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Abstract

: Pd-F:SnO, thin films have been prepared by spray pyrolysis technique. Optimization has been
done by doping SnO; with palladium at varying levels of concentration and then recording sheet
resistance. The sheet resistivity has been observed to decrease gradually as at% Pd concentration
is increased; an optimum sheet resistivity value of 2.71 x 102 Q cm has been recorded. The
decrease in sheet resistivity has been attributed to presence of Pd ions which contribute in
increment of charge carrier density. Using the optimum value of at% Pd doping, the same
procedure has been repeated to study the effect of fluorine on Pd:SnO,; an optimum value of
1.64 x 10~* Q cm sheet resistivity has been recorded. This decrease has been attributed to
substitution of O with those of fluorine hence improving charge carrier density. The effect of
passivation has been studied by comparing as prepared, annealed and passivated Pd-F:SnO, thin
films. Annealing has been observed to decrease the sheet resistivity to 1.21 x 10~* Q cm, while
passivation has the effect of increasing the sheet resistivity to 1.53 x 10 Q cm which is
attributed to effects resulting from annealing the samples in nitrogen gas atmosphere.
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1. Introduction

The SnO; based thin films have received a great deal of interest from many researchers due to
their numerous applications which include window layer for solar cells, gas sensors, opacities,
thin film resistors, electric conversion thin films, surface protection layers of glass,
semiconductor hetero-junction structures, heat reflective semiconductor insulators, an overcoat



for thin film magnetic media over-coat and as a material for Li-ion batteries [1]. In this study
SnO; based thin films were prepared for gas sensing applications. SnO, based thin films are
polycrystalline with tetragonal rutile structure, non-stoichiometric, degenerate n-type
semiconductor [2,3,4]. The films are transparent within the visible range of the spectrum and are
chemically inert, mechanically hard and can withstand high temperatures [3,5,6]. SnO, based
thin films do not easily react with oxygen and water vapor and can only be attacked by hot
alkalis [7]. Electrical conductivity of SnO; thin films can be improved by codoping SnO thin
films with Pd and F [8,9,10] and post deposition treatment effects, e.g., annealing of SnO, based
thin films in air [11]. SnO, based thin films for gas sensor applications are reported to suffer
from long-term instability which may be attributed to three primary areas of concern. First, the
surface conductive sensor can suffer from surface contamination [12]. Secondly, changes in the
sensor characteristics such as inter-granular connectivity which occur due to thermal expansion
coefficient mismatch and/or interfacial reactions at the metal electrode/ceramic interface [12].
Lastly, the film morphology may change over time due to the relatively high operating
temperatures of the sensor, which may cause migration of additives [12]. Many methods have
been reported to improve on the stability of SnO, based thin films for gas sensing applications.
These methods include thiourea treatment and use of metal catalysts which include Pd, Ru, Pt,
Cu, Ag and Au [13,14].

Annealing of SnO; thin films in air is reported to improve on the stability of SnO; thin films in
time during the sensing of CO gas [12,15]. However, annealing of thin films in air has the
limitation of promoting oxidation which leads to loss in sensitivity of the thin films. In order to
improve on the stability of Pd-F:SnO, thin films for gas sensing applications while preventing
the oxidation of the thin films and retaining the optimum sensitivity, we propose passivating Pd-
F:SnO, thin films by annealing them in a nitrogen gas atmosphere.

Many methods have been used to deposit SnO, based thin films which include RF magnetron
sputtering [16], chemical vapor deposition method [17], Electron Beam evaporation method [18],
Flash evaporation technique [19], Dip coating technique [20] and the spray pyrolysis technique
[8]. In this study, spray pyrolysis has been chosen because the method 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 [8]. Since passivation is known to
improve on the stability of SnO, based thin films [13,15,21,22], the main purpose of this study
was to deposit Pd-F:SnO; thin films for gas sensing application and study the effect of surface
passivation on the electrical properties of Pd-F:SnO, thin films.

2. Materials and Method

2.1. Sample Preparation

The substrates used were ordinary microscope glass slides which were 1.2 mm thick and
measuring 2.5 cm x 7.6 cm. The following procedure was used to clean the substrates before
deposition. The substrates were gently rubbed on both sides using cotton swabs soaked in a
soapy water solution and then drag wiped using lens cleaning tissues held at an angle of 45° to
the horizontal. They were then wiped with isopropyl alcohol and acetone respectively before
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being sonicated for 30 min in distilled water. Then they were removed and rinsed using distilled
water and left to dry. After drying the substrates were stored in a desiccator ready to be used for
coating the thin films.

