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Abstract: In this study doped SnO, thin films have been prepared by spray pyrolysis technique using an alcoholic precursor
solution consisting of stannic chloride (SnCl,;.5H,0), ammonium fluoride (NH4F) and palladium chloride (PdCl,). Optimization
on the deposition parameters was done so as to obtain high quality thin films. The effect of varying the Fluorine content on the
optoelectronic properties of F: SnO, thin films was studied. Data for transmittance and reflectance in the wavelength range from
300nm — 2500nm was obtained using the solid spec 3700DUV spectrophotometer. Electrical characterization of the thin films
was done using the four point probe method at room temperature. Post deposition treatment of the thin films by annealing in air
then passivating in nitrogen gas environment was done in a tube furnace at 450°C. Sheet resistivity for the as prepared F: SnO,
was found to be 0.4599 Qcm and 0.00075 Qcm being the highest and lowest sheet resistivity at 22.74 at% F and 16.41at% F
doping in SnO, respectively. Low sheet resistivity of F: SnO, thin films is due substitutional incorporation of F ions instead of
oxygen ions into the crystal lattice of SnO, thin films which increases free carrier concentration. The effect of annealing
generally was found to improve on the electrical conductivity of the thin films which is due to increase in carrier mobility and
density. Passivation on the other hand had a slight opposite effect. Effects of annealing and passivation on doped SnO, thin films
band gap energy and their transparency was insignificant, rendering the doped SnO, thin films good choice for making a
transparent thin film gas sensors.
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high temperature spectrum of operation, excellent resistance
to strong acids and bases and of good adhesion to many
substrates [1, 6]. These properties make SnO, based thin
films good candidates for a number of applications in many
fields of research and in various device fabrications. Most
important is the thin film application in environmental
monitoring through sensing of a number of gases. SnO,
characteristics for gas sensing applications have been
improved through catalytic and impurity doping with a view
of improving on its sensitivity to a number of gases as well as

1. Introduction

SnO, thin films are reported to belong to a class of
materials that combines high optical transparency with good
electrical conductivity [1]. Tin oxide is a crystalline solid
with a tetragonal rutile structure. It is a wide band gap,
non-stoichiometric  semiconductor material of n-type
conductivity. The conductivity of SnO, thin films can be
manipulated from normal to degenerate by suitably doping
SnO, with appropriate amount of noble metal (Pt, Pd), ° ] ) °
semi-metal (Sb, In, Bi) and halogens (F, CI) [2]. The band its optoelectronic properties [2, 4, 7, 8]. SnOz based thin
gap energy for doped SnO, thin films is a direct one and films have been reported to suffer from sensitivity due to the

ranges from 3.6 to 4.6eV [3, 4, 5]. Moreover, SnO, thin films ~ Presence of ambient humidity which has been overcome by
resistive heating of the thin film gas sensor element [9].

Moreover, the effect arising from instability of the doped
SnO, thin films when exposed to adverse environmental and

besides other metal oxide semiconductors e.g. ZnO and TiO,
are reported to have more desirable qualities which include
mechanical hardness, chemical inertness, a wide range of
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weather conditions e.g. elevated temperatures, volatile
organic compounds and attacks by atmospheric oxygen
leading to corrosion of the active surface layer has been a
challenge in the recent past [10]. To overcome this problem
and to promote the adsorption of CO species by preadsorbed
NO, thin films for gas sensing application are passivated by
application of ultra-thin layer which prevents surface
corrosion or modification of the surface states through post
deposition treatment effects e.g. annealing and passivation [3,
7, 8,9, 11, 12, 13, 14, 15, 16]. In this study we propose to
passivate doped SnO, based thin films by annealing them in a
nitrogen gas atmosphere and study the effect of annealing
and surface passivation on optoelectronic properties of doped
SnO; thin films for CO, gas sensing applications.

