVD process, however, achieving large-scale
homogeneous layer of graphene is still under challenge. Additionally, grain boundaries and
ripples formation in graphene during synthesis processes causes defect formation in graphene.
Hence, those defects create a major charge scattering and deteriorate graphene’s optical,
electrical and thermal properties [12].

The growth of a polycrystalline graphene from a liquid phase

A promising method for manufacturing graphene is the synthesis from liquid metallic phase
[15, 23,24]. The preparation of polycrystalline graphene from the liquid phase consist of
following stages. In the first step the multilayer metal substrate - a composite of Cu / Ni (72%
Cu, 28% Ni) is formed. Then, the composite is heated to a temperature of 1200 — 1250°C in
an atmosphere of argon at a pressure of 100 kPa. In the next step the gas mixture with the
following chemical composition is given: acetylene, hydrogen and ethylene in the ratio of 2:
1: 2, at a pressure of 3kPa [15]. Prepared in this manner graphene has high homogeneity in
terms of the number of carbon layers and the degree of defect, compared to CVD graphene.
Such a high homogeneity is due to atomically smooth surface of the substrate used in the
synthesis process [15,23,24]. Single graphene flakes, depending on the production parameters
may reach the size from several micrometers to even 1 mm [15]. This method can be used on
a mass scale, and the dimensions of the prepared graphene are limited only by the size of the
substrate.

PARAMETERS CHARACTERIZING A SOLAR CELLS

The most important parameters a characterizing the properties of photovoltaic cells are:
- current-voltage characteristic [Fig.]
- current density (Jsc) [mA / cm’]
- the open-circuit voltage (Voc) [V]
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- fill factor (FF)

- power conversion efficiency n = PCE [%]

- stability in air
In research on new solar cells or modifications of existing cells ones is precisely these
parameters are compared with each other to determine whether a new type of cell has better or
worse properties.
The basic characteristic defining the important parameters of a solar cell is current - voltage
characteristic. With this characteristics we can read such values as short-circuit current Isc
and open-circuit voltage Voc. Furthermore, you can determine the current Im and the voltage
Vm for maximum power cells. With this data is easy to calculate further parameters such as:
the fill factor FF, the maximum power Pmax or cell efficiency n. Current - voltage
characteristics for ideal solar cell should be in the shape of a rectangle with sides Isc and Voc.
In practice, of course, we did not find the perfect cell. The maximum power of the actual cell
is always smaller than the cell's power ideal, equal to the product of open circuit voltage Voc
and short-circuit current Is [26-28].
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Fig. 6. Current - voltage characteristics of the solar cell not illuminated (dotted line) and illuminated (solid line)

The short-circuit current density (JSC) is typically reported to allow comparison between
devices whose dimensions may vary.

Fill factor (FF) is an important parameter that determines the power conversion efficiency of
an organic solar cell. It shows the extent to which current-voltage characteristics of the PV
cells is close to ideal, that is, the area of rectangle. Fill Factor is calculated as a percentage
(dimensionless) as a ratio of the area of a rectangle with sides Im and Vm to the field
rectangle with sides Isc and Voc [26-28].
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Power conversion efficiency n = PCE is the ratio of the maximum power recovery in the cell
to the radiation power of sunlight falling on the cell. It can be calculated with the following
formula:

IV

mp " mp
J-S

1- efficiency of the cell, J - the intensity of the radiation incident on the cell [W/m?]
S - the surface area of the cell [m’]

n=

GRAPHENE FOR SOLAR CELLS

In recent times the number of appearing publications on photovoltaic cells containing in its
composition graphene is huge. It is surprising, however, that in all this vastness of scientific
reports it is difficult to find a translation of laboratory results obtained in the study properties
of cells on their real application.

Enzheng at al achieved improvement of graphene—Si solar cells by embroidering graphene
with a carbon nanotube spider-web. Result show that the power conversion efficiency (PCE)
of the CeG—Si solar cell has been improved to15.2%, higher than previous cells using only
graphene. The study showed that the solar cells CeG-Si are more stable in air which is an
important property when it comes to the use of photovoltaic cell. Also important parameter of
cells is the fill factor FF. This parameter reached 75.5%, which represents increase of 25%
compared to cells without carbon nanotubes [31].

In Department of Chemical Sciences, Tezpur University was manufactured
polythiophene/graphene composite as a highly efficient platinum-free counter electrode in
dye-sensitized solar cells (Fig.7) [32].
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Fig. 7. Schematic diagram for assembly of DSSCs based on PTh/GR composite [32].
Reprinted with permission from Nano Energy

Haoran at al fabricated by using simple spin coating steps a multistage structure dye-
sensitized solar cell (DSSC), which consists of Ag nanowires (AgNWs), TiO2 nanoparticles

and graphene wrapped TiO2 mesoporous microspheres (GTMs) (Fig.8). Modified the
bandgap of GTMs by using graphene to allows the light absorption of GTMs in the visible

light region and at the same time improve the power conversion efficiency (PCE) of DSSCs.