2.2. Thin Film Deposition

Spray pyrolysis technigue was used to coat the films. The experimental set up used is a home-
made spray pyrolysis system schematic shown in Figure 1. It consisted of a fume chamber, hot

plate, spray nozzle of diameter ~1 mm, input gas valve, gas compressor, gas flow meter, conduit
tube, thermocouple and a pressure gauge. Table 1 contains the deposition parameters.

Clamp Precursor no

Air blast
Nozzle

Substrate
Stand

Sample Heater
Stand

Figure 1. Spray pyrolysis experimental set up.
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Table 1. Optimized deposition parameters.

The undoped SnO; thin films were deposited using a precursor solution consisting of Tin (1V)
chloride (98%) prepared by completely dissolving 5 g of stannic chloride in 100 mL of ethanol
(99.9%). 0.5 g of PdCl;, (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 1.8
at%—6.9 at% Pd. The Pd-F:SnO; thin films were deposited using spray pyrolysis technique using
similar precursor prepared as follows: ammonium fluoride was added to solution containing
stannic chloride and 2.7 at% Pd at varying doping concentrations ranging from 0 t019.28 at% F.
The ammonium fluoride was prepared by adding 1.0 g of NH,4F to distilled water. The precursor
was then poured into the spray pyrolysis equipment and deposited at 450 °C substrate
temperature. The thickness of the thin films was controlled using a constant quantity of the
spraying solution and was maintained in the range of 186.55 nm £10 nm for all undoped and
doped SnO, thin films.

2.3. Thin Film Annealing
Thin films were annealed in a tube furnace (schematic diagram shown in Figure 2), in the
presence of air at 450 °C for 30 min. This was done in order to harden and sinter the coatings to

improve stability of the thin films. Apart from hardening and sintering the coatings, annealing
was done in order to improve on the electrical conductivity of Pd-F:SnQO; thin films.

heating ooil Pd-F:SnNO2 th
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Figure 2. Tube furnace used in passivation of Pd-F:SnO, thin films.
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2.4. Thin Film Passivation

Thin films were passivated by annealing them in a nitrogen atmosphere for 30 min at 450 °C.
Since passivation is known to improve on the stability of doped SnO, thin films [13,14,15,21], it
was done in order to study its effect on electrical resistivity of Pd-F:SnO, thin films.

2.5. Electrical Characterization

Electrical characterization of thin films was done using the four point probe method at room
temperature (25 °C). The measurements were taken in a square geometry using Keithley 2400
Source Meter (Keithly, Cleveland, OH, USA). The four contact terminals of Keithley 2400
Source Meter were placed on the surface of the thin film as shown in Figure 3. Typical probe
spacing X;—X; is about 20 mm.

A high impedance current source was used to supply current through the two probes A and B and
a voltmeter was used to measure the voltage across probes C and D as shown in Figure 3. The
values of sourced current and measured voltages were used to determining the sample resistivity
using Equation 1.

ps=p(VIt
@)

where B is a geometric factor and in the case of a semi-infinite thin sheet, p = 4.53, which is just
7/In 2 from the derivation of Equation 1 and t, is the simulated thickness of the thin films which
was determined using Scout 98™ software [8,23].
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O

Thin film

Figure 3. A schematic diagram showing the four points configuration used in making electrical
measurements.

3. Results and Discussion

3.1. Sheet Resistivity

Figure 4 shows sheet resistivity obtained for undoped and palladium doped SnO; thin films at
various doping level. Undoped SnO thin films had a low sheet resistivity of 5.992 x 10" Q cm
which can be attributed to deviation from stoichiometry due to creation of oxygen vacancies
which act like electron donors and increase free carrier concentration [11,24].
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Figure 4. Sheet resistivity characteristics of Pd:SnO..

