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Abstract: Semiconductors are often used in the energy conversion field, due to its electronic
properties. One of the applications is for photovoltaic solar cells. Doping is a way of altering the
properties of a material without significantly causing alterations in the structure of the materials. One
of these properties that can be changed is the photon to current efficiency of a semiconductor. Many
elements are being used for the doping of semiconductors, such as aluminum, cobalt, indium and
lithium. This work doped zinc oxide with tin in the chloride form to try to increase the generated
current inside a dye sensitized cell at different dye immersion times. The time used to immerse the
film can affect the stability of the cell, and, by consequence, the efficiency of photovoltaic conversion.
Ruthenium based dye was tested in this study. The results showed better current and efficiency
values for a longer period of time, 3.38 mA/cm? and 0.52%; absorption peaks in the UV region and
band gap around 3.0 eV, below the average 3.37 eV found for zinc oxide thin films, and crystalline
size of 46.7 nm.

Keywords: dye; time; tin; zinc oxide; solar cells

1. Introduction

The zinc oxide has good electronic, structural and optical qualities, such as a band gap value
around 3.37 eV that is a wide band gap semiconductor [1]. However, when applied in dye solar cells
it is still behind oxides such as titanium oxide, in terms of photon-to —current efficiency. It is caused
many times because of defects of the ZnO structure, such as porousness that are immersed with the
dye, for dye cells, causing blocks of aggregations between the zinc oxide and the function groups of
the dyes, such as the COO- and the -COOH [2] [3]. The cyanide (CN) and isothiocyanate (NCS)
present in the N719 favor the injection from the HOMO and LUMO from the dye to the
semiconductor [4]. The absorption time and interaction between the groups of the dye and the zinc
oxide can also cause degradation and affect the overall efficiency of the cells. To overcome those
problems that decrease the overall efficiency, the semiconductor is many times doped with other
elements, such as tin (Sn), aluminum (Al), cobalt (Co), copper (Cu), indium (In) and many others [5-
7]. It is tested that the doping can alter the target parameters without making the main structure lose
its main characteristics.

The adding, doping or combination of zinc oxide can help to improve the photovoltaic
parameters of the dye solar cells. The main ones are open circuit voltage (Voc); short current density
(Jsc); fill factor (FF) and efficiency (). Overall, when the Jsc are high, the efficiency follows through.
However, even with high current values, if the fill factor reduces, the efficiency also decreases, which
is an indication of the stability of the cell, and the dye affects this stability. The relation between the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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dye and the semiconductor is decisive for improvement of these values, such as the fill factor. That is
the reason why it is important to have the appropriate relation between dye and semiconductor. The
dye must be non-reactive, stable and nonvolatile. Many authors research natural dyes, from plants
and fruits, but metal-based ones are still predominant, such as transition metal-based dyes, like Ru,
Os and Re due to properties like stability.[2] [4]. Besides the dye, the dye solar cells (DSSC) are third
generation solar cells that use thin films as photoanode, using less material to create energy, a counter
electrode, often platinum or graphene due to the stability, and an electrolyte to regenerate the electron
that absorbs the sunlight photon. The electrolyte most used is the iodide/triiodide (Is/I").

The dye is one of the most important integrants of the DSSC, it can be natural or metal based [8].
A Ruthenium based dye was applied for the third-generation solar cells (DSSC) in this work, which
is an important use of dye, since photovoltaic solar energy is a valuable tool to impact an energy
revolution worldwide.

This work doped the ZnO with tin chloride with the aim to increase the efficiency in a dye solar
cell, tested at different dye times, 4 and 24 hours. The scheme for the cell is descriptive in Figure 1.

FTO

OO O 7nO/Sn/Dye
o o°

SN

Figure 1. Scheme of the ZnO/Sn DSSC.

