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Abstract: Pd-F:SnO, thin films have been prepared by spray pyrolysis technique using an alcoholic precursor solution
consisting of stannic chloride (SnCly.5H,0), ammonium fluoride (NH,4F) and palladium chloride (PdCl,). Optimization on the
deposition parameters has been done in order to obtain high quality thin films. The effect of varying the fluorine content on
the optical properties of Pd-F:SnO, thin films were studied. Data for transmittance and reflectance in the wavelength range
from 300nm — 2500nm was measured using the solid spec 3700DUV spectrophotometer. The calculated optical band gap of
the as prepared thin films has been found to range from 3.8eV to 4.11eV. Fluorine incorporation for Pd-F:SnO, has been
found to have a narrowing effect on the band gap, but at its higher concentration the band gap has been seen to increase. The
band gap narrowing is due to the incorporation of F~ ions in the crystal lattice therefore giving rise to donor levels in the SnO,
band gap which is an essential characteristic for the gas sensor applications. Both annealing and passivation have been found

to have very insignificant change in optical band gap of Pd-F:SnO..
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1. Introduction

Metal oxide semiconductor based devices have been a
subject of a large number of scientific investigations in the
recent past, especially those fabricated using ZnO, SnO,
and TiO, based thin films [1]. The SnO, thin films have
been reported in the literature to have excellent qualities
which include high optical transparency, mechanical and
chemical stabilities and high temperature resistant [2, 3].
SnO, based thin films have n-type conductivity that can be
manipulated from normal to degenerate by suitably doping
SnO, thin films with appropriate amount of noble metal (Pt,
Pd), semi-metal (Sb, In, Bi) and halogens (F, Cl) [4]. SnO,
based thin films are polycrystalline with tetragonal rutile
structure and non-stoichiometric semiconductors [5, 6, 7].
Tin oxide can exist in two structures belonging to direct and

indirect optical transitions, with different band gaps; a
direct band gap that ranges from 3.6 to 4.6eV [8] at room
temperature and indirect band gap of about 2.6eV [9]. Due
to the high optical transmittance of SnO, based thin films
they are used in many areas which are not limited to the
research laboratory but are used commercially in
environmental monitoring, industrial electronic sensor and
liquid crystal displays [2]. They have been used as a
window layer for solar cells, opacities, thin film resistors,
electric conversion thin films, surface protection on layers
of glass, semiconductor hetero-junction structures, heat
reflective semiconductor insulator, an overcoat for thin film
magnetic media overcoat and as a material for Li-ion
batteries [6, 7, 10]. SnO, thin films do not easily react with
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oxygen and water vapour and can only be dissolved by hot
alkalis [11], but suffer from instability arising from three
main areas of concern that is surface contamination of the
active part of the sensor, changes in sensor characteristics
e.g. inter-granular connectivity which occurs due to thermal
expansion coefficient mismatch and/or interfacial reactions
at the metal electrode/ceramic interface. Lastly, the film
morphology may change over time due to the relatively
high operating temperatures of the sensor, which may also
cause migration of additives [12].

A number of methods have been reported to improve on
the stability of doped SnO, thin films for gas sensor
applications. Some of them include, thiourea treatment and
use of metal catalysts e.g. Pd, Ru, Pt, Cu, Ag and Au [12,
13]. Annealing of the thin films in air have been reported to
improve the stability of SnO, based thin films in time
during the sensing of CO gas [14], however, annealing of
thin films in air has the limitation of promoting oxidation
and reduction of the oxygen vacancies which lead to loss in
sensitivity of the thin films in detection of CO, gas. In
order to improve on the stability of the thin films for CO,
gas sensing applications while preventing the oxidation of
the thin films and retaining the optimum sensitivity of the
films, passivation of the doped SnO, thin films in a
nitrogen atmosphere is proposed.

Many methods have been used to deposit SnO, based thin
films which include RF magnetron sputtering [15], chemical
vapour deposition method [16], Electron Beam evaporation
method [17], Flash evaporation technique [18], Dip coating
technique [10] and the Spray pyrolysis technique [19]. In this
study spray pyrolysis deposition technique has been chosen
because this technique is economical, promotes large area
deposition allowing easy doping of the thin films hence the
process is scalable and can be utilized for large scale
production of high quality thin films [19]. The SnO, were
doped with fluorine in order to improve on the charge carrier
concentration and with palladium to improve on their
stability and sensitivity toward CO, gas. Since passivation is
known to improve on the stability of SnO, based thin films
[14, 20, 21, 22], the main purpose of this study was to
deposit Pd-F:SnO, thin films for CO, gas sensing and study
the effect of surface passivation on the optical properties of
Pd-F:SnO, thin films.

