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Abstract

Objectives: To develop organic dye sensitized film electrodes from highly
porous tin oxide (SnO;) thin films prepared at room temperature using
the SILAR technique. Methods/Analysis: SnO,films were fabricated by the
successive ionic layer adsorption and reaction (SILAR) technique at room
temperature and its sensitization was done using the organic dye Rose
Bengal (RB). The effect of sensitization on the as-grown and annealed film
electrodes was investigated. Findings: Crystalline films with cauliflower-like
morphology exhibit a large inherent adsorptive surface area and exhibit steady
transmittance of 60-80% in the visible region. As-grown SnO, films possess
higher porosity and lower refractive index than that of the annealed films.
SnO;, films have a resistivity in the range of 102-103Qcm. The dye adsorbed
SnO; film electrodes have much higher absorbance and cover a broad visible
region compared to the bare SnO, film electrodes. RB sensitization leads to
an accelerated improvement in absorbed photon energy through the visible
region of the spectrum extending from 2 to 3.75 eV. Novelty: Contrary to the
sophisticated methods of preparation in the reported literature, highly porous
crystalline SnO, thin films were prepared at room temperature, using glacial
acetic acid and hydrogen peroxide by a cost-effective simple wet chemical
method. Work demonstrates that SnO, films sensitized with RB act as an
excellent dye-sensitized electrode, which can absorb almost half the visible
spectrum (400-600 nm) of solar radiations. We believe that this is the unique
report of surface modification of wet chemically prepared SnO, electrodes by
the photo-sensitizer RB.

Keywords: Photocharacterization; rose bengal; sensitization; thin films; tin
oxide electrodes

1 Introduction

Dye-sensitized solar cells (DSC) are an inexpensive alternative to conventional p—
n junction solar cells"#. Compared with the first and second-generation solar
cells based on conventional semiconductor materials, the DSC exhibits relatively low
efficiencies®. When inorganic dyes are used, the reported maximum conversion
efficacy of DSCs is 12% (1. This is much less than the 20-30% efficiency available from

https://www.indjst.org/

2097


https://doi.org/10.17485/IJST/v14i25.818
https://doi.org/10.17485/IJST/v14i25.818
https://doi.org/10.17485/IJST/v14i25.818
kvmuralikv@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
www.iseeadyar.org.
https://www.indjst.org/

Murali & Remadevi / Indian Journal of Science and Technology 2021;14(25):2097-2105

thin-film solar cells and Si-based solar cells®. This indicates that further research on photo-anode (working electrode) and
related components is still necessary to carry out to improve DSCs to apply them in practice.

The structure and working of DSCs have been extensively described in detail elsewhere . The important component of the
DSC is the working electrode, which is a nanostructured, highly porous metal oxide film, sensitized to the visible light by an
adsorbed molecular dye. The molecular dye is an essential constituent of DSC!~®. The photosensitive dyes are responsible for
the supply of photoelectrons and the nanostructured semiconductor is transporting the charge carriers 1.

Assembling an efficient DSC depends upon the suitable combination of metal oxide and dye®). Good optical transparency
and electrical conductivity of the tin oxide (SnO;) films make it a potential candidate for transparent electrodes in DSC®),
SnO, films are chemically more stable than other transparent conducting oxide films like zinc oxide and Sn-doped In,O3
films®. SnO, semiconductor materials have good stability under irradiation in solution. But, metal oxide semiconductors
could not absorb visible light for the reason that they possess wide optical band gaps. Dye-sensitized SnO; is a promising
candidate for DSCs®.

Inorganic dyes like metal complexes of Osmium, Iridium and Ruthenium are sensitizers exhibiting notable stability and
conversion efficiency but they are very much expensive ). Organic dye as a photo-sensitizer is inexpensive. It has larger
absorption coefficients than metal-complex photo-sensitizers and the variety in their structures allows the control of their
absorption spectra(®). The organic dye Rose Bengal (RB) in the xanthene class has an absorption peak at 559 nm (in ethanol)
and absorbs the broad part of the visible spectrum when it stands alone. In this work, we report the use of RB as the photo-
sensitizer to modify the surface of SnO, film electrodes to harvest the radiations in the visible spectrum (),

Another very important aspect is the techniques used in metal oxide film fabrication and its sensitization. The
microstructures of SnO, films vary considerably from one deposition process to another, which in turn depends on the
properties of SnO; films significantly. Reduction in the porosity in SnO; films may lead to the dye concentration on the surface
and hence a decrease in the electron availability in DSCs ). The efficiency of DSCs can be enhanced by optimizing the porosity
of the electrode materials used !, Among the various growth technologies, the successive ionic layer adsorption and reaction
(SILAR) technique is an ideal facile technique, which offers the easy way of fabrication of nanostructured, coarse, and porous
metal oxide films at room temperature”). This method can create mesoporous films, which provide a large internal surface area
with sufficient thickness for adsorbing a large number of dye molecules and are ideally suitable for DSCs. The SILAR-films can
be easily surface modified with photo-sensitizers.