2. Materials and Methods

The reagents were used without further purification: zinc oxide, tin chloride, iodide AN-50
electrolyte, ruthenium based N719 dye, FTO (fluorine doped tin oxide) glass and platinum coated
FTO glass. The N719, AN-50 and Pt glass were purchased from Solaronix. The FTO from
CEQUIMICA, the ZnO from Vetec and tin chloride from Dinamica. A solution of 0.05 g ZnO in 50
mL distilled water was mixed with 3% wt of SnClz. 2H20, and then submitted to an ultrasound bath,
for 15 minutes, to activate the solution. The solution covered a FTO glass until complete evaporation
of the water at room temperature. The film coating the glass was then treated at 450° for 30 minutes.
The two films were immersed on N719 dye for 4 and 24 hours. The films with the dye, at different
immersion times, were placed in a sandwich structure with the platinum. The AN-50 electrolyte was
injected through a hole in the Pt glass and the cell was tested.

The film was characterized using the UV-Vis spectrophotometer between 200 and 600 nm and
x-ray between 20 and 70°, to attest the efficiency in the deposition of the films and to verify which
zinc oxide structure was formed in the FTO glass. Figure 2 has the steps followed in this study.

The UV-Vis tests were performed with an Evolution One Series spectrophotometer, X-ray
diffraction (XRD, DMAXB, Rigaku) with CuKa radiation did the x-ray analysis; The DSSC
characterization was under 100 mW/cm? LED illumination using anAUTOLAB (PGSTAT302N,
Metrohm, Herisau, Switzerland). All the analyses were at room temperature. The dye used was based
on Ruthenium, CssHssNsOsRuSa.
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Figure 2. Methodology Steps.

3. Results and Discussion
3.1. X-Ray

The peaks for the X-ray analysis for the tin doped zinc oxide film is illustrated in Figure 3. It
corresponds to the COD database code 2300113. Table 1 has the position and orientation for the peaks.
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Figure 3. DRX pattern for the film.

Table 1. Parameters of the DRX analysis.

(hkl) d[A] 20 (°)
(100) 2.8 37.25
(002) 2.6 40.43
(101) 25 42,58
(102) 1.9 56.14
(110) 1.6 67.17

1 Source Own Author.

According to the table, the main peaks of (100); (002) and (101) correspond to the composition of
hexagonal zinc oxide, Pesme group. That means also that the addition of 3% wt of tin chloride did not
alter significantly the ZnO composition. These same peaks were observed in [9] for the doping of
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ZnO with F, Cl, Al and Ga. No characteristic peaks were observed for the tin chloride, indicating that
the tin did occupy the Zn or the O in the crystalline structure or were outside that same structure [9].
The small peaks at around 31°, 44° and 61° correspond to the fluorine doped tin oxide (FTO) on which
the film was deposited. The Scherrer (equation 1) calculated the average size for the structure, the
equation estimated around 46.7 nm, higher than many of the crystallite sizes found in films of oxide
semiconductors, but it also indicated a good crystallite quality for the film. [10] also obtained around
44 nm for 5% doped tin in ZnO. When using the same methodology, without any additional doping
was estimated around 36.39 nm [11].
The crystallite size was estimated according to [12].

k2
~ B *cose
where k is 0.9; A is around 0.15406; 3 is the FWHM, full width half maximum and e is the Bragg angle
position (°).
The dislocation density was calculated following the formula [10]:

(M

§ = n/D? @)

where n is equal to 1 and D is the crystallite size. The value obtained was 7.55*10-¢, which
indicated high quality of the film and low number of dislocations per area unit [10]. The lattice strain
was also calculated [10] according to the formula 3, and for 3% tin chloride on zinc oxide was
0.000441.

€ = [ cosO (C

The values for strain and dislocation are in accordance with the high values of crystallite
obtained for the doping. The work on [10] discusses that by increasing the doping of Sn, the particle
size also increases. It is also notable that the methodology employed here did not use any additives,
such as heat or speed from spin coating, that in general produces thinner films. The only heat used
in this study was to adhere the film to the FTO glass, so it can be conductive when it is applied to the
solar cell tests.

