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ABSTRACT

Transparent conducting oxide (TCO) glasses play an important role in various technology,
including dye sensitized solar cells. One of the most commonly used glass is indium tin oxide
(ITO) glass, which is expensive. Therefore, the main purpose of this research was to determine
if ITO glass can be replaced with fluorine-doped tin oxide (FTO) glass, which is easier and
more economic to manufacture. For this purpose, a tin chloride dehydrate (SnCl,2H,0)
precursor was doped with ammonium fluoride (NH4F) using a sol-gel method and spray
pyrolysis technique to investigate the fabrication process for conductive glass. NH4F was doped
at a ratio of 2 wt% in the SnCl,2H,0 precursor at varying deposition times (10, 20, and 30
minutes) and substrate temperatures (250, 300, and 350°C). The results revealed that longer
deposition times created thicker glass layers with reduced electrical resistivity. The highest
optical transmittance was 75.5% and the lowest resistivity was 3.32x10”° Q.cm, obtained from
FTO glass subjected to a 20-minute deposition time at deposition temperature of 300°C.

Keywords: Ammonium fluoride doping; Conductive glass; Electrical resistivity; Optical
transmittance; Tin chloride dehydrate

1. INTRODUCTION

As the world population and industrial growth increases, the need for energy unavoidably
raises. The primary energy source used globally is fossil fuels, including crude oil, natural gas,
and coal. However, fossil fuel sources are not renewable and reservations will continue to
decline over the next few years. One abundant alternative energy source that has not been
maximized is sun light, which is converted by solar cells into photon energy and electricity. Sun
light is one of the answers to global energy problems. More specifically, dye-sensitized solar
cells (DSSC) are third-generation photovoltaic devices based on a photo-electrochemical
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process involving interactions among photon absorption, sensitizing dye and semiconductor
oxide. These cells are promising a simple and low-cost solution, and the sensitizing dye can be
extracted from natural plant sources abundant in tropical regions.

One of the most important parts of DSSC is the transparent conductive oxide (TCO). The most
commonly used TCO is indium tin oxide (ITO); however, ITO production costs are very high
due to the scarcity of raw materials (i.e., the indium (In) element). Thus, an alternative material
is needed, and one oxide with characteristics similar to ITO is tin oxide (SnO;). Previous
studies have examined how to obtain glass with excellent conductivity and high transparency
using various chemical and physical approaches, such as evaporation (Muranaka et al., 1986),
electron beam evaporation (Shamala et al., 2004), sputtering (Brousseau et al., 1997), spray
pyrolysis (Paraskevi & Munkegade, 2008), sol-gel method (Ganz et al., 1997), and chemical
vapour depostion (Ray et al., 1997). The current research used the sol-gel method by doping the
tin chloride precursor with a fluorine source. The main focus of the work was to investigate the
effect of deposition time and substrate temperature during spray pyrolysis process on TCO
properties, including crystal structure, morphology, electrical resistivity, and optical
transparency.

2. EXPERIMENTAL METHOD

The materials used in this experiment included tin chloride dihydrate (SnCl,.2H,0), ammonium
fluoride (NH4F), distilled water, and ethanol (Et-OH). All chemical reagents had analytical
grade purity and were purchased from Merck.

The FTO fabrication process began with cleaning the glass substrates using commercial
detergent, followed by immersion in ethanol in a glass beaker. To complete the cleaning
process, both the glass substrates and beaker were ultra-sonicated for 15 minutes. The substrates
were dried in an oven overnight before being used, while the tin precursor solution was
prepared by dissolving 12 grams of SnCl,.2H,O in 100 ml of ethanol and stirring this
combination for 30 minutes. The fluorine doping solution was made by dissolving NH4F in
distilled water, followed by rigorous stirring until a homogeneous solution was obtained. This
doping solution was added with a dropper to the tin precursor solution, and the mixture was
stirred for 30 minutes. The ratio between NH4F and SnCl,.2H,0 was fixed at 2 wt%.