Many methods have been employed to deposit SnO, based
thin films such as RF magnetron sputtering [17], chemical
vapor deposition method [18], Electron Beam evaporation
method [19], Flash evaporation technique [20], Dip coating
technique [21] and the spray pyrolysis technique [22]. In
this study spray pyrolysis was chosen because in it there is
the advantage of controlling the grain size and growth on
atomic scale by varying the precursor content, pressure of the
carrier gas and substrate temperature [23]. Moreover, spray
pyrolysis technique is cheap, efficient in coating large
surfaces; reproducible hence, the method can be utilized for
large scale production of high quality thin films [22].

2. Experimental Procedure
2.1. Sample Preparation

The substrates were microscope glass slides measuring
1.2mm in thickness and 2.5cm by 7.6cm in dimensions.
Before deposition, the substrates were cleaned by first soaking
them in soapy water solution and sonicated for 30 minutes;
they were removed and rinsed using distilled water.
Thereafter, the substrates were immersed in distilled water in a
beaker and sonicated for another 30 minutes then rinsed in
distilled water and left to dry at room temperature. After
drying the substrates were stored in desiccation ready to be
used for coating the thin films.

2.2. Thin Film Deposition

Spray pyrolysis technique was used to coat the films. The
experimental set up used was a home-made spray pyrolysis
system 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. The following table 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 33.0+3.0cm

Clamp Precursor nozzle

Precursor
Inlet

< Precursor
Air blast

Nozzle
Pressure
gauge

/

Substrate Compressed gas

Stand

Sample Heater «
Stand

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%). Palladium chloride solution was
prepared by dissolving 0.5 g of PdCl, (59-60%Pd) in 60 ml of
ethanol (99.9%). It was then added to stannic chloride solution
at a concentration 2.7 at% Pd (optimum) in order make Pd:
SnO, thin films. 1.0g of ammonium fluoride (NH4F) was
dissolved in distilled water in order to make NH4F solution
which was then added to the spraying solution containing
stannic chloride at varying doping concentrations ranging
from 0-22.74 at% F  in order to make F: SnO, thin films [4, 3,
7, 8].

2.3. Kinetics of Thin Film Growth

The as prepared precursor was translucent and contained
ionized atoms at predetermined proportions [22]. The
precursor droplets are reported to undergo three major steps
during the course of spray pyrolysis: Drop shrinkage due to
evaporation, conversion of precursor into oxides and finally
solid particle formation [24]. Substrate temperature plays a
critical role in determining the quality thin films to be
produced.  Substrate temperatures below 260°C lead to
formation of foggy thin films whose optoelectronic properties
are quite poor [1]. Substrate temperatures above 500°C leads
to vaporization of the spray before reaching the substrate
hence the resultant thin films become almost powdery [1]. The
suitable substrate temperature for deposition of SnO, based
thin films is between 260°C to 500°C [1] with 450 °C being
most suitable since Sn is oxidised at temperature above 440 °C
[22]. Flow rate is another essential factor that should be
controlled for production of high quality thin films. The role
of the carrier gas is to transport and dry the micro particles of
the metal chlorate solution before they land on the surface of
the substrate. This leads to insufficient wettability between the
micro particles and previously deposited film surface [25].
The particle formation may involve the following two
mechanisms:  one-particle-per-drop ~ mechanism  and
gas-to-particle conversion [27]. In the one-particle-per-drop
mechanism, each droplet is regarded as a micro reactor and
converts into one solid particle when it travels towards
substrate. In contrast, gas-to particle conversion occurs when
the precursor is volatile and is transported across the
particle—gas interface [26, 27]. Resultant thin films produced
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are therefore of low packing density with many pin holes.
Generally in spray pyrolysis, thin films of SnO, are prepared
by the following reaction as shown in equations 1- 3[25].

SnCl4(aq) + ZHZO(]) 4 SnOz(S) + 4HCl(aq) (1)

ZSHC14(aq) + 4Hy) — SI’IOZ(S) + SI’IO(S) + 7HCl(aq) +
1 1 1
EOZ(g) + ECIZ(E) + EHZ(g) +e (2)

ZSHC14(aq) + 4H20(1) d SnOz(S) + SnOz(S) + 8HC1(aq) +
1
Eoz(g) + 2e (3)

Due to defect reaction, doubly ionized oxygen vacancies
are predominant in SnO, thin films and can be explained in
terms of reaction shown in equation 4.