3.2. UV-Vis Studies

Figure 4 has the absorbance (A); Kubelka-Munk (KM) plot (B). The ultraviolet- visible tests
were performed to see the peaks observed for the film of ZnO in the visible and in the ultraviolet
region. The absorbance peak was around 350 nm, and some smaller ones in the visible range of the
spectra. The KM estimated the band gap for the material, about 3.0 eV, that is lower than the average
zinc oxide, 3.37 eV. The KM method plots in the y-axis the (F(R)(hv)?), where the F (R) relation is
described in equation 4 and hv is the photon energy. The band gap is estimated by the extension of
the curve into the x-axis (wavelength). It is important, especially in solar cells that the fill has good
absorbance but also that it did not absorb much energy to the point of overheating.
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Figure 4. ultraviolet and visible analysis of (A) absorbance (B) Kubelka-Munk.

The band gap of the N719 dye is around 3.6 eV [14], helping the electron injection from the
excited dye to the ZnO electron band, since both absorption peaks are in the same UV region,
however this proximity can also increase the rate of recombination. Figure 5 has the transmittance
spectra for the film from the ultraviolet to the visible range of the wavelength, from 350 nm to 500
nm. It is observed that the spectra peaks at 500 nm, and lower at 350 nm (UV), that matches the
absorbance spectra, with peaks at UV region [15]. Through the transmittance plot, it is also possible
to observe where in the spectra the electron transitions inside the molecular structure of the zinc
oxide. The doing helps to facilitate this transition reducing the distance between the transition levels.
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Figure 5. Transmittance spectra for the Sn/ZnO film.

3.3. DSSC Studies

The film was used as a photoanode in a DSSC sandwiched structure. The film was immersed for
4 and 24 hours in the dye, and the following graphs have the results for the J-V-P analysis of the cells.
Where ] is the short current density, V is the voltage and P is the power obtained from the cells (Figure
6).

The efficiency of the cells was calculated according to equation 5 [16]:

Jsc *Voc * FF
= — %
Pin
where Jsc is the short current density, Voc is the open circuit voltage, FF is the fill factor and Pin is

the incident light (100 mW/cm?); the fill factor indicates how close the maximum values are to the
average output current and voltage and is calculated using equation 6 [16]:

n 100 (5)

Jmax * Vmax

Fr Voc * Jcs ©)

where Jmax is the maximum current and V maximum is the maximum voltage output from the
operating dye solar cell.
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Figure 6. Jsc versus Power for the DSSCs (A) 4 hours (B) 24 hours.

With these parameters, it is possible to calculate the parameters, such as efficiency, fill factor
(FF), and Voc, open circuit voltage. Table 2 has these values. The low fill factor is one of the main
reasons that drove down the overall efficiency of the cells. It indicates that the cells have low stability,
that is, the medium value of power or current obtained is lower than the maximum (100 and 130 uW).
One of the ways to increase the efficiency of these cells would be to test other dye, and in consequence,
another combination of dye/photoanode/electrolyte/counter electrode can offer more stability to the
incident photocurrent conversion. Also, it could be tried other percentages of tin chloride in the
photoanode, or other source of tin, such as tin oxide.

The levels of the occupied and unoccupied electrons are the same for both tested cells, which
explains why the open circuit voltages are very close for both cells, 0.6 V and 0.63V. The increase in
the dye time also increased the efficiency, mainly because the current value also went up from 2.11
to 3.38 mA/cm?, that is higher than the pure ZnO at 1.4 mA/cm?[11]. It indicated that the electron
injection was higher from the excited dye to the conduction band of the Sn/ZnO. The presence of the
tin chloride possibly reduced the formation of agglomerates between the ZnO and the Ru groups,
however the efficiency was still low due to the fact that the presence of the acidic groups reduced the
activity of the zinc oxide [17].

Table 2. has a comparison value for the efficiency from this study and parallel studies with dye
solar cells. In some cases, the authors were testing new natural dyes [16] [18] and also testing ZnO
doped with Co [19] and Al [17], in dye solar cells.

Table 2. Values for the cells at 4 and 24 hours.

Time (h) Efficiency (%) FF Voc Jsc (mA/cm?)
4 0.4 0.31 0.63 2.11
24 0.52 0.25 0.6 3.38

2 Own authors.

The open circuit voltage depends on the ZnO and the other components of the cell, the counter
electrode, the dye and the electrolyte. Since all the components were the same, the Voc did not
significantly change from one cell to the other. The high crystalline size also helped to form the charge
barriers of agglomerated microstructures.