2. Experimental Procedure
2.1. Sample Preparation

The substrate used were ordinary microscope glass slides
measuring 2.5cm by 7.6cm and 1.2mm thick. Cleaning of
the substrates was done prior to deposition. The substrates
were first soaked in soapy water solution and sonicated for
30 minutes. They were removed and rinsed using distilled
water. After rinsing, the substrates were immersed in
distilled water in a beaker and sonicated for another 30
minutes. They were removed and rinsed in distilled water
and left to dry. After drying the substrates were stored in a

desiccator ready to be used for coating.
2.2. Thin Film Deposition

Spray pyrolysis technique was used to coat the films. The
experimental set up used is a Lab assembled spray pyrolysis
system as shown in Fig 1 below. It consisted of a hot plate,
spray nozzle of diameter ~1 mm, input gas valve, gas
compressor, gas flow meter, conduit tube, thermocouple and
a pressure gauge, and deposition was performed inside the
fume chamber. The following Table 1 contains the optimized
deposition parameters.

Table 1. Optimized deposition parameters

S/N Deposition parameters Optimized condition
1 Pressure of carrier gas 1.5 bar
2 Substrate temperature 450 £ 10°C
3 Flow rate 4 ml/min
4 Quantity of spraying solution 30 cm®
5 Nozzle to substrate distant 33+3cm

Figure 1. Spray pyrolysis experimental set up.

The undoped SnO, thin films were deposited using a
precursor solution consisting of Tin (IV) chloride (98%)
prepared by completely dissolving 5g of stannic chloride in
100 ml of ethanol (99.9%). 0.5 g of PdCI, (59-60%Pd) was
completely dissolved in 60 ml of ethanol (99.9%). It was
then added to stannic chloride solution at different doping
concentrations ranging (1.8at% — 6.9at%Pd) in order to get
Pd: SnO; thin films. 1.0g of ammonium fluoride (NH,F) was
added to distilled water in order to make NH4F solution.
NH4Fsolution was then added to the spraying/starting
solution containing stannic chloride from 0Oat% to
22.74at%Fand 2.7at%Pd at varying doping concentrations
ranging from 0- 19.28at%F in order to make Pd-F: SnO, thin
films.

2.3. Annealing of Thin Films

Thin films were annealed in a tube furnace (schematic
diagram shown in Fig 2), in the presence of air at 450°C for
30 minutes. This was done in order to improve the
microstructure and crystallinity of the coatings. Apart from
hardening and sintering the coatings, annealing was done in
order to improve on the electrical conductivity of Pd-F:SnO,
the thin films.
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2.4. Thin Film Passivation

Thin films were passivated by annealing them in a
nitrogen atmosphere in a tube furnace for 30 minutes at
450°C. Since passivation is known to improve on the
stability of doped SnO, thin films [13, 14, 20, 21, 22], in this
study it was done in order to study its effect on optical
properties of Pd-F: SnO, thin films.

2.5. Optical Characterization

Optical characterization of the thin films was done using
Shimadzu model type DUV3700 spectrophotometer for
un-polarized light. Data for both transmittance and
reflectance at wavelength range 300 nm — 2500 nm was
collected. Analysis of the collected data was done using
pre-developed models in Scout 98 software. The models
used were the Harmonic Oscillator model, Drude Model
and the OJL model. The models were used to fit simulated
theoretical data into experimental data and hence optical
properties were calculated, that is band gap, refractive
index and extinction coefficient. The graphs were drawn
using the Origin Pro 8.1 software.
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Figure 2. Horizontal tube furnace for annealing and passivation.

3. Results and Discussion
3.1. Optical Properties

The transmittance and reflectance measurements which
were done as a function of wavelength was used to
determine the effect of passivation on bare and doped SnO,
thin films.

3.2. Sn0; and Pd:Sn0O; Thin Films

Fig 3 shows the transmittance and reflectance spectra of
both undoped and palladium doped tin oxide. The average
transmittance of the thin films was 84.7% within the visible
part of the spectrum. The optical transmittance was observed
to decrease from 81.73% at 749 nm for undoped SnO, to
80.61% at 763 nm. This was as a result of 2.7at% Pd doping
in SnO, thin films. The decrease in transmittance is due to
increase in photon absorption as photon striking increases
with increase in carrier concentration [23]. A maximum
transmittance of 87.79% at 735nm was recorded for 1.8at%
Pd doping in SnO, thin films. This high transmittance is
attributed to decrease in diffuse and multiple reflections
caused by increase in grain size and a reduction in
light-scattering effect [4]. A sharp fall in transmittance at

310 nm is due to absorption of the glass substrate [24]. The
reflectance of the thin films was below 22% within the
visible spectrum.
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Figure 3. Transmittance and reflectance spectra for bare and Pd:SnO,
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Figure 4. Optical Band gap for Pd: SnO; thin films