The deposition process for the solution mixture on soda lime substrate was carried out using the
spray pyrolysis method and an ultrasonic nebulizer (GEA Medical 402A1) at a distance of 10
cm and a speed of £ 30 ml/10 min. One variation in the fabrication stage was the varying
deposition times of 10, 20, and 30 minutes at a fixed heating temperature of 300°C. Another
synthesis variation was the varying temperature of 250, 300, and 350°C at a fixed deposition
time of 20 minutes.The characterizations of the fabricated FTO glasses were performed with
scanning electron microscope-energy dispersive spectroscopy (SEM-EDS; JEOL-JSM 6390A),
x-ray diffraction (XRD; Shimadzu XRD-7000), ultra violet- visible spectroscopy (Thermo UV-
Vis Genesys 10s), and a four-point probe (FPP5000).

3. RESULTS AND DISCUSSION

3.1. Deposition Time Variation

The first investigation was carried out by varying the deposition time during the spray pyrolysis
process to 10, 20, and 30 minutes at a fixed heating temperature of 300°C. For study purposes,
SEM-EDS observations were taken of the fabricated glasses at these variables.
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Figure 1 Top view (left) and cross section (right) SEM images of 2 wt% FTO thin layers heated
to 300°C during the pyrolysis process with deposition time variation of: (a) 10; (b) 20; and (c) 30
minutes

Figures 1a—c show the top view and cross section SEM images of FTO thin layers heated to
300°C during pyrolysis with deposition time variations of 10, 20, and 30 minutes. At 10
minutes (Figure 1a), the resulting FTO thin film appeared as a layer consisting of individual and
separated small particles with an average size of 0.52 um. As a consequence, several porosity
voids were observed among the particles. Increasing the deposition time to 20 minutes resulted
in larger particle sizes, averaging 0.91 um (Figure 1b). The particles became more compact and
interconnected when the porosity was reduced significantly. A deposition time of 30 minutes
produced much larger particles averaging 2.13 um, and the FTO layer formed trapezium-shaped
grains (Moholkar et al., 2008) scattered with smaller particles. The cross sectional images in
Figures la—c also reveal that the thickness of the FTO layer was 1.00, 2.38, and 2.42 um for
deposition times of 10, 20, and 30 minutes, respectively. Longer deposition times increased the
thickness of the FTO layers; however, this had an adverse effect on optical transmittance, which
was studied further using UV-Vis spectroscopy.

Figure 2 shows a diffractogram of FTO glasses at deposition time variations of 10, 20, and 30
minutes, heated to 300°C. Several peaks appear at 20 degrees of 26.511, 33.766, 37.843,
51.610, 61.690, and 65.750° confirming the (110), (101), (200), (211), (310), and (301) crystal
planes and the tetragonal rutile structures of the cassiterite SnO, phase. The full-width at half
maximum (FWHM) values of these diffraction peaks decreased significantly from 0.262° at 10
minutes to 0.229° and 0.205° at 20 and 30 minutes, respectively. This is consistent with the
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results from the crystallite size estimation, which increased from 12.16 nm at 10 minutes to
73.61 and 124.60 nm at 20 and 30 minutes, respectively.
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Figure 2 XRD pattern of 2 wt% FTO thin layers with deposition time variations of 10, 20, and 30
minutes at a constant deposition temperature of 300°C

No other phases, except the tin oxide phase, were detected in the fabricated glasses based on
XRD characterization, including tin chloride hydrate (SnCl,.2H,0) and ammonium fluoride
(NH4F) precursor phases. This confirms that conversion from these precursors to tin oxide
doped with fluorine was successful during the spray pyrolysis process. This result is also in
agreement with that proposed by Ren et al. (2011), in which the O atom was replaced by F
atoms in SnO,. Further study of the XRD results also revealed that the intensity of the
diffraction peaks increased as deposition times increased from 10 to 30 minutes. In addition, the
(200) crystal plane was the preferred orientation of the FTO thin layer on the glass substrate.
Previously, Gordillo et al. (1994) showed that (200) is the desired crystal plane for optimal
balance between electrical resistance and optical transmittance.

