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Abstract

This work aims to improve the conversion efficiency of dye-sensitized solar cells
(DSSCs) by introducing a new material, graphene, into the DSSC structure. Graphene
is a potential material for many applications due to their high electron mobility,
outstanding optical properties, and thermal, chemical, and mechanical stability.
Therefore, this study changes several parameters, structures, and methods to optimize
and compare with the traditional DSSCs. There are three major respects about with
or without graphene, the method of plating or sputtering, and the structure of
graphene/TiO, or TiO,/graphene/TiO, in DSSCs solar cells. Finally, this research
knows that the method of sputtering is much better than plating; the conversion
efficiency of solar energy with graphene/TiO, was increased from 1.45 % to 3.98 %,
and the conversion efficiency with TiO,/graphene/TiO, sandwich structure was
increased from 1.38 % to 3.93 %. It means that the new material, graphene, works in
enhancing the conversion efficiency of DSSCs.

Keywords: DSSCs, Solar cell, Graphene, Sandwich structure, TiO,

1. Introduction

This chapter aims to review the dye-sensitized solar cells (DSSCs) with graphene structure.
DSSCs have been under extensive research. Since the color of the device can be easily varied
by choosing different dyes and cells on flexible substrates have been already demonstrated,
DSSCs are especially attractive for building integrated photovoltaics. The cell concept can
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reduce the production costs and energy payback time significantly compared to standard
silicon cells or other thin film cells.

However, one of the major issues hindering the rapid commercialization of DSSCs is their
lower conversion efficiency compared to conventional p-n junction solar cells [1]. That may be
attributed to poor charge separation in DSSC structure. Therefore, charge transfer structure,
such as Au nanoparticles and quantum dots, has been employed in a DSSC to improve the
device performance through charge separation in the photoelectrodes [2-5].

Graphene is a potential material for many applications due to their high electron mobility,
outstanding optical properties, and thermal, chemical, and mechanical stability [6-10].
Therefore, the second section in this article illustrates the principle of electron extraction layer.
TiO, plays an important role on the electron-extraction layer. We will discuss the electron
transmission on dye-sensitized solar cells. The effect of the electron-transporting layer of the
solar cell is very important. Therefore, we show the I-V characteristics of the DSSCs. The cell
performance was measured, which had different electron-extraction layer structures.

The third section discusses the preparation method of the graphene. Graphene is a potential
material for many applications due to their high electron mobility, outstanding optical
properties, and thermal, chemical, and mechanical stability.

In the fourth section, the graphene was introduced into the DSSC structure to improve electron
conversion efficiency. This study investigates the effect on the graphene layer as electron
transport layer in the DSSC structure deposited by the magnetron sputtering method; in
particular, it examines the performance of the DSSCs with the graphene electron transport
layer.

The fifth section reveals a new DSSC structure. The structure has provided excellent perform-
ance and higher photoelectric conversion efficiency by DSSC with the TiO,/graphene/TiO,
sandwich structure. This section focuses on the improvement that is associated with the
increase in electron transport efficiency and the absorption of light in the visible range.

The concluding paragraphs will summarize some parameters of DSSC with or without a
graphene layer which was prepared by sputtering and then discuss the DSSC’s parameters
and reasons which have different preparation methods of graphene layer. Finally, there are
some concluding remarks.

2. Principle of electron transport layer

Figure 1 sketches the structure of the basic DSSC which can be divided into several parts. They
have a basic structure that comprises two conductive substrates (one is photoelectrode and the
other is counter electrode), an absorbing layer of semiconductor materials, dye molecules, and
a redox electrolyte. The basic principle of operation of DSSCs includes the following: (1) the
light irradiates on the DSSC and the photons will pass through the photoelectrode to the dye
layer which is absorbed by the photosensitizer dye molecule. (2) The photosensitizers are
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excited from the ground state (S) to the excited state (S*). The excited electrons are injected
into the conduction band of the TiO, electrode. This results in the oxidation of the photosen-
sitizer (S%). (3) Electrons are injected from the photoexcited dye into the conductive band of the
semiconductor. The electrons will pass from the electric transport layer to the external circuit.
(4) The oxidized photosensitizer (S*) accepts electrons from the I" ion redox mediator, leading
to regeneration of the ground state (S), and the I" is oxidized to the oxidized state, I;-, and
transports the positive charges to the counter electrode. (5) The oxidized redox mediator, I,
diffuses toward the counter electrode and then it is reduced to I" ions.
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Figure 1. Schematic cross section of the completed structure