This manuscript depicts the methodical fabrication and characterization of the SnO, film electrodes together with its
sensitization using the organic dye RB. SnO; thin films were fabricated using stannic chloride (SnCl,.2H,0), glacial acetic
acid, hydrogen peroxide, and distilled water by the SILAR technique. As-grown and annealed SnO; films were utilized for
sensitization and the effect of duration of sensitization was investigated. This work demonstrates that SnO, film sensitized
with RB acts as an excellent dye-sensitized electrode, which can absorb almost half the visible spectrum (400-600 nm) of solar
radiations. We believe that this is the unique report of surface modification of wet chemically prepared SnO; electrodes by the
photo-sensitizer RB.

2 Materials and Methods
2.1 Synthesis of SnO; Films

Fabrication of thin films using the SILAR process is comprehensively demonstrated in the literature ), The cationic precursor
was prepared by mixing 2.25 g of SnCl,.2H, 0O in 10 ml glacial acetic acid (35%) and 70 ml of distilled water. 2 ml of Hydrogen
peroxide (25%) in 80 ml distilled water acts as the anionic precursor. The immersion time was optimized for 4 s in each of the
precursor solutions kept at room temperature and an appropriate rinsing time of 8 s for cleaning the substrates. 250 SILAR
cycles were performed for the deposition of SnO, films. A muffle furnace was used to gradually anneal the films for 2 hours in
air at 500 °C.

2.2 Preparation of the Dye Solution and Sensitization

To sensitize the as-grown and annealed SnO2 films, inexpensive organic dye, RB (C2oH2Cls14Nay Os) was used. RB is a tetraiodo
substituted dye of the xanthene class of dyes. Since RB is soluble in ethanol, it was used as the solvent due to its evaporation
property from the film. A certain amount of the dye was dissolved in ethanol to have a concentration of 2 x 10> M solution.
This solution was stirred magnetically for 3 hours.

Before sensitization, films were sintered at 373 K for 15 minutes and were directly immersed vertically in the dye solution
taken in a beaker. Sintering was carried out to avoid the adsorption of impurities from the ambient air. Dye adsorption beyond
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the optimal limit leads to the aggregation of dye on the films and hence adversely affects the DSC’s performance due to the
increase in resistance and the recombination loss of ejected electrons. The amount of dye loading on the films depends on the
immersion time of the films in the dye solution and it plays a vital role in the DSC’s efficiency ). Hence, three sets of as-grown
and annealed SnO; films were kept immersed in the solution for the limited duration of 12, 18, and 24 hours. Oft-white films
turned into pink color due to the dye adsorption. SnO, films covered with the dye were washed in ethanol to take away the
excess of dye on the surface. The dye-incorporated films were dried at room temperature for 5 days before examining their
absorbance. The schematic model of the SnO,/RB film electrode and the absorbance spectrum of the RB dye in ethanol, which
shows a peak at 559 nm is shown in Figure 1.
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Fig 1. Schematic model of SnO,/RB film electrode (left) and the absorbance spectrum of the RB dye in ethanol (right)

The properties of the as-prepared, annealed and dye-sensitized SnO, films were studied, by Bruker AXS-8 advance X-ray
diffractometer, using CuKa radiation of wavelength 1.5406 A. Morphological and optical studies were performed by using JEOL
Model JSM6490 microscope and a Hitachi-U-3410 UV-Vis-NIR spectrophotometer respectively. Keithley source measure unit
(Model SMU Keithley 2400) was used to carry out electrical studies.

3 Results and Discussion

The bulk density of the SnO is assumed as 6.99x10° kg/m?>. The thickness of the as-grown film determined using the gravimetric
method is 1200 nm. Annealed films showed no considerable change in thickness.