Table 1 Resistivity of 2 wt% FTO thin layers with deposition time variations of 10, 20,
and 30 minutes at 300°C during the pyrolysis process

Deposition Time Resistivity (Q.cm)
10 min 6.19x10™
20 min 3.32x10°
30 min 2.63x10°

Table 1 presents the electrical resistivity test results for the FTO thin layers under the
aforementioned conditions. The values decrease significantly up to one order higher (i.e., from
6.19x10™ to 3.32x10™ Q.cm) when the deposition time was prolonged from 10 to 20 minutes.
At 30 minutes, the resistivity was slightly reduced to 2.63x10™ (Q.cm). This electrical
conductivity result is related to the particle and crystal structure growth of the SnO, phase,
which was observed by SEM (Figure 1) and XRD (Figure 2). At 10 minutes (Figure 1a), the
spray pyrolysis process resulted in small particles accompanied by pores or voids as a
consequence of incomplete connections among these particles. These pores acted as a sink for
electronic charges, resulting in the resistivity of the film being higher. As the deposition time
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increased to 20 minutes, the SnO, crystallites grew larger, and interconnection was well
established. Additionally, the thickness of the film increased to 2.38 pm. As demonstrated
visually by the compacted particles and reduced porosity in Figure 1b, the electronic transfer
among particles became easier, and resistivity reduced significantly (Zhao et al., 2008). At a
deposition time of 30 minutes, the particles were significantly larger with less pores, as shown
in Figure 1c, and reduced resistivity was obtained, although the order of its value was the same
as that at 20 minutes. This could be related to the thickness of the thin film, which slightly
increased to 2.42 pm.
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Figure 3 The optical transmittance of 2 wt% FTO thin layers with deposition time variations of
10, 20, and 30 minutes at a constant deposition temperature of 300°C

To evaluate the effects of deposition time and resulting layer thickness on the transparency of
FTO glass, UV-Vis spectroscopy was performed, and the results are presented in Figure 3. The
highest optical transmittance of ~ 83.8% was obtained by the FTO glass at the 10-minute
deposition time, while at 20 and 30 minutes, the optical transmittance decreased to 75.5% and
37%, respectively. Such decreases could be related to the increases in thickness of the FTO
film, revealed by the SEM cross-sections of the samples (Figures la—c, right side).

3.2. Substrate Temperature Variation

Further investigation was carried out by varying the substrate temperature during the spray
pyrolysis process to 250, 300, and 350°C at a fixed deposition time of 20 minutes. SEM-EDS
observations were performed on the fabricated glasses under these conditions.

Figures 4a—c show top view and sectional SEM images of the FTO thin layers deposited for 20
minutes during pyrolysis at temperature variations of 250, 300, and 350°C. At 250°C, several
voids are distributed over the substrate surface with an average grain size of 82.46 nm (Figure
4a). The visible presence of void porosity between groups occurred because the temperature
was too low, causing the atoms to be absorbed by the substrate.

Figure 4b shows that the increase in substrate temperature to 300°C on a thin layer of FTO
affects the surface morphology of the grains, causing the formation of larger grains averaging
128 nm. In addition, the particles became more compact and well connected, which reduced the
porosity significantly, because the treatment temperature caused the grain layer to cluster,
expand, and acquire additional energy to recover crystal structure.
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Increasing the substrate temperature to 350°C resulted in larger particle sizes averaging 612.22
nm. Cross sectional images in Figures 4a—c reveal that the thickness of the FTO layer was 540
nm and 2.38 and 3.52 um for substrate temperature of 250, 300, and 350°C, respectively. Thus,
increasing the substrate temperature increased the thickness of the FTO layer. According to
Lazi et al. (2004) high solution temperatures used to decrease solution viscosity cause the rate
of movement of particles to increase, resulting in faster coating formation rates and thicker

layers.
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Figure 4 Top view (left) and cross section (right) SEM images of 2 wt% FTO thin layers
deposited for 20 minutes during the pyrolysis process with substrate temperature variations of:
(a) 250; (b) 300; and (c) 350°C
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Figure 5 XRD patterns of the 2 wt% FTO thin layers with substrate temperature variations of
250, 300, and 350 °C at a constant deposition time of 20 minutes

Figure 5 shows the diffractogram of the FTO glasses at substrate temperature variations of 250,
300, and 350°C at 20 minutes. Several peaks appeared at 20 degrees of 26.511, 33.766, 37.843,
51.610, 61.690, and 65.750°, confirming the (110), (101), (200), (211), (310), and (301) crystal
planes of the tetragonal rutile structures during the cassiterite SnO, phase. The value of the
FWHM decreased significantly to 0.68, 0.229, and 0.165° for substrate temperature variation of
250, 300, and 350°C, respectively, which was consistent with the crystallite size increasing
from 5.86 nm to 73.61 nm and 604.22 nm.