The principle of electron transport (or extraction) layer inserted in the traditional DSSC
structure had been reported [11-17]. Figure 2 shows the energy level diagram and mechanism
of photocurrent generation in TiO, DSSCs with the graphene layer. The work function of the
graphene layer is around 4.5 eV [18,19]. Graphene has a work function similar to that of the
indium tin oxide (ITO) (4.8 eV) electrode. The graphene layer does not prevent the flow of
injected electrons down to the ITO electrode because its work function exceeds that of the ITO
electrode [20-22]. Therefore, the brief operating process is as follows. Dye N719 was excited
by incident light, and electrons transit from HOMO to LUMO. The LUMO and HOMO are the
lowest unoccupied molecular orbit and highest occupied molecular orbit, respectively.
Electrons are injected into the graphene electron transport layer via the TiO, photoelectrode.
The electrons transferred to the graphene electron transport layer were collected at the back
contact to generate a photocurrent. Therefore, the inserted graphene layer collects electrons
and acts as a transporter in the effective separation of charge and rapid transport of the
photogenerated electrons.
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Figure 2. Energy level diagram and mechanism of photocurrent generation in the DSSCs with the graphene electron
transfer layer

3. Preparation and characteristics of graphene

Graphene is a potential material for many applications such as extensively utilized in organic
photovoltaic (PV) cells. It has excellent optical and electrical characteristics which are exploited
in transparent conductive films or electrodes by their high electron mobility [6-8,10,17],
outstanding optical properties, and thermal, chemical, and mechanical stability [6-10,12].
However, itis hard to produce high-quality graphene to use in the sputter deposition method.
Therefore, this study uses plating method to plate graphene and compare with the traditional
method.

First, acetylacetone and Triton X-100 were added into 10 ml water by using syringe. The
TiO, compound solution was stirred for 24 h using a magnetic stirrer. After mixing the TiO,
compound solution, the TiO, colloid is obtained. The graphene was stacked on the ITO
substrate by electroplating process. The plating solution is graphene dispersion. The plating
solution was injected into the beaker and stirred with an air pump. Figure 3 shows the
electroplating process. The anode connected to the graphite, and the cathode connected to the
ITO substrate. The speeds of the coating process were 500 rpm for 20 s and 2,000 rpm for 60 s.
The thickness of TiO, is about 13 um. After the annealing process by using RTA (rapid thermal
annealing) at 450 °C for 30 min, the strength of the anatase structure would be enhanced. When
the samples cool down to room temperature, they were soaked into the N719 solution; the
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N719 solution is mixed ethanol and N719 powder. The samples will produce electrons when
they are illuminated with light after they are soaked into the N719 solution.
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Figure 3. The graphene electroplating methods

A graphene layer was sputtered on indium tin oxide (ITO) conductive glass substrate by radio-
frequency magnetron sputtering with a graphite target. It is the electron transport layer that
improves the electron transfer in the DSSC structure.

First, the solution consisting of TiO, nanocrystalline powder, Triton X-100, acetic acid, and
deionized water was mixed as a colloidal solution, and the colloidal solutions were daubed
uniformly onto the graphene electron transfer layer to form a thick film. After annealing, the
photoelectrode with the graphene layer was immersed in N719 dye absorption ((Bu4N),-
[Ru(dcbpyH)2(NCS),] complex) in ethanol for 24 h. To increase its anatase content, the samples
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were sintered at 450 for 30 min. The electrolyte was composed of iodide and lithium iodide
with and without 4-tertbutylpyridine (TBP) in propylene carbonate. Then a thick layer of
platinum was sputtered onto ITO substrate as a counter electrode. Cells were fabricated by
placing sealing films (5X1170-60, Solaronix) between the two electrodes and leaving just two
via-holes for injection of electrolyte. The sealing process was carried out on a hot plate. Then
the electrolyte was injected into the space between the two electrodes through the via-holes.
Finally, the via-holes were sealed using epoxy with low vapor transmission rate.

This study fabricated three different samples: samples A and B are plated with graphene for
20 min and 30 min, respectively, and sample C is a normal DSSC. Figure 4 and Table 1 show
the I-V curves and the measurement values. The cell is measured under AM 1.5 illumination
at 25 °C. The active area is 0.3x0.3 cm®. The short-circuit current densities of the samples are
497 mA/cm? (electroplated with graphene for 20 min), 5.42 mA/cm? (electroplated with
graphene for 30 min), and 11.2 mA/cm? (normal DSSC), respectively. The value of open-circuit
voltage between the samples only has a slight difference. The efficiency of the samples are
0.796 % (electroplated with graphene for 20 min), 0.844 % (electroplated with graphene for 30
min) and 3.93 % (normal DSSC), respectively.
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Figure 4. I-V curves of three samples
Sample Jsc (mA/cm?) Voc (mV) FF% Efficiency (%)
A(20 min) 497 0.4 0.401 % 0.796 %
B(30 min) 5.42 0.4 0.389 % 0.844 %
C (normal DSSC) 11.2 0.6 0.585 % 3.93 %