3.1 Structural and Morphological Characterization

XRD profiles and the SEM images of the highly adherent, off-white SnO; films are shown in Figure 2(a, b) and Figure 2(c, d).
The patterns for the as-grown tetragonal rutile structure SnO, films show (110) as the dominant peak along with other peaks
corresponding to reflections from (101), (211), and (301) planes (JCPDS File No. 71-0652). The films are showing excellent
crystallinity compared to that of the films prepared by using sophisticated techniques reported in the literature ),

26 (degree)

Fig 2. a & b XRD patterns of SnO; films, ¢ & d SEM images of as-prepared and annealed SnO; films

The crystal quality of tin oxide films can be improved by eliminating the lattice disorders by gradual annealing. Annealing
temperatures larger than 400°C is necessary to get better crystal quality®. Hence, SnO, films were gradually annealed in air
at 500°C for 2 hours. The intensity and width of the SnO; film diffraction peaks of the annealed films shown in Figure 2 were
found to increase and decrease respectively. This confirms the improvement in crystallinity and increase in the crystallite sizes
of the films and/or a decrease in the strain on air annealing®. Lattice parameters and c/a ratio of the as-grown and annealed

https://www.indjst.org/ 2099


https://www.indjst.org/

Murali & Remadevi / Indian Journal of Science and Technology 2021;14(25):2097-2105

SnO, films were determined ) using the refined XRD data and is depicted in Table 1. The values obtained are close to the ideal
values and are in good agreement with the reported values and the best stable structure of rutile-type SnO; has a ‘c/a” ratio
equivalent to 0.674 7).

Table 1. Lattice parameters of the as-grown and annealed SnO; films

Sample a (nm) ¢ (nm) c/a

Ideal 0.4737 0.3185 0.6724
As-grown 0.4724 0.3153 0.6674
Annealed 0.4731 0.3160 0.6678

The mean crystallite sizes of SnO; films were determined using the full-width half maximum (FWHM) of the (110) and
(101) peaks using the Debye-Scherrer’s equation 7). The grain size of as-grown SnO; films was 4 nm and that for the annealed
films was 6 nm. This indicates that annealing influences the microstructure of the films (®.

SEM images of as-grown and annealed films show similar morphology. The films exhibit a coarse and porous surface
morphology. This kind of cauliflower-like morphology is capable of affording a large inherent adsorptive surface area, which is
a unique feature of films prepared using wet chemical methods?.

The surface of the film becomes rougher as the particle size increases. XRD studies revealed that the particle size of the
annealed films has slightly increased, which implied that the surface of the film might have become rougher than the as-grown
films. The porosity of the SnO, thin film can be assessed indirectly using the refractive indices of the films"?). The uniform
porosity may yield to the dye distribution within the film and hence an increase in the electron availability in DSCs®. These
films with cauliflower morphology and nanostructure grains become promising candidates in DSC applications 4.

3.2 Optical and electrical properties

The band gap energy, E,, of the SnO, films was evaluated ") by considering the allowed direct inter-band transition. In Figure 3,
(ahv)?vs hv plots of the films are shown. The band gap (E,) was determined by extrapolating the linear region of (a¢thv)?* vs
hvplots. The optical band gap evaluated was 3.75 eV and 3.25 eV for the as-grown and the annealed films respectively. The inset
plot in Figure 3 shows the variation of absorbance of both as-grown and annealed films. The absorbance of SnO; films was
increased on annealing and the band edge is optically red-shifted. The abrupt edge in the absorbance spectra of both as-grown
and annealed films indicates the good structural quality of the film 1),
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Fig 3. Plot of (athv)? versus hv (left) and variation of refractive index with wavelength (right) of SnO, films

The surface topography of both the substrate and the film determines the quality of the optical transmission of the film.
The surface scattering due to the peculiar surface morphology of the films can reduce the transmitted intensity. Optical
transmission through a rough surface is much affected by scattering of light having wavelengths near to the magnitude of
the film surface features®~'"). Due to the rough surface of the SnO; films, it can be noticed that the as-grown films possess
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only 80% transmission in the visible region (Figure 6). The reduction in the transmittance of the annealed films to 65% in the
visible region indicates that its surface roughness has increased corresponding to the particle size increase on annealing®.
Annealed films show a decrease in transmittance throughout the Vis-NIR region. The surface topography of both the substrate
and the film determines the quality of the optical transmission of the film. The reduction in the transmittance compared to
the reported transmittance of SnO; films can be attributed to the surface scattering due to the peculiar surface morphology of
the films®). It is also evident that the optical transmission through a rough surface is much affected by the scattering of light
having wavelengths near to the magnitude of the film surface features !*!V). The light harvesting efficiency of the SnO, working
electrode will be significantly enhanced if it has light scattering capacity along with high specific surface area equivalent to that
of nanoparticles)). Annealed films show a decrease in transmittance throughout the Vis-NIR region.

As shown in Figure 3, the refractive of the as-grown films show a lower value than that of the annealed films throughout the
Vis-NIR region of the spectrum. Both the films show the lowest value of the refractive index in the visible region. The higher
transmission in the visible region shown by the as-grown films may be due to the low refractive index possessed by it. Annealed
films show particular values of refractive index at 900 nm and 1500 nm.