Fig. 4 shows a graph of optical band gaps for palladium
doped tin oxide at different doping levels. The band gap of
undoped SnO, thin film was found to be 4.0564 ¢V, and on
doping with 1.8 at%Pd, the band gap was observed to
increase slightly to 4.0913 eV. The maximum band gap
widening was 4.1135 eV after doping SnO, with 2.7 at%Pd,
the band gap widening effect can be attributed to the
Burstein-Moss effect which states that: Increase in free
carrier concentration, due to the high doping levels, fills
empty states belonging to conduction band of the thin films
thereby increasing the energy magnitude required for the
valence band to conduction band transitions as reported by
Sanchez-Garcia et al., 2012 [25]. Higher doping level with
palladium from 3.6at%Pd — 6.9at%Pd, the band gap is
observed to start decreasing which is in good agreement
with results obtained by Odari et al., 2013 [26] and Fatema
et al., (2011) [27] for the similar materials.
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3.3. Sn0; and F:Sn0, Films

Fig.5 shows the transmittance and reflectance spectra as a
function of wavelength for F:SnO, thin films. The SnO, thin
films were doped with fluorine. Different thin films were
prepared and analyzed. The different thin films had different
level of dopant concentration ranging from 0at% F doping to
22.74at%F doping.

It is clearly seen that, from 1000 nm to 2500 nm, when
SnO, is doped with fluorine, its antireflective properties are
improved. There is a slight decrease in reflectance while at
the same time transmittance improves in that region.
Average transmittance of the thin films was 84.28% in the
visible range of the spectrum. A maximum transmittance of
89.5% was obtained at 12.83at%F doping in SnO, thin films.
The same reasons attributed to increment and decrement of
transmittance at different level of doping applies in this case
as it was deduced for palladium doping. Reflectance spectra
of the F:SnO, thin films was found to be below 22% in the
measured wavelength range.
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Figure 5. Transmittance and reflectance spectra for undoped and F:SnO;

In fig. 6, the variation of the calculated band gap for
various thin films at certain doping levels is shown. The
undoped SnO, thin film band gap was calculated to be about
4.0564 eV. When the SnO, was doped with fluorine at
4.68at%F concentration, the band gap was observed to
decrease to 4.0296 eV. This decrease in band gap continued
upto a minima of about 3.8014 eV where the doping level
was 16.41 at%F concentration. Increase in the fluorine
dopant concentration from zero to the optimum level
(16.41at%F) caused a narrowing effect on the band gap. The
narrowing effect on the band gap can be attributed to the
incorporation of F~ ions in the crystal lattice, which gives
rise to donor levels in the SnO, band gap. This causes the
conduction band to lengthen which leads to a reduction in
the band gap value [15].
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Figure 6. Optical Band gap for F: SnO; thin films
3.4. Pd-F:Sn0, Films

Different thin films for Pd-F:SnO, were deposited. The
film with the best optical transparency was the best choice
for making a transparent thin film gas sensor. The optical
band gap for 2.7at%Pd:SnO, thin films doped with fluorine,
with the concentration of the dopant, ranging from 0Oat%F
to 19.28at%F as shown in fig 7. It can be seen that the initial
band gap of 2.7at%Pd:SnO, thin films was 4.1135 eV. When
fluorine is incorporated to have a co-doped Pd-F:SnO, thin
film, the band gap remains slightly above 4.05¢eV. Increasing
the fluorine dopant concentration from zero to the optimum
level of about 16.04at%F led to a narrowing effect on the
band gap. The E, was found to increase sharply for higher
levels of F doping beyond this level.
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Figure 7. Optical Band gap for Pd-F: SnO; thin films

Fig 8 below shows the effect of both annealing and
passivation on the band gap of Pd-F:SnO, thin films. On
annealing the thin films, the band gap was found to decrease
from 4.02eV to 3.91eV. This is because apart from
eliminating the oxygen vacancies, annealing process also
localizes the oxygen atoms at interstitials positions. The
induced oxygen interstitials form separate band defects in
the band gap region, causing the reduction in E, value [28].
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Figure 8. Optical Band gap for Pd-F: SnO; thin films

The optical band gap of Pd-F:SnO, thin films was found to
increase from 3.91eV to 3.94eV as a result of passivation on
the thin films. The increase in the value of the optical band
gap can be attributed to creation of oxygen vacancies as a
result of annealing of the thin films in oxygen deficient
atmosphere [18].

4. Conclusion

Pd-F: SnO, thin films prepared by spray pyrolysis
technique have good optical characteristics for gas sensing
applications. The band gap has been found to narrow with
increase in fluorine incorporation, this observation was
ascribed to the incorporation of F™ ions in the crystal lattice,
which gives rise to donor levels in the SnO, band gap
which is an essential characteristics for the gas sensor
application. Both annealing and passivation have been
found to cause very insignificant change in Pd-F:SnO, band
gap, meaning that passivated gas sensor when exposed to
elevated temperature will not be severely affected.
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