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Abstract

Influence of water concentration on the properties of fluorine-doped tin oxide (FTO) thin films was
systematically studied in this work. Home made SISOM’s SPEED techniques and its chemical
formulation was employed to grow the FTO on quartz substrate. Water concentration in the
precursor solution was varied from 0, 0.5, 1.0 and 1.5 mol %. The structural, optical, and electrical
properties of the films were studied under these deposition conditions. The results show that the
properties of the films varied significantly with water concentration. Scanning electron microscopy
(SEM) revealed FTO films whose grain size and uniformity increases significantly with increase in
water concentration. The structure of the films was measured by X-ray diffraction (XRD)
measurement. It shows polycrystalline films with (110), (101), (200), (211) and (220) orientation;
the strength increases as water concentration increases. The optical transmission was determined by
UV-Vis spectroscopy at 380—780 nm UV-VIS regions. The optical transmittance varies with water
concentration with an average of 84%. The electrical property, measured by Hall Effect revealed n-
type semiconductor. The films have the following properties: resistivity, 15X 1042 cm; carrier
concentration, 18.7 X10' cm™ and mobility of 21.86 cm? V! s”!. The average figure of merit, @of
the FTO film is 1.25. Optimum deposition condition was established after series of experiments and
was found to be 1.5% water concentration at 460°C substrate temperature. The FTO films deposited
in this work could be a promising replacement to indium tin oxide (ITO) especially in dye-
sensitized solar cells.

Keywords: Water concentration, Fluorine doped, SPEED, Tin oxide, Properties
1. Introduction/Background

Fluorine doped tin oxide thin films (FTO) is widely researched due to its promising structural,
optical and electrical properties [1-10]. Many researches have focused on optimization of FTO
deposition conditions as a means of improving on its structural, optical, and electrical properties [1-
26]. Among the deposition conditions that are widely optimized in FTO thin films are: substrate
temperature, concentration of precursor, water concentration, deposition rate, ageing of precursor,
because the properties do depend on deposition techniques [21-26]. Among these conditions,
influence of water in the precursor is scantily studied especially for a technique that employs
chemical formulation routes to improve on the properties such as SPEED technique [27-29].
However, controllable concentration of water is employed in this research work to improve on the
structural, optical and electrical properties of fluorine-doped tin oxide (FTO) films. Water
concentration, if well controlled can affect electronic properties of a bulk semiconductor in a
significant way just like substrate temperature influences the properties of FTO films [11, 37]. We
have previously reported deposition of highly oriented FTO thin films on a glass substrate using
varying substrate temperature only [21, 26]. The range of suitable temperature for growing FTO
films was 400-500°C and optimum substrate temperature of 4600C was reported [21]. The quality

1

© 2017 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints201711.0188.v1


http://dx.doi.org/10.20944/preprints201711.0188.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2017 d0i:10.20944/preprints201711.0188.v1

of the resulted films were good though, but more research is essential to further improve on its
quality to compete with indium tin oxide (ITO) which is relatively expensive due to scarce element
“indium” in ITO compound. ITO is an important candidate in dye sensitized solar cells. Therefore,
FTO, due to its abundance and competing optical and electrical properties is a promising alternative
to ITO. One important technique widely employed to improve on the quality of FTO in this work is
optimization of precursor water concentration.

Many researches have been conducted so far in finding a way to overcome problems associated
with FTO thin films through methods especially through fabrication and growth control [3, 24-
26].The influence of several deposition conditions such as doping concentration, solvent, substrate
temperature, etc. on the properties of sprayed FTO films have been studied to determine the
optimal deposition conditions to obtain as high electrical conductivity and optical transparency as
possible [24-26]. Among the techniques that have been previously employed are: Thermal
evaporation [4, 9], Sputtering [11-12], Chemical vapour deposition [13—15], Sol-gel coating [4,
16], Painting [4, 17], Spray pyrolysis [4, 6, 8],Magnetron Sputtering [19], SPEED technique [21,
26, 38] and Photo chemical vapor deposition [20].Most of the above techniques have produced high
quality FTO films. But, there are still few challenges which limit their usage. For instance,
magnetron, sputtering and thermal evaporation are good techniques, but they are either expensive
due to high vacuum required during deposition or high temperature. The cheaper techniques may
not produce high quality films. In contrast, Streaming Process for Electrodeless Electrochemical
Deposition Technique (SPEED)patented by SISOM thin films LLC is a promising and pure
heterogeneous reaction based which employs water as the primary solvent without the need of
expensive vacuum to grow films and it is capable of growing materials at much lower substrate
temperatures [26].Therefore, the experimental approach and chemical formulation of SPEED
technique has been employed to deposit high quality FTO thin films using controlled amount water
concentration.

