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Summary
In this study, the effect of the working electrode obtained by using different
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methods and chemicals on the efficiency of dye-sensitized solar cells (DSSC) is
examined. The aim here is to carry out the undoped and metal-doped TiO,
deposition process by the ultrasonic spray pyrolysis (USP) method. Titanium

dioxide (TiO,) semiconductor is selected to form the working electrode and
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Niobium (Nb) is used for metal doping. The working electrode is obtained by
spraying the previously prepared undoped and Nb-doped TiO, solution onto
fluorine-doped tin oxide (FTO) glass by USP Technique. The working elec-
trodes obtained are used to fabricate DSSC. XRD, SEM, and EDS analyses are
performed to examine the surface morphology, crystal structure, and elemental
properties of conductive glasses. By assembling the components as a sandwich,
two different cells are formed. The efficiency of the cell which has an undoped
TiO, thin film is 0.088%, and the efficiency of the cell which has Nb-doped
TiO, thin film is 0.375%. These results proved that the doped cell is more effi-
cient than the undoped cell and that it can be produced more economically.
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1 | INTRODUCTION

into electrical energy. There are many photovoltaic systems
produced and developed for the purpose of generating elec-

The sun contributes directly and indirectly to renewable and
non-renewable energy sources with the energy it emits as a
result of the reactions occurring in its nucleus. Nowadays,
both hot water production and electricity can be produced
with devices developed with the light energy emitted by the
sun. The conversion of the emitted light energy into electrical
energy is provided by photovoltaic systems. These systems
work with the principle of converting light energy directly

Abbreviations: CB, conductive band; FF, fill factor (%); FTO, fluorine-
doped tin oxide; ITO, indium tin oxide; TCO, transparent conductive
oxide; TiO,, titanium dioxide; VB, valance band.

tricity." The first photovoltaic cell to be commercially avail-
able using solar energy is a silicon-based solar cell. However,
the fact that silicon-based solar cells have high production
costs and high energy payback time has stimulated the work
for alternative solutions.” Dye-sensitized solar cells (DSSCs),
which have a similar working principle to photosynthesis by
light energy absorption in plants, have been improved.*®
These cells have a different operating principle than conven-
tional solar cells. DSSCs, which have the advantages of low
toxicity, low production cost, ease of production, high con-
version efficiency, and device flexibility, are accepted as alter-
natives to conventional crystal solar cells.*” In addition, their
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efficiency is still low, and efforts to increase efficiency are
continuing. The components that make up the DSSCs are
dye adsorbed doped or undoped semiconductor, transparent
conductive oxide (TCO) glass substrate under which the
semiconductor is used as working electrode, liquid electro-
Iyte providing electron flow and metal (Au, Pt, etc.) coated
TCO glass substrate as the counter electrode.>® Each compo-
nent of the DSSC affects efficiency and each is a separate
research and development issue. In DSSCs, photons falling
on the cell surface stimulates the dye and inject electrons into
the conductive band of the broadband spaced semiconductor
material. This creates a hole in the dye. The electrons are
transported to the TCO (FTO; fluorine-doped tin oxide or
ITO; indium tin oxide) by means of semiconductor material.
It is then transmitted to the external circuit connected to the
cell. The electrons pass through the external circuit and
reach the counter electrode. It is the mission of the counter
electrode to catalyze the iodide/triiodide cycle in the electro-
lyte. The holes formed in the dye are re-filled with electrons
thanks to the iodide/triiodide cycle in the electrolyte.>> In
DSSCs; The most popular material as semiconductors is tita-
nium dioxide, and ruthenium dyes work with them effi-
ciently.® In addition, the most commonly used TCO type is
FTO substrates, the most commonly used electrolyte in ace-
tonitrile is the iodide / triiodide redox couple. For the oppo-
site electrode; Platinum-plated TCOs are standard.® In
DSSCs, the working electrode is an important factor in
improving cell efficiency. Semiconductor materials are pre-
ferred to form the working electrode. Because there are
unique electronic bands structures including filled valence
band (VB) and empty conductive band (CB). For DSSCs, the
conductivity of the semiconductors must be very good. TiO,,
a semiconductor material, has superior properties compared
to other semiconductor materials. TiO, semiconductor is
widely preferred in DSSCs because of its good conductivity,
low cost, non-toxic material, /wide bandwidth, and chemical
stability.® In order to obtain the TiO, precursor solution, dif-
ferent chemicals are used in many studies as the precursor
material. Some of the titanium-based precursors used are;
titanjum (IV) butoxide,” titanium tetrachloride,' titanium
acetylacetonate,"" and titanium isopropoxide.'> Thanks to
the superior properties of TiO,, good electrical connection
with TCO achieved while can be maximizing light absorp-
tion by dye molecules.>'*'* One of the most widely used
methods to improve the conductivity of semiconductors is to
metal doping to the semiconductor. To improve the conduc-
tivity of TiO,; alkaline earth metals (Be, Mg, Ca, Sr and Ba),
transition metals (Co, Cr, Fe, Cu, Nb, and Ru), lanthanide,
and rare earth metals (Eu, La, Nd, and Pr) can be doped.'**®
Transition metals are widely used in doping.'"'”*° Different
methods are applied to produce doped or undoped TiO, thin
film. TiO, thin films can be deposited by many different tech-
niques, including the hydrothermal method, chemical vapor