Figure 5 shows the XRD spectra of SnO, thin films deposited at different substrate
temperatures, which indicate that the samples deposited at 250°C grew an amorphous structure.
The crystal planes (110), (101), (200), as (211) were not as sharp, while the (310) and (301)
crystal planes did not appear.

At temperatures greater than 250°C, the SnO, films presented polycrystalline structures,
although some crystallographic characteristics changed depending on the substrate temperature.
At 300°C, the intensity of the (200) crystal plan was dominant compared to the other planes,
indicating that the crystal quality improved. A study by Gordillo et al. (1994) showed that the
(200) plane was desirable for optimal balance between electrical resistance and optical
transmittance. This is supported by the results of the current experiment, for which these factors
were optimal at a substrate temperature of 300°C and a deposition time of 20 minutes, resulting
in a resistivity value of 3.32x10™° Q.cm and transmittance value of 75.5%. At 350°C, changes in
the intensity of crystal planes (110), (101), (200), (211), (310), and (301), especially in plane
(211), increased. According to Gordillo et al. (1994), this increase in thickness of the SnO,
films with a tendency to grow preferentially along the (101), (211) and (301) directions.

Table 2 presents the electrical resistivity test results for the FTO thin layers under the
aforementioned conditions. The value decreased significantly, from 1.142x10° to 3.32x107
Q.cm, when the substrate temperature was raised to 250-300°C. When the temperature was
raised to 350°C, the value of resistivity reduced slightly to 2.15x10° Q.cm. This can be
attributed to the value of the measured crystallinity layer as shown in Figure 5. The crystallinity
is directly proportional to the conductivity, which is supported by research conducted by Tatar
and Duzgun (2012) stating that the higher the value of crystallinity, the lower the resistivity
values. Thus, higher substrate temperatures result in lower resistivity values, producing
conductive properties.
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Table 2 Resistivity of 2 wt% FTO thin layers with substrate temperature variations of
250, 300, and 350°C at a constant deposition time of 20 minutes

Substrate Temperature Resistivity (€.cm)
250°C 1.142x10°
300°C 3.32x10°
350°C 2.15x10°

The electrical conductivity results can also be associated with particles and crystal structure
growth during the SnO, phase, as shown in the SEM images (Figure 4). The spray pyrolysis
process at 250°C (Figure 4a) resulted in small particles with pores or voids caused by
incomplete connections among these particles. These pores acted as a sink for electronic
charges, and as a consequence, the resistivity of the film remained high. As the substrate
temperature increased to 300°C, the SnO, crystallites grew larger, and interconnections were
well established. As demonstrated visually by the compacted particles and reduced porosity in
Figure 4b, electronic transfer among particles became easier, and resistivity was reduced
significantly (Zhao et al., 2008). At 350°C, large particles had less pores, as shown in Figure 4c,
and further decreases in resistivity were obtained (2.15x10™ Q.cm).

To evaluate the effect of substrate temperature on the thickness and transparency of FTO glass,
UV-Vis spectroscopy was performed. The highest optical transmittance of ~90.7% was
obtained by FTO glass at a substrate temperature of 250°C, while at 300 and 350°C, optical
transmittance decreased to 75.5 and 55%, respectively due to the increased temperature of the
substrate causing the layer to thicken (Figure 6). Thus, transmission of SnO,:F thin films
decrease as film thickness increases (Rahal et al., 2013).
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Figure 6 The optical transmittance of 2 wt% FTO thin layers with substrate temperature
variations of 250, 300, and 350 °C at a constant deposition time of 20 minutes

4. CONCLUSION

It can be concluded that longer deposition times produce thicker FTO films and that increased
substrate temperature also increases the thickness of thin films, resulting in decreased electrical
resistivity. However, film that is too thick creates an adverse effect on optical transparency;
therefore, there should be a balance between electrical resistivity and optical transparency, with
the optimal trade-off being a TCO film deposited for 20 minutes, which provides transmittance
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of 75.5% and a resistivity of 3.32x10° Q.cm. The TCO film used in this study has potential for
further development to enhance its functional properties.
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