2. Materials and Methods

Fluorine doped tin oxide thin films were grown in this work using home made SISOM’s SPEED
techniques well as SPEED chemical formulation approach [21]. Analytical grade of 0.5 M of tin
(IV) chloride, to act source of tin was mixed with ethanol, isopropanol, methyl propanol. The
Fluorine source was 20% of the tin concentration in the precursor solution. In SPEED chemical
formulation, deionized water is one of the major requirements because it is not only employed as a
source of oxygen but also as solvent. Therefore, its influence is studied in this work by varying its
percentage in the solution as follows:0, 0.5, 1, and 1.5 mol %.The details of deposition technique
by SPEED technique can be found in [21]. Before spraying process continued, the quartz substrates
were first degreased rinsed in ethanol and deionized water several times. They were finally dried.
The precursor was then sprayed on the clean substrate at a flow rate of 1.2 ml/min while the
substrate temperature 460°C of optimized in our previous work was used. The films were deposited
at a fixed nozzle-substrate distance (NSD) of 30.0cm through the deposition.

Varieties of characterization equipments such as X-ray diffraction, scanning electron
microscope (SEM), and optical spectroscopy were used to evaluate the structural and optical
properties of the FTO thin films. The band gap of the films was obtained from the absorption edge
of the transmittance spectra. The electrical properties of the films were measured with hall
coefficient set up.

3. Results and Discussion
3.1.Structural and optical properties

The structural property of the FTO films grown at different concentration of water is shown by X-
ray diffraction pattern in fig. 1. The trend exhibited the structure of polycrystalline tetragonal and
made up of multi crystal.
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Fig. 1: X-ray diffraction patterns of the FTO films prepared by addition of different
quantities of H,O (a) 0 mol% (b) 0.5 mol% (b) 1.0 mol% (¢) 1.5 mol%

The structural orientation consists of (110), (101), (200), (211) and (220) and its strength increases
as water concentration increases. The strength of 110 structural orientations appears more
conspicuous than other orientations. When the water concentration was increased to 1.0mol%, there
is drastic increase in all orientations and continues until 1.5mol%.The sharp diffraction peaks
indicates that the crystals in the tin oxide film are relatively large.FTO thin films deposited at 0 mol
% shows relatively short diffraction which indicates the film’s poor crystallinity. Generally, the
film’s crystallinity increases with water concentration. The poor crystallinity may be due to the
incomplete formation of the FTO film at 0 mol% water concentration. It is seen from fig. 1 that
improvement on the crystallization of FTO films starts to commence typically after 0.5 to 1.5 mol%
water concentration.

The SEM images of FTO thin films prepared with in different water concentrations are
shown in Fig. 2. Starting from fig. 2 (a), that is, the film grown with 0 mol% water concentrations,
the film’s grain sizes are relatively small, not compact and contained few holes on surface of the
thin films.

Fig. 2: Morphology of FTO films prepared by adding different H>O quantities of (a) 0 mol%,
(b) 0.5 mol%, (c) 1 mol%, (d) 1.5 mol%.