deposition, electrodeposition, pyrolysis, sol-gel method, spin
methods, laser ablation, ion-assisted deposition, and spray
pyrolysis methods.'”*'*> Among these methods, the USP
method does not require complex processes, can be covered
with any solution, provides wide area coverage, and has the
ability to easily and homogeneously form films of desired
thickness. It is easier and more economical than other
methods such as multi-step sol-gel or chemical vapor deposi-
tion that requires vacuum. Next-generation solar cell tech-
nology incorporating TiO, processing steps can be easily
applied by modern industry without a certain long input
time. Its disadvantages are that it has low efficiency, is
affected by atmospheric conditions, and rough structures
can form.

In this study, the working electrode of DSSC compo-
nents is discussed. Unlike other studies, undoped and Nb-
doped TiO, precursors were deposited on FTO glass sub-
strates by the USP technique. Z907 ruthenium dye, which
is compatible with TiO,, was used as the sensitizer. Nb
was added to increase sunlight absorption by reducing the
amount of Ti to make it more economical. The reasons for
choosing Nb are that its cost is relatively low compared to
other metal dope materials and that there is no application
with the method and precursor material used in this study
in previous studies. The aim of this study is to obtain a
working electrode for dye sensitive solar cells by ultrasonic
spray pyrolysis method by adding Nb to TiO, precursor, to
make it economical by reducing Ti material and to exam-
ine the effect of Nb additive on cell performance.

2 | EXPERIMENTAL

Precursor solutions are prepared with suitable chemicals
purchased commercially. The prepared solutions are
sprayed on FTO glass substrates by the USP method.
After the spraying process, the annealing process is car-
ried out. The obtained thin films are dipped into the com-
mercially purchased dye to adsorb the dye. As a final
process, the necessary materials are combined and cell
production is carried out.

2.1 | Preparation of solutions

Titanium (IV) isopropoxide (TTIP) (97%) is used as a pre-
cursor in this study. Precursor solution concentration is
taken as 0.5 M. First, a small amount of glacial acetic acid
(100%) is added to 1-propanol (99.5%). The purpose of
adding acid to the mixture is to increase the adsorptivity
and ensure the completion of the reaction.'? The TTIP is
then dissolved by slowly and carefully adding the mix of
glacial acetic acid and 1-propanol. The resulting solution
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is stirred in the magnetic stirrer for about 1 hour. It is
used as the reference solution as no precipitate is formed
during mixing. The Nb/Ti molar ratio is taken as 0.03 for
the Nb-doped. Niobium (V) ethoxide (99.95%) is used as
the Nb source. A solution is prepared according to the
reference solution procedure. The prepared solution and
Nb precursor are taken into the glove box. The Nb pre-
cursor is slowly and carefully added to the ready Ti solu-
tion, and the mouth is well sealed. After the doping of
Nb, it is removed from the glove box and stirred in the
magnetic stirrer for about 1 hour, and made ready. While
preparing the chemical solutions, care is taken not to
contact with air. This process is carried out using nitro-
gen gas as an inert gas in the glove box.

2.2 | Undoped and Nb-doped TiO,
coating on substrates

For the films to be coated in the USP device and not to
damage the device, the precursor solution must be homo-
geneous and the pH must be optimum. The resulting
homogeneous solutions and FTO glasses (15 Q/sq,
2.2 mm) having an area of 2 x 2 cm® which are pre-cut
and cleaned are placed in the USP device. The parame-
ters required for USP are determined and optimized by
reviewing the literature. The nozzle frequency is
120 kHz, the nozzle distance is 10 cm, the air pressure
is 2.5 psi and the flow rate are 0.2 mL/min. Prior to
adding the precursor solution to the system, the system
conduits and nozzle assembly are flushed with
1-propanol to remove chemical residues from the system.
The solution is sprayed with 11 passes on the glasses that
are calibrated to a temperature of 275°C. At the end of
the spraying process, it is observed that the films formed
a brownish color (Figure 1).