Table 1. The measurement values of this study
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Figure 5. The Raman spectra of plated graphene and sputtered graphene in G-band and D-band
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Figure 6. The Raman spectra of plated graphene and sputtered graphene in 2D-band

Figures 5 and 6 show the Raman spectra of electroplated graphene and sputtered graphene
(normal DSSC). As shown in Figure 5, electroplated graphene and sputtered graphene have
Raman peaks at 1,350 cm™ and 1,580 cm™ [23-25]. The ID/IG of plating graphene is 0.52, and
the sputtered graphene is 0.96. The higher value of ID/IG shows good preservation of the
highly crystalline structure of graphene. Figure 5 compares the D-band of two different
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procedures [26]; it shows that using the plating process is much better than using the sputtering
process. The G-band is a doubly degenerate phonon mode at the Brillouin zone center; the D-
band is a defect and the phonon branches around K point [27]. As shown in Figure 6, the 2D-
band is a two-phonon double-resonance process [28] and is similar to the G-band but has a
more complicated peak structure [29-31]. It depends on the photon energy and polarization.

Figure 7 shows the top-view SEM image of electroplating graphene on ITO glass. As shown
in Figure 7, the graphene flakes with 10 pm width were stacked on the ITO glasses. Figure 8
shows the cross-sectional SEM image of plating graphene on the ITO glass. The graphene is
successfully plated on the ITO glasses, and the thickness is around 8 um.
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Figure 7. Top view of electroplating graphene on ITO glass surface

4. DSSCs with graphene/TiO2 active layer

Because graphene has high electron mobility, we use graphene as an electron transport layer
to improve the electron transfer in the DSSC. That is DSSCs with graphene/TiO, active layer.
The graphene flakes prepared by using the electroplating method have demonstrated a
superior graphene property by Raman scattering. However, the DSSCs with graphene flakes
exhibited poor power conversion efficiency, owing to the high series resistance caused by the
discontinue graphene flakes. Therefore, sputtered graphene was employed to replace the
graphene flakes prepared by electroplating to improve the electrical properties of the DSSCs
even the sputtered graphene including graphene oxide.
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Figure 8. Cross-section SEM image of the plated graphene

First of all, a 60-nm-thick graphene layer was sputtered on indium tin oxide (ITO) conductive
glass substrate by radio-frequency magnetron sputtering as an electron transport layer. Next,
the solution consisting of TiO, was mixed as a colloidal solution which was daubed uniformly
onto the graphene electron transfer layer to form a thick film. Then a 100-nm-thick layer of
platinum was sputtered onto ITO substrate as a counter electrode. Cells were fabricated by
placing sealing films between the two electrodes and leaving just two via-holes for injection
of electrolyte. Then, the electrolyte was injected into the space between the two electrodes
through the via-holes. Finally, the via-holes were sealed using epoxy with low vapor trans-
mission rate. Figure 9 shows the cross section of the completed structure.

Afterward, we began examining its results by comparing the 60-nm-thick graphene electron
transport layer with the 100-nm-thick graphene layer. Figure 10 shows the absorption of
TiO, DSSCs with and without the graphene electron transfer layer in visible range. As shown
in Figure 10, the graphene electron transport layer has an increased absorption coefficient in
the range of 310-400 nm. Therefore, the graphene electron transport layer is also an absorption
layer to improve the absorption of the solar cells.

Figure 11 shows the I-V characteristics of the DSSCs. This figure shows cell performance
between TiO, DSSCs and TiO,/graphene under AM 1.5 illumination with a solar intensity of
100 mW/cm? at 25°C. The cell has an active area of 3x3 mm? and no antireflective coating.

Finally, we examine its result by measuring the cell parameters, open-circuit voltage (V,.),
short-circuit current (J,.), fill factor (FF), and energy conversion efficiency (Ey;) which are
summarized in Table 2 [12].

17
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Figure 10. Absorption spectra of the DSSCs with and without the graphene electron transfer layer [12]

Jsc (mA/cm?) 6.9 17.5
Vo (V) 0.5 0.5

FF 0.419 0.456
1 (%) 1.45 3.98

Table 2. The parameters of TiO2 DSSCs with and without graphene electron transport layer [12]
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Figure 11. [-V curves of the DSSCs with and without the graphene electron transfer layer under illumination [12]

According to Figures 10 and 11 and Table 2, the short-circuit current rises up to 17.5, fill factor
to 0.456, and energy conversion efficiency to 3.98 %. The enhanced performance of DSSCs with
a graphene was attributed to the increase in electron transport efficiency and light absorption
in visible range.