Obviously, the grain size increases as water concentration increases. Different surface

morphologies of the thin films can be attributed to different nucleation and growth mechanisms at

different water concentration. The nucleation and growth habit of polar FTO crystal under
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hydrothermal condition has been investigated by many researchers especially in ZnO thin films
[37]. The polarity and saturated vapor pressure of the solvents, precursor, reaction temperature and
time, and solution basicity have significant effects on the surface morphology of the films [37]. At
Imol% water concentration, the thin films continue to grow and exhibits larger grains of various
sizes on the surface of the substrate (see Figure 2(b). With increasing water concentration to
1.5mol%, the substrate becomes well covered with presence of nanoagglomerations along the entire
surface of the substrate as seen in Figure 2(c), the grain size also increases in size and reached the
maximum. Beyond this water concentration (1.5 mol %), “the substrate becomes completely
covered with uniform grain size of FTO thin films showing that nanoagglomerations continue its
formation to become micro agglomerations at the top of the sample surface” [37]. The FTO thin
film is highly oriented at 1.5 mol% with average diameter of 100nm. When the water concentration
increases, the crystal grains grew larger and the crystal interfaces decreases [37]. Furthermore, the
density, and order degree of the FTO nanorods were the maximum at 1.5mol% water concentration.
This observation is consistent with XRD findings described above (fig.1).Formation of FTO films
could take place through two mechanisms when optimizing water concentration [11]. The first
mechanism is breaking of chemical bond at high temperature. The following equation is the doping
equation:

Sn (OH) + 4NH4F + 30H — SnF4 + 4H20 + 4NH3 (1)

From equation (1) above, it is seen that water is one of the by products of the reaction. Hence, it has
to be decomposed and volatilized to bring about quality films. This is where deposition temperature
actually becomes important. If the deposition temperature is not sufficiently high enough to
decompose and volatize bye products, the resulting films may have poor adherence to the
substrates, and hence may affect the films’ quality. On the other hand, too high temperature may
degrade film’s quality. Therefore, the study of water concentration and deposition temperature is
very crucial if high quality films are in need.

In our previous research work [21], substrate temperature was optimized between the
deposition temperature ranges of 440 to 500°Cand 20% water concentration. The substrate
temperature of 460°C was the optimum temperature. At temperatures below or above this,
heterogeneous reaction of the film was activated, and hence, the films’ quality was enhanced. Since
both substrate temperature and water concentration are complementary and play a significant role
in films, then both parameters deserve to be investigated jointly. In our previous work, the films
grown at 460°C appeared more uniform, shiny and adhered strongly to the substrates than other
temperatures. But, more research is required to further improve on its quality determining film’s
quality. The primary objective is to provide an alternative to ITO which is no longer suitable for
DSSC solar cells due to scarcity of indium which makes up the ITO compound as discussed in the
introduction section of this work. The average figure of merit of 1.25 was determined in equation
(2).A detail of figure of merit for individual water concentration is shown on table 1.

Figure of merit () = TlO/R (2
S

Where T is the transmittance in the visible range and Rs is the sheet resistance.

The unprecedented improvement observed in the structural, optical and electrical properties
of FTO films in this work is attributable to action of water in the precursor. Water can promote the
cleavage of the chemical bonds in MBTC. According to SPEED chemical formulation [MRS]
"substrate kT must exceed the heterogeneous reaction activation energy and be sufficient to
decompose and volatilize the reaction byproducts, formation of attached SnO: in Eq. (2) are
followed by site regeneration" according to the following equation:

[Sub] SnO: + OH- —» [Sub] SnO2(OH) 3)

[Sub] Sn OH)*" + 4NH4F + 30H- ——Sub] SnF4 + 4H20 + 4NH3 4)
4
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"Growth of SnF4 molecules occur randomly during growth". F on the O lattice site is a donor. With
water and solvent ligand, the adsorbed complex undergoes hydroxyl-ion-assisted reduction to form
attached Sn [12], which paired with the oxygen vacancy acts as a donor [6]. Water does not
participate in the reaction and O vacancies occur via adsorption of the tin complex
[SnLn]P"“*according to the following equation:

[Sub][SnLn]P*® )+mOH" — [Sub]Sn+m(OHLn).