Muffle furnace is used for annealing thin films. The
annealing process is carried out gradually at 50°C inter-
vals. The films are annealed for 40 minutes in the muffle
furnace, the temperature of which is set to 500°C. After

FIGURE 1 FTO glasses
before coating (left) and after
coating (right) [Colour figure
can be viewed at
wileyonlinelibrary.com]

ENERGY RESEARCH IAVA R B vl

annealing, the films are allowed to cool to room tempera-
ture. When selecting these parameters, idealized, com-
monly preferred values in the literature are used.

2.3 | Preparation of sensitizing dye

The dye molecule attached to a TiO, surface is one of the
important components in dye-sensitized solar cells. Gen-
erally, the dye molecules from a solution are formed by
adsorbing. The dye layer should absorb as much sunlight
as possible and convert the light into photoelectrons
injected into the TiO, conduction band.?® Until this time,
polypyridyl ruthenium and osmium dyes have shown the
best photovoltaic performance in terms of both conver-
sion efficiency and long-term stability. Among the Ru
complexes, Z907, which has different properties than
other Ru dyes, has shown stable performance in durabil-
ity tests.*”

7907 ruthenium dye, commercially available from
Sigma Aldrich, is prepared by dissolving 0.6 mM in
50 mL of acetonitrile solvent. Thin films are left in the
dye for 66 hours, which is done for better dye adsorption,
rinsed with acetonitrile and left to dry.

24 | Production of DSSCs

TiO, thin film coated FTO glasses coated with the USP
method are used as a working electrode. For the counter
electrode, 2 x 2 cm? Pt-coated FTO glasses (15 Q/sq,
2.2 mm) commercially available from Fytronix are used.
The non-annealed Pt-coated FTO glasses are cleaned and
annealed at 450°C for 30 minutes and then left to cool.
To connect the working electrode and the counter elec-
trode, parafilm is placed between the two glasses and
joined by heating. The function of parafilm used; to keep
the components together and to create a space for the lig-
uid electrolyte injected into the cell. The liquid electrolyte
(I/13) obtained from the Solaronix company is injected
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through the pre-drilled hole between the joined glasses.
After the injection is completed, the hole is properly
closed. Two different samples are obtained with undoped
and Nb-doped TiO, thin films (Figure 2).

3 | RESULTS AND DISCUSSION

The change of crystal structure, surface morphology, and
elemental properties of the obtained thin films are exam-
ined by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and EDS analysis. The current and
voltage values of the produced DSSCs are measured
and their power conversion efficiency is calculated.

FIGURE 2 Produced undoped and Nb-doped DSSCs [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.1 | XRD analysis
XRD is used to check whether the glass substrates used
as working electrodes in the production of solar cells are
in the crystal structure. With the control of the annealing
process, peaks with different strengths and widths can be
obtained. By increasing the annealing temperature, the
crystal structure can be improved. However, crystalliza-
tion in the structure can be increased with the acid added
to TiO, thin films.*®

Figure 3 shows the XRD patterns of undoped TiO, with-
out annealing and undoped TiO, annealed at 500°C. The
red pattern in this graphic shows the XRD pattern of the
TiO, thin film undoped without annealing, where it is seen
that there are peaks related to TiO, besides the peaks of
FTO material. It is also seen that the crystal structure is not
fully formed. The resulting peaks are corresponding to the
standard peaks of the anatase phase of TiO,, card number
21-1272 in the JCPDS database. Peaks of the TiO, anatase
structure in the JCPDS database; 24.8°, 37.3°, 47.6°, 53.5°,
55.1°, and 62.2°. These correspond to the crystal planes
(101), (004), (200), (105), (211), and (204) in the XRD
graphic. As shown in the graphic, the peaks observed in the
XRD analysis of the annealed films overlap with the stan-
dard anatase peaks, but they did not produce a dense crys-
tal signal due to incomplete crystallization. In black pattern
shows the XRD pattern of an undoped TiO, thin film
annealed for 40 minutes at 500°C. In here, the peak inten-
sity of TiO, increased by annealing. It is also observed that

| TiO2 pure asgrown
| TiO2 pure annealed
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FIGURE 3 XRD patterns of undoped TiO, without annealing, undoped TiO, annealed at 500°C [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4 XRD patterns of Nb-doped TiO, without annealing, and Nb-doped TiO, thin films annealed at 500°C [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 5 SEM images of A, 100 pm scaled, B, 20 um scaled undoped TiO, and C, 100 pm scaled, D, 20 pm scaled Nb-doped TiO, thin
films that annealed at 500°C
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FIGURE 6