5. DSSCs with TiO,/Graphene/TiO, sandwich structure

Because of the TiO,/graphene sandwich structure, the efficiency on traditional DSSCs im-
proved. As a result, we use three sandwich structures to achieve the desired outcomes of the
following experiment. The enhanced performance of DSSCs with the sandwich structure can
be attributed to an increase in electron transport efficiency and in the absorption of light in the
visible range. The preparation of TiO, photoelectrodes is done by the following: the TiO, slurry
was prepared by mixing 6 g of nanocrystalline powder, 0.1 mL Triton X-100, and 0.2 mL
acetylacetone. The graphene film is deposited on the surface of the first photoelectrode layer,
a single TiO, photoelectrode layer. This is spin-coated with the rate of rotation of 2,000 rpm, a
sandwich structure with three rotational speed to 4,000 rpm, in the present experiment for
comparison.

In summary, the DSSC with the sandwich structure in this study exhibited a Voc of 0.6 V, a
high Jsc of 11.22 mA cm?, a fill factor (FF) of 0.58, and a calculated 1 of 3.93 %, which is 60 %
higher than that of a DSSC with the traditional structure.

119
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Figure 12(a) shows the top-view SEM image of the TiO, nanoparticles with mean diameter of
50 nm. Figure 12(b) shows the cross-sectional SEM image of a TiO,/graphene/TiO, sandwich
structure. The thickness of the graphene electron extraction layer is around 60 nm.
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Figure 12. SEM images of (a) TiO2 nanoparticles and (b) TiO,/graphene/TiO, sandwich structure [17]

Figures 13(a) and 13(b) present the Raman scattering spectra of the graphene film that was
deposited on the glass substrate using the process that was described in the section on the
preparation of graphene. The spectra include important peaks that correspond to the D-band
(approximately 1,350 cm™), the G-band (approximately 1,580 cm™), and the 2D-band (approx-
imately 2,700 cm™).

Figure 14 displays the UV-vis spectra of photoelectrodes with different structures before and
after they were loaded with dye. Clearly, the photoelectrode with the TiO,/graphene/TiO,
sandwich structure has a higher absorption than those with the traditional structure both
before and after loading with dye.

Figure 15 presents the energy level diagram of the DSSC with the TiO,/graphene/TiO,
sandwich structure. Under illumination, electrons from the photoexcited dye are transported
to the conduction band (CB) of TiO, via the CB of the graphene and TiO,. The transportation
path via the CB of graphene is in addition to the traditional path. Owing to the excellent
electrical conduction of the graphene, the graphene layer bridges behave as a channel for
transferring electrons and rapidly transport the photoexcited electrons. The graphene is
homogeneous throughout the system, and the excited electrons are captured by the graphene
without any obstruction. The collected electrons can be rapidly and effectively transported to
the CB of TiO, through graphene bridges. In the interface of graphene and TiO,, the resistance
through which charges are transported is reduced relative to the DSSC without graphene
electron transport layer, and the recombination and back-reaction processes are suppressed.
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Figure 13. Raman scattering spectra of graphene film deposited on glass substrate. The spectra include important
peaks that correspond to the D-band (1,350 cm™), the G-band (1,580 cm™), and the 2D-band (2,700 cm™) [17]
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Figure 14. UV-vis absorption spectra of DSSCs with different structures (a) before and (b) after dye loading [17]
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Figure 15. Energy level diagram and mechanism of photocurrent generation in DSSCs with TiO, /graphene/TiO, sand-
wich structure [17]

6. Conclusion

To enhance the performance of DSSCs, this work used nanostructure graphene electron
transfer layer by plating or sputtering and compared the difference between the DSSC
structure with graphene/TiO, and with TiO,/graphene/TiO,. From the I-V curves, sputtered
graphene is much better than plated graphene because the plated graphene has a scattered
distribution of ITO. The enhanced performance of DSSCs with a graphene may be attributed
to the increase in electron transport efficiency and light absorption in visible range, especially
in the range of 310-400 nm. Therefore, the efficiency of conversion of solar energy with
graphene+TiO, to electricity were increased from 1.45 % to 3.98 %, and the efficiency of
conversion of solar energy with TiO,/graphene/TiO, sandwich structure to electricity was
increased from 1.38 % to 3.93 %, respectively, under simulated full-sun illumination. This
improvement in performance is associated with an increase in the absorption of light, a wide
range of absorption wavelengths, shorter charge transportation distances, and the suppression
of charge recombination when the graphene is applied.
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