According to above equation, when the concentration of water in the product reaction is low
more fluorine ions are ejected into the lattice of tin oxide. The fluorine should occupy the oxygen
ions due to comparable ionic size and bond energy, this gives rise to reduction in Coulomb forces
that bind the lattice together. Since the “charge on F is only half of the charge on O* and thus
geometrically, the lattice is nearly unable to distinguish between fluorine ions and oxygen ions”
[11-36].

The UV-Visual light transmission curves of FTO films prepared with different H2O
concentrations are shown in fig. 3.
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Fig. 3: UV-Visual light transmission of FTO films prepared by adding different quantities of
H>0 (a) 0 mol% (b) 0.5 mol% (c¢) 1.0 mol% (d) 1.5 mol%

The results showed that, with increase of H20 concentration, the visible light transmission of the
films changed slightly. In the region of 380—780 nm, the average transmission rate was about 84%.
As shown in the transmission curves in fig. 3, light at 284 nm was absorbed completely by all the
films, because the ultraviolet light was absorbed by the electron transition from the valence band to
the conduction band. Due to the interference of the film, the transmission curves showed
fluctuation and wave-like pattern.

Table 1 shows the thickness and optical band gap of FTO tin films grown at different water
concentration. The film thickness decreases from 411 to 1007 nm. The changes of thickness of the
FTO film prepared at various water concentrations were determined by SEM image in fig. 2. The
results indicated that the thickness increased with water concentration [37]. This may be attributed
to activation energy which is closely related to the deposition rate of the films. “With increased
water concentration, the activation energy may likely decrease” [37]. It also shows the band gap of
the FTO films. The band gap decreases steadily with water concentration. The maximum is
achieved at 0 % and minimum at 1.5%. From these results, varying the quantity of water in the
precursor solution is a way of improving on the properties of FTO.
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Table 1: Properties FTO films deposited at various water concentrations

H>0 Conc. (%) Thickness (nm) Band gap (Ev)

0 411 3.79
0.5 744 3.62
1.0 901 3.54
1.5 1007 3.16

3.2.Electrical properties

The relationship between free carrier concentration (n), mobility (uH) and resistivity (p) at various
water concentrations is shown in fig. 4. The optimum mobility, carrier concentration and resistivity
are 21.86 cm? V' 571, 18.7 x10' cm and 15 X 102 cm respectively. These values fall at 1.5
mol% of water concentration. This indicates that 1.5mol% of water concentration is the best
deposition condition for achieving the best photovoltaic performance. The hall measurements
indicate the FTO films to be of n-type semiconductors.
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Fig. 4: Variation in carrier density (N), Hall mobility un, and resistivity (p)

Table 2 shows the sheet resistance and figure of merit of the FTO films grown at different
water concentrations. The sheet resistance decreases as water concentration increases, it remained
constant when the water concentration exceeded 1.5 mol%. It is found to decrease from 20.5 to
8.2Q. The average figure of merit calculated is 1.25.

Table 2: Sheet resistance and figure of merit of FTO films deposited at various water
concentrations

H>O Conc. (%) Sheet res. (2) Figure of merit (¢)

0 20.5 1.08
0.5 15.6 1.14
1.0 11.9 1.18
1.5 8.2 1.60
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4. Conclusion

In this work, the structural, optical and electrical properties of FTO films were investigated as a
function of water concentration. Home made SPEED technique was used to grow FTO films. The
properties of the films were controlled by varying the concentration of water in the precursor solution.
The structural, optical and electrical properties of the films depend on water concentration. The
crystallinity of FTO films increases with water concentration. The SEM, transmission and electrical
properties measurement revealed FTO films whose quality improves as water concentration increases.
The average transmittance of the deposited thin films was about 84 % in the region of 380—780 nm.
Hall mobility uH, carrier density (N) and resistivity (p) of FTO films measured under various water
concentrations are 21.86 cm? V! sh and 18.7 x10' cm™ and 15 X 102 cm respectively at 1.5 mol%
of water concentration. The FTO films’ average figure of merit is 1.25. The FTO films, according to
hall measurements indicate n-type semiconductors. The FTO deposited in this work is a promising
replacement to indium tin oxide (ITO) in solar cells application.
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