TiO, thin film with annealing [Colour figure can be viewed at wileyonlinelibrary.com]

The EDS of A, undoped TiO, thin film without annealing, B, Nb-doped TiO, thin film without annealing and C, Nb-doped
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crystallization became more pronounced and as a result, a
more uniform crystal structure is formed. The resulting
peaks are identical to the standard peaks of the anatase
phase of TiO, in the JCPDS database, card number 21-1272.

Figure 4 shows the XRD patterns of Nb-doped TiO, with-
out annealing, and Nb-doped TiO, thin films annealed at
500°C. The red pattern in this graphic shows the XRD pat-
tern of the Nb-doped TiO, without annealing, the peaks
formed do not exactly coincide with the standard peaks. It is
concluded that the crystal structure is not fully formed. How-
ever, it is concluded that the peak intensity increased and the
peaks formed became more evident when compared with
the XRD result of the undoped-TiO, thin film without
annealing. In the black pattern in this graphic shows the
XRD pattern of the Nb-doped TiO, thin films annealed at
500°C. The peak intensities of Nb-doped TiO, films annealed
for 40 minutes at 500°C increased with the effect of Nb dop-
ing. The peaks are comparable to the XRD peaks of undoped
TiO, films annealed at 500°C. XRD results showed that Nb-
doped TiO, is successfully coated onto the FTO glass sub-
strate using the USP film coating method.

According to the XRD results, it is concluded that
annealing increases the peak strength and improves the
crystal structure. In addition, XRD results show that Nb-
doped TiO, is successfully coated on FTO glass substrate
by the USP film coating method.

3.2 | SEM analysis

Surface morphology of thin films formed by deposition of
undoped and Nb-doped TiO, on FTO glasses by USP method
is investigated using a scanning electron microscope.

s

c
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FIGURE 7 Comparison of I-V
characteristics of DSSCs, which have JPUS
undoped and Nb-doped TiO,, in the A aaacaaaaee

0,70 0,50

dark and light [Colour figure can be
viewed at wileyonlinelibrary.com]|
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Figure 5A,B show SEM images of the undoped TiO,
thin film annealed for 40 minutes at 500°C with a scale
of 100 pm and 20 pm, respectively. Cracks and granular
structures are seen from the surface images of the
undoped TiO, thin film. Figure 5C,D are SEM images of
100 pm and 20 pm scaled Nb-doped TiO, thin film
annealed at 500°C, respectively. Cracks and granular
structures are also seen in the surface images of Nb
doped TiO, thin film. However, compared to Figure 5A,
B, less cracks and granular structures are encountered.
However, surface roughness is important for dye adsorp-
tion. In addition, dye adsorption should be at the opti-
mum level. In general, it can be said that a more
homogeneous structure is formed in Nb-doped films
and the roughness increases partially with 500°C
annealing.

It is supported by EDS elemental analysis that coating is
successful. Figure 6 shows the elemental analysis results of
(a) undoped TiO, thin film without annealing, (b) Nb-
doped TiO, thin film without annealing and (c) Nb-doped
TiO, thin film with annealing. In Figure 6A, O, Sn, and Ti
peaks are seen in the content of non-annealed TiO,. Sn and
O peaks are caused by the substrate material used. It has
been determined that the atomic ratio of Ti is 34.31%. In
Figure 6B, 1.07% of the Nb peaks in the content of the
unannealed Nb doped TiO, thin film were determined. Ti
peak is 20.40% and other elements come from the substrate
material. Figure 6C shows that 0.74% Nb element and
18.58% Ti element are contained in the content of annealed
Nb doped films. Other elements analyzed come from the
structure of the substrate material. These results show that
the Nb element has been successfully deposited on the
surface.
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3.3 | Electrical measurement

There are three basic electrical parameters for the electri-
cal calculations of solar cells. These; open circuit voltage
(Voc), which is the maximum voltage obtained from a
solar cell, short circuit current (Isc), which is the current
observed when the voltage is zero, and the fill factor (FF)
is the ratio of the maximum power output to the products
of Voc and Isc. In addition to these parameters, another
parameter used for efficiency calculation is P;,, which is
the light energy incoming on the cell surface. Using these
parameters, power conversion efficiency () of the solar
cell can be achieved.® The fill factor is expressed as
follows;

(A)
-0,8000 -0, -0,6000 -0,5000 -0,4000 -0,3000 -0,2000
2
pue
%
2
=]
(-9
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O FF = —1aX” Ma&X 100 =
IscVoc

%X 100.