Initially, as the dopant concentration was increased, the sheet resistivity decreased up to a
minimum value. Different doped SnO, thin films were measured which had different level of
palladium doping from 0 at% Pd to 6.9 at% Pd. The graph in Figure 4 shows gradual decrease till
aminima at 2.7 at% Pd doping in Pd:SnO; thin film which correspondingly gave the least sheet
resistivity of about 2.71 x 10 Q cm. The decrease in sheet resistivity can be attributed to the
presence of palladium ions in the crystal lattice of SnO, which contributes more electrons into
the lattice hence the increase in free carrier concentration. After the minimum point, increasing
the dopant concentration above the optimum value of doping, the sheet resistivity of the thin
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films increases almost proportionately. This is because palladium atoms incorporate themselves
in the interstitial sites of the thin film and the crystal structure begins to deteriorate causing a
decrease in mobility of free charge carriers hence the increase in sheet resistivity of the thin films

[20].

The effect of fluorine incorporation in Pd:SnO; thin film was then studied using thin film based
on optimum doping of Pd:SnO,. Figure 5 shows sheet resistivity results obtained for Pd-F:SnO;
thin films at different at% of fluorine. Increase in fluorine concentration from 0 at% F to 16.04
at% F led to a decrease in sheet resistivity from 2.71 x 10 to 1.64 x 10 * Q cm. The decrease in
sheet resistivity can be attributed to substitutional incorporation of F'ions in the crystal lattice of
Pd:SnO, thin films instead of O ions leading to increase in free carrier concentration [20].
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Figure 5. Sheet resistivity characteristics of Pd-F:SnO,.



The Pd-F:SnO, thin films with the least sheet resistivity was obtained at 16.04 at% F. Upon
increasing the dopant concentration above the optimum level of doping, the sheet resistivity
increased again. This is attributed to deterioration of the crystal structure hence decreasing the
mobility of the free electrons which lead to an increase in the sheet resistivity of the thin films
[20].

3.2. Comparison of Doped Thin Films

Figure 6 shows a comparison on the sheet resistivity of SnO, based thin films prepared under
optimized doping concentrations. Sheet resistivity of 5.992 x 10~ Q ¢m was recorded for SnO,
thin films. This low sheet resistivity can be attributed to the formation of Fermi levels in the
conduction band of SnO; thin films [11].
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Figure 6. Sheet resistivity characteristics of SnO,, Pd:SnO, and Pd-F:SnO, thin films.

From Figure 6, the sheet resistivity of SnO; thin film decreases significantly when SnO, is doped
with palladium at optimum condition (2.7 at% Pd) from 5.992 x 10 ' t0 2.71 x 102 Q cm. A
similar decrease is observed when fluorine is added to Pd:SnO,, the resistivity decreases from
2.71x 10710 1.64 x 10" Q cm for 16.04 at% F.

3.3. Post Deposition Treatment of Pd-F:SnO: Thin Films
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From Figure 7, sheet resistivity of Pd-F:SnO, thin films decreased from 1.64 x 10™* to 1.21 x
10~* Q cm upon annealing in air. The decrease in sheet resistivity of the thin films can be
attributed to an increase in crystallinity of the thin films hence increase in mobility and carrier
density [18]. Passivating the annealed thin films led to an increase in the sheet resistivity from
1.21 x 10*t0 1.53 x 10* Q cm. This can be attributed to the effects of annealing the samples in
oxygen deficient atmosphere (nitrogen) [19].
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4. Conclusions



The SnO, thin films have been found to have resistivity of about 5.992 x 107" Q cm; this low
resistivity has been attributed to deviation from stoichiometry and creation of oxygen vacancies.
On doping the SnO, with palladium, the sheet resistivity of Pd:SnO; has been observed to
decrease due to the presence of Pd ions into the crystal lattice which contributes more electron
ions into the lattice increasing electron carriers. Further doping with Pd sheet resistivity starts to
increase, this behavior has been attributed to formation of Pd ions in the interstitial sites of the
lattice hence change in structure of the films and therefore decreasing the number of free charge
carriers. When Pd:SnO, is doped with fluorine, sheet resistivity lower than that of 2.7 at%
Pd:SnO, is observed. This is due to the substitutional incorporation of F-ions in crystal lattice of
Pd:SnO, instead of O ions leading to increase in free carrier concentration, further doping sees
the onset of increase in sheet resistivity due to decrease of free electron carriers. This type of thin
film can find good application as gas sensor. Annealing of Pd-F:SnO, sheet resistivity decreases
due to increased mobility and carrier density, while, when the same type of thin film is
passivated, the effect of annealing the samples in a nitrogen gas atmosphere contributes to the
increment in sheet resistivity.
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