The porosity of the films was computed from the refractive index of the film and refractive index (n,) of bulk SnO (ny
~2.006) material 1?) using the equation:

n?—1

2
ng —1

P(%)=1-

The refractive index ‘n’ of the films was determined using the extinction coefficient ‘K’ and the reflectance ‘R’ of the films 713

As depicted inFigure 3, the as-grown SnO» films possess higher porosity and lower refractive index than that of the annealed
films. It has been reported that the refractive index of thin films decreases as the porosity increases ®!4). This lowering of the
refractive index may be due to the trapping of air (refractive index of air is unity) from the ambient atmosphere by the porous
centers in the as-grown films ('), A slight increase of particle size from 4 nm to 6 nm on annealing might have reduced the void
spaces in the film and as a result, annealed films are relatively less porous and exhibit a higher refractive index.

The electrical resistivity of the as-grown films is 102 and that of the annealed films is 10*Qcm . The small grain size and
the porous structure of the films greatly influence and hence reduce the carrier diffusion. This may be the reason for the
moderately high electrical resistivity of the films*”). The reduction in resistivity or improvement in conductivity implies that,
on annealing, the slight increase in the particle size reduces the voids in the films and hence leading to the enhancement of
continuity and uniformity of the films 14, $nO films fabricated by SILAR techniques usually show high electrical resistivity
and are described elsewhere ). An attempt to increase the electrical conductivity to a high end will simultaneously reduce the
transparency of the photo-electrode. Hence for optimal electron transport and light harvesting, the photo-electrode needs a
rational design and both these properties can be simultaneously achieved by SILAR deposited films (7).

3.3 Photo-Characteristics of Sensitized SnO, Films

In DSCs, the dye is excited by the incident absorbing a photon and after injection of the electron into the conduction band of
metal oxide it is oxidized (">, The oxidized dye then accepts an electron from the suitable electrolyte and is regenerated ).
RB exhibits extraordinary spectroscopic and photochemical properties together with a large absorption coefficient in the visible
region. RB consists of halogens, which can act as electron acceptor groups and are known to decrease the band gap or HOMO-
LUMO gap of the dye(16-18),

Organic dyes whose highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
potential levels match the conduction-band level of the semiconductor (and the iodine redox potential) can be utilized as
photo-sensitizers 1!)_ The reported value of the work function of SnO, is 4.7 eV 17). The conduction band potential of SnO, is
approximately 0.4V more positive than that of TiO, ). Photo-induced transfer of charge carrier occurs only when there is a
favorable energy difference between LUMO of the RB dye and the conduction band of SnO, (1617,

Electrochemical data gives the necessary information and lets the estimation of relative positions of HOMO and LUMO
levels of the materials used 1>!¢18) RB has an oxidation potential (E,,) of 1.10 V, reduction potential (E,.;) of -0.95 V, HOMO
potential level of -5.85 eV, and LUMO potential level of -3.82 eV !*), With this valuable information, the energy level diagram
of SnO,/RB constructed is shown in Figure 4.
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Fig 4. Schematic energy level diagram of SnO; /RB

From the diagram, it is clear that the HOMO and LUMO levels of RB match with the conduction band level of SnO5. i.e. The
excited state level of the photo-sensitizer RB is higher in energy than the conduction band edge of the n-type semiconductor
SnO; film electrode used. Therefore, an efficient electron transfer process between the excited dye and conduction band of the
semiconductor will take place (®1>18),
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Fig 5. Absorbance spectra of bare/dye-sensitized SnO; films (left) and the peak absorbance at 559 nm wavelength for the 12, 18 and 24 hour
sensitized SnO, films (right)

Absorption spectra of the dye-sensitized as-grown and annealed SnO, films for 12, 18, and 24-hour duration together and
the bare as-grown and annealed films are shown inFigure 5. This RB coated SnO; films are showing optical cut-off features
in the UV and the lower part of the visible regions of the spectra (200-600 nm) and can be used as UV hindering panels
or windows ?>21), UV-Vis absorption spectra of solutions containing dyes detached from the sensitized film were utilized to
determine the amounts of dye adsorbed by the films and are depicted in Table 2. Data give clear evidence for the sufficient
amount of dye adsorption on the films. Beer-Lambert Law was used to compute the concentration of the dye detached from
the sensitized films in the solution ??.