Table 3 has a comparison value for the efficiency from this study and parallel studies with dye
solar cells. In some cases, the authors were testing new natural dyes [16] [18] and also testing ZnO
doped with Co [19] and Al [17], and organic dyes [20] in dye solar cells. In the other studies, the low
values were attributed to the testing of new natural dyes or the combination between the doping
element and the dye.

Table 3. Comparison between this work and other studies.

Authors Efficiency (%)
[16] 0.68
(18] 0.97
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[19] 0.47
[17] 0.67
[20] 0.56
This work 0.52

30wn authors.

By the low efficiency values, it is possible to assume that there was a high recombination rate.
This recombination happens when the excited electron, instead of going from the lower unoccupied
molecular orbital (LUMO) to the conduction band of the semiconductor recombines back to
regenerate the electrolyte before going through the external circuit or the electron goes from the
HOMO to the iodide/triiodide (Is/I') (Figure 7). The aim is for the increase of charge density and the
decrease of recombination.

LUMO

CB
Todide/triiodide
L]
ht+ /
HOMO
L]
VB

Figure 7. Electron recombination in DSSC.

Figure 8 has the Nyquist (A) and Bode plot (B) of the solar cell assembled with film immersed
for four hours on dye. It is necessary to find an optimum balance between time and the combination
dye/semiconductor. Figure 9 has the Nyquist (A) and (B) the Bode plot of the DSSC with photoanode
immersed for twenty-four hours. There are three possibilities of resistance inside a DSSC cell:
resistance at the photoanode/dye interface; the electrolyte or the counter electrode interface. By the
Nyquist plots from both cells, it is observed that the resistance (€2) of the cell is about 10x lower for
the cell assembled with zinc oxide after it was immersed during 24 hours. This difference was enough
to help to increase the current density from 2.11 to 3.38 mA/cm?. For higher crystallite structures,
higher immersion dye tends to favor the injection of photon from the dye to the ZnO, however if the
time is increased, the resistance can also increase due to the formation of blockages of dye/ZnO [21].
The Bode plot reached a higher phase for the same maximum frequency. The series resistance (Rs)
and shunt resistance (Rsh) were calculated for both cells. It is better to have high Rsh and lower Rs,
for the electron to go through the external circuit and not to go back, recombining with the hole in
the dye or the electrolyte. For four hours, the Rs was 221.15 and Rsh was 615.38 QO/cm?2. The DSSC at
24 hours sensitized time had Rs of 172.18 and Rsh of 197.18 (Q/cma?.
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Figure 9. (A) Nyquist plot and (B) Bode plot for the cell with photoanode after 24 h.

4. Conclusions

The zinc oxide semiconductor doped with tin chloride was successfully deposited on the
conductor glass substrate at 450° temperature. The X-ray results showed that the doping increased
the crystallite size to 46 nm, indicating high crystalline quality. The dislocation density line and the
lattice strain were 7.55*10-¢ and 0.000441. The main peaks were the hexagonal (100); (002) and (101).
Different times were tested to evaluate the optimum dye immersion time of the semiconductor with
the ruthenium-based dye. Lower immersion period is not sufficient from the zinc oxide to adsorbed
dye molecules, however excessive time can create charge barriers. The study observed that the
changing in the absorption time of the dye affected the parameters of the cells. The different dye
times, from 4 to 24 hours, altered the overall efficiency, from 0.4 to 0.52%. It was caused mainly due
to the increase of the current density of the material, from 2.11 to 3.38 mA/cm?. The resistance in the
interface of the cells were also responsible for the low electron injection efficiency, as calculated by
the series resistance, it was 221.15 Q/cm? for 4 h and 172.18 for Q/cm? for 24 h. For future works, it can be

tried with other dye, with different reactant groups, or a different doping element into the ZnO, as
also different immersion times.
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Abbreviations
The following abbreviations are used in this manuscript:
DSSC Dye Sensitized Solar Cells
FF Fill Factor
Jsc Short circuit current density
Voc Open circuit voltage
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