The results showed that a PCE of 7.42% was achieved for the DSSC co-modified by GTMs
and AgNWs, which was about twice as much as that for the DSSCs only with a TiO2
nanoparticle layer (with a PCE of 3.53%). Parameters such as: VOC (open circuit voltage),

JSC (short circuit current), FF (fill factor) and PCE (power conversion efficiency) demonstrate

a good long-term stability [33].
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Fig. 8. Schematic diagram of spin-coating procedure for preparing the DSSC photoanodes [33].
Reprinted with permission from Solar Energy

Zhang at al compared properties of the cells with chemical vapor deposition (CVD) graphene
on the organic photovoltaics (OPV) and solar cells with indium tin oxide (ITO) [34].
Schematic of construction of the heterojunction organic solar cell fabricated with graphene as
anode electrode: CVD graphene/PEDOT/CuPc/C60/ BCP/Al show Fig.9
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Graphene

Fig. 9. Schematic of construction of the heterojunction organic solar cell fabricated with graphene as anode
electrode: CVD graphene/PEDOT/CuPc/C60/ BCP/AI [34].
Reprinted with permission from Accounts of Chemical Research

One of comparison properties between graphene and ITO devices were further investigated by
plotting the fill factor versus the bending angle of both devices (Fig.10a). The fill factor FF
depends strongly on the output power of the cell and is directly related to the cell conversion
efficiency. The fill factor dropped slightly from 0.48 to 0.3 with the increase of bending angle
from 0 to 138 for the CVD graphene device. In contrast, the fill factor for ITO device dropped
dramatically and reached 0 when bent from 0 to 60. Also SEM characterization of CVD
graphene and ITO surface showed that the CVD graphene film was continuous while the ITO
surface had plenty of microcracks after bending (Fig.10b). Development of microcracks
generated by mechanical stress in ITO, even at small bending angles, can substantially
increase the film resistance, which has a key impact in reducing the fill factor. This is also
reflected in the decline in output current capacity density and power conversion solar cells
without observing significant changes Voc CVD graphene [34]. The results show that CVD
grapnene has a great advantage over ITO for the use of flexible, transparent, and conductive
electrode in OPV cells.
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Fig. 10. (a) Fill factor dependence of the bending angle for CVD graphene and ITO devices. (b) SEM images
showing the surface structure of CVD graphene (top) and ITO (bottom) photovoltaic cells after being subjected to
the bending angles. Reprinted with permission

Zhang at al have formed organic photovoltaic cells with graphene electrodes mesh (GMES) as
the transparent electrodes with poly- (3-hexylthiophene) / phenyl-Cg;-butyric acid methyl
ester (P3HT / PCs1BM) as the active layer (Fig.11) [35]. Such a link was established to
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improve conductivity and poor power conversion efficiencies (PCE) based OPV cells with
electrodes produced by reduce graphene oxide (rGO). OPV cells based on the rGO
electrodes; generally exhibit poor power conversion efficiencies (PCE) of less than 1.0% [36-
39] Mainly owing this Their combined characteristics of large sheet resistance and low
transparency when used in OPV cells. So the key issue for graphene-based transparent
electrodes is that Obtain films with both good conductivity and appropriate transparency.
Apply in the OPV cells a graphene electrodes mesh (GMES) of their power conversion
efficiencies increased to 2.04% which corresponds to 67% of the efficiency of the control
device using ITO as the transparent electrode [35].
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Fig. 11. Configuration of the OPV devices GME/PEDOT:PSS/P3HT:PC61BMI/LIiF/Al [35].
Reprinted with permission from Nano Letters

The form of graphene used in solar cells is also reduction graphene oxide (RGO) [40]. Li et al
used a GO in the following configuration: Ito / Go / P3HT: PCBM / Al (Fig. 12). The cell
conversion efficiency depended on the thickness GO. The result show that layer thickness of
2 nm has the best performance compared to a layer of thicker (> 4 nm) by increasing
resistance and slightly reduced transmittance layer and its thickness [40]. The insertion of a
2nm thick GO thin film between ITO and P3HT:PCBM results in a substantial increase in
Jsc=11,4 , Voc=0,57, and FF =54,3 %, leading to an enhancement in the power conversion
efficiency (PCE) to 3.5%. For comparison, typical device performance of
ITO/PEDOT:PSS/P3HT:PCBM/Al with efficiency values of around 3,6%, Jsc=11,15,
Voc=0,58, and FF =56,9 % [40].

P3HT/PCEM

GRAPHENE OXIDE

Fig.12. Schematic structure of a photovoltaic device according to the configuration ITO/G/P3HT:PCBM/AL [40]
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Teams of scientists from Spain and the UK has developed a photovoltaic cell with a
semiconductor nanocomposites graphene - perovskite titanium dioxide and absorbing sunlight
(Fig.13). This cell consists of several layers applied at a temperature lower than 150 ° C. By
exploiting nanocomposites of high quality graphene flakes and pre synthesized TiO,
nanoparticles in perovskite solar cells as a low temperature processed electron collection

layer, achieved a remarkable power conversion efficiency of 15.6% and is highest reported

efficiency of high-temperature processed perovskite solar cells [41].

E(eV)

Fig.13. (a) Cross-sectional SEM micrographs with color-enhanced and annotated cross-section showing a
general schematic of the solar cell architecture. (b) Schematic illustration of energy levels
of the materials used in this study [41]

CONCLUSIONS
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In this article, we present the use of graphene in dye-sensitized solar cells, organic solar cells,
Si solar cells, perovskite solar cells. Graphene was added to the cells in various forms: they
were both graphene flakes, graphene single and multi-layered graphene oxide. Conducting
research into the properties of graphene in solar cells apply only on a laboratory scale. To be
able to examine the behavior of photovoltaic modules under real conditions must be defeated
the problems, which relate to: producing large-sized graphene with reproducible properties,
no defects, the high stability. A promising method for manufacturing a graphene on just such
parameters appear to be the synthesis from liquid metallic phase method. Another important
aspect is possibility to produce graphene on various substrates to eliminate the problems that
arise during the transfer of graphene from one material to another.
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