The spectra of the dye-sensitized as-grown and annealed electrodes contain the characteristic absorption peak of RB at 559
nm. The dye adsorbed SnO; film electrodes show much higher absorbance and cover a broad visible region compared to the
bare SnO; film electrodes. This can be attributed to the excellent porous structure and the large specific surface area of the films.
This result illustrates the adsorbance of a large number of molecules of dye in the SnO; films.

Dye-sensitization of the film electrodes for 12, 18, and 24 hours duration has improved the absorbance but covers the
same visible region respectively as shown in Figure 5®®1%, The overall absorption of the sensitized films appears different
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as compared to that of the bare as-grown and annealed films. The absorption edge shifts towards the longer wavelength side
and the height of the absorption peak also increases upon the duration of sensitization ©.

Variation of the absorption peak concerning the duration of sensitization of as-grown and annealed films are shown in
Figure 5. Figure 5 illustrates that more and more dye molecules are being absorbed in the film concerning the duration of
immersion of the SnO; film electrodes in the dye solution (151821,
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Fig 6. Plot of (athv)? versus hv(left) and transmission spectra of bare/dye-sensitized (right) as-grown and annealed SnO; electrodes

Dye-sensitized annealed SnO; electrodes are showing higher absorbance than that of the dye-sensitized as-grown films.
This can be attributed to the roughness created on the surface and the corresponding increase in specific surface area on
annealing, which facilitates more dye adsorption. The transmittance in the visible region of the spectrum in Figure 6, shows
that a considerable amount of dye was adsorbed by the nanocrystalline as-grown and annealed SnO; films. The transmittance
and absorbance were not affected beyond 600 nm in the visible region and throughout the NIR region of the light spectrum.
The optical cut-oft features together with the good transmission of 70-80% beyond 600 nm wavelength are a favorable outcome
for developing the protective windows and long-pass optical filters @21,

When the films were sensitized with RB, light absorbance becomes wide and extends up to 600 nm in the visible region. In
addition, this is caused by the decrease of band gap energy due to the surface modification of SnO, films by RB. The optical
band gap variation due to surface modification of SnO, films can be well understood by drawing a plot as shown in Figure 6,
between incident photon energy ‘hv’ and absorbed energy (athv)?.

The optical band gap values of RB sensitized SnO, films were depicted in Table 2. It can be observed that RB sensitization
leads to an improvement in absorbed photon energy ranging from 2 to 3.25 or 3.75 eV respectively for the annealed and as-
grown films. This is a remarkable achievement and gives clear evidence of the adsorption of RB dye on the SnO, thin films (1521,

Table 2. Optical band gap of bare & RB sensitized SnO; films and adsorbed dye on the films

Optical band gap of the films (eV) Adsorbed dye on the films 10°% mol/cm?
Sample Sensitized for Sensitized for
Bare films
12 hour 18 hour 24 hour 12 hour 18 hour 24 hour
As-grown 3.75 2.07 2.05 2.03 0.24 0.30 0.38
Annealed 3.25 2.06 2.04 2.02 0.18 0.23 0.33

Moreover, the sensitization imparts enrichment in the photoconductivity and the photo-action spectrum was broadened
towards the low photon energy. Similar results have been reported regarding the change in the band gap values after dye
treatment in the case of N3 dye-sensitized TiO» and ZnO films?3-2%), All the six samples used in the study including the
sensitized as-grown and annealed films established the reproducibility of the photo-response of the SnO, films.
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4 Conclusion

A novel photo-anode was developed by sensitizing the SILAR SnO; films and the effect of organic dye RB was investigated.
Comprehensive characterization of the bare films and photo characteristics of the sensitized films were done.

Films with cauliflower-like morphology exhibited porous structure and a large inherent adsorptive surface area. As-grown
and annealed films have a steady transmittance of 80% and 60% respectively and resistivity in the range of 10 - 10*Qcm.
As-grown SnO; films have higher porosity and lower refractive index than that of the annealed films. The dye adsorbed SnO,
film electrodes have much higher absorbance and cover a broad visible region resulting in an improvement in light-harvesting
compared to the bare SnO; film electrodes. RB sensitization leads to an improvement in absorbed photon energy ranging from
2t0 3.75 eV. SnO, films sensitized with RB acts as an excellent dye-sensitized electrode, which can absorb the energy of almost
half the visible spectrum in the range 400-600 nm.

SnO; film-sensitized solar cells can be constructed to investigate the performance of these photo-anodes. The potential of
these sensitized films can be further explored for developing protective windows and long-pass optical filters. Long term stability
of the prepared SnO, photo-electrode was not investigated in this work. Photo-electrodes of the SnO; films can be developed
or modified further by metallic dye sensitization, doping with metallic or non-metallic materials etc.
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