(1)

SCV¥V oC

In general, efficiency in dye-sensitive solar cells is
obtained by measured each of these parameters (Isc,

Voc and FF) under standard conditions (AM = 1.5,
1000 W/m?, 25°C).2
P Iscx Vocx FF
Yon =—5 x 100 = 0T« 100. (2)
i in

n

DC resistance measurements are made with Keithley
device in the Electro-Optical Characterization Laboratory
of Energy Technology Unit of Innovative Technologies

1,00E-05

0;00E+00
00000

0,1000

-3,00E-05

-4,00E-05

-5,00E-05

5,00E-05

8;00E+00—f

-0,1000 0,0000 0,1000

-5,§0E-05

-1,00E-04

FIGURE 8 A, V-P graphic of DSSC
produced with undoped TiO, coated
FTO, B, V-P graphic of DSSC produced
with Nb-doped TiO, coated FTO [Colour
figure can be viewed at
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Application and Research Center. With the data
obtained, current-voltage (I-V), and voltage-power (V-P)
graphs are generated and efficiencies are calculated.
(Figures 7 and 8).

Measurements are made at 0.1 W/cm?, AM1.5 and
25°C. The efficiency of the DSSC which has undoped
TiO, thin film is 0.088% and the fill factor (FF) is 30.49%.
The efficiency of DSSC which has Nb-doped TiO, thin
film is calculated as 0.375% and FF as 30.14%.

As it is known, all chemicals and methods that consti-
tute the process of cell manufacturing studies carried out by
DSSC method have a direct effect on the result. For this rea-
son, the aims and methods of the studies on Nb doping in
the literature, which seem similar, actually differ from each
other.”*>**?% In similar Nb doping studies, cells were man-
ufactured using different methods and dye. While methods
other than the USP method were preferred in three
studies,'”*>*® a different USP method (horizontal) was pre-
ferred in one study,29 and the results of each reached differ-
ent values. Especially in the most similar study, it has been
observed that the effect of manufacturing by using different
chemical dyes and creating a blocking layer in cell produc-
tion is shown, and it is possible to achieve different results
with the Horizontal USP machine.” In this study, the USP
method, which can offer the same standards in similar cell
manufacturing, was used to produce two targeted cells with
equal standards, and the results showed that Nb doping
was successfully performed with the USP method. Nb dop-
ing contributed significantly to conductivity. According to
other studies, the numerical values obtained in this study
are low. The low values are seen as not being able to inject
the electrolyte completely during cell manufacturing, not
being able to get efficient contact, and consequently not
being able to provide efficient electron injection, apart from
the aforementioned differences. It is possible to obtain more
efficient cells by eliminating the basic problems during
manufacturing. However, although the values in the study
were low, the results show that the power produced by Nb
doping between the two produced cells increased approxi-
mately five times. However, in the sense of having the
targeted economic and sustainable production, which is the
basis of the study, a more efficient cell could be man-
ufactured compared to its similar.

4 | CONCLUSIONS

In summary, undoped TiO, and Nb doped TiO, precursor
solutions are successfully deposited on FTO conductive
glasses by the USP method. DSSC is fabricated with the
obtained undoped and Nb-doped TiO, working electrodes.
Crystal structure, surface morphology, and elemental
properties of the obtained thin films are examined by

NERGY RESEARCH WA T E A A i

XRD, SEM, and EDS analysis. As a result of the current-
voltage measurements of DSSCs, the current obtained
from DSSC fabricated with undoped TiO, is 2.08 x 10~ *.
And the current obtained from DSSC fabricated with Nb-
doped TiO, is 9,10 x 10~*. As a result, the current charac-
teristic is improved thanks to Nb doping. In other words,
the operation using the USP method is successful. As the
current and voltage values of the device are high, it means
that the capacity is also high. However, the efficiency was
low due to recombination, contact problems, and resis-
tance problems. More efficient devices can be obtained by
finding solutions to the mentioned problems.
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NOMENCLATURE

Isc the short circuit current

Tmax the maximum current

Py, the light energy incoming on the cell surface
Pax the maximum power

Voc the open circuit voltage

V nax the maximum voltage

I current

I the redox couple electrolyte

A% voltage

\W power

n the power conversion efficiency (PCE)
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