Sn+20 - Sn+2V6 + 4e’ + Oyyy  (4)

Hence, the resultant thin film composition is of the form
SnO,—, (V§)xe'2x Where x is the deviation from stoichiometry,
Vo, the doubly ionized oxygen vacancies and ¢’, the electrons
that are needed for charge neutrality on macroscopic scale
[25].

2.4. Annealing of Thin Films

Thin films were annealed in a tube furnace as shown in
figure 2, in the presence of air at 450°C for 30 minutes. This
was performed to reduce intrinsic stress, improve on lattice
mismatch and create longer mean paths for free electrons
hence improving on electrical conductivity of the thin films
[28]. Moreover, annealing was done in order to improve on
stability in time for coatings during gas sensing operations [9].

2.5. 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 without adversely affecting the gas sensitivity
of the SnO, based thin films [8, 9, 11, 12, 13], in this study it
was done in order to study its effect on optoelectronic
properties of doped SnO, thin films.

neatmi coil Pd-F:SnO2 thin film coated on glass

A A

%V%d%7/\

quartz gldss tube

gasin gas ou

=

Figure 2. Horizontal tube furnace for annealing and passivation.
2.6. 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. 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 was 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.

A D
Thin Film
Sample
I c ___I

Figure 3. schematic diagram showing the arrangement used to measure sheet
resistance.

The values of sourced current and measured voltages were
used in determining sample resistivity using equation (5).

%4

ps=B (%)t 5)

Where [ is a geometric factor and in the case of a semi-
infinite thin sheet, § = 4.53, which is just w/In2 from the
derivation of equation 5 and ¢ is the thin film thickness [22].

2.7. 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 Harmonic
Oscillator model, Drude Model and the OJL model. The
models were used to simulate theoretical data from the
experimental data from which optical constants e.g. band gap
were calculated. The graphs were drawn using the Origin Pro
8.1 software.

3. Results and Discussion
3.1. Sn0, Thin Films

Figure 4 shows transmittance and reflectance spectra for
undoped SnO, thin films as prepared, annealed and passivated.
All the films had high transmittance in the visible region of the
solar spectrum. The undoped SnO, thin films had a
transmittance of 81.73% at 749 nm. This high value of
transmittance is due to formation of Fermi levels in the
conduction band of SnO, thin films [29]. The reflectance of
the thin films was below 22%. It is clear from the figure that
in the entire wavelength region from 300nm to 2500nm there
was hardly any noticeable change in transmittance for all the
films. Passivation seems to have had little effect in
reflectance only at 300nm — 350nm and another slight
difference between 1000nm — 1600nm.
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Figure 4. Transmittance and reflectance spectra for as prepared, annealed
and passivated SnO; thin films.

In general, the change in reflectance of the thin films as a
result of annealing and passivation was minimal which can be
attributed to high mechanical integrity of SnO, based thin
films [6]. Figure 5 shows a comparison on the calculated band
gap energy for undoped SnO, thin films as prepared, annealed
and passivated. The calculated band gap energy for undoped
SnO, thin films decreased slightly after annealing due to
localization of the oxygen atoms at the interstitials. The
induced oxygen interstitials form separate band defects in the
band gap region, causing the reduction in calculated band gap
energy value [31, 32]. Upon passivating the annealed thin
films, the calculated band gap energy increased slightly. The
increase calculated band gap energy is attributed to increase in
the formation of nanocrystalline grains [33] or effects arising
from annealing the thin film in an oxygen deficient
atmosphere [7].
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Figure 5. Calculated band gap energy for as prepared, annealed and
passivated SnO: thin films.

Figure 6 shows the effect of annealing and passivation on
sheet resistivity of undoped SnO, thin films. Annealing
process is seen to decrease the sheet resistivity of undoped
SnO, thin film slightly. This is because annealing process is
ascribed to decrease intrinsic stress, improve on lattice
mismatch and create longer mean paths for free electrons
hence increasing their mobility thereby improving on the
electrical conductivity of the thin films [28, 35]. When the thin

films were passivated, there was a slight increase in resistivity
for the passivated samples which is attributed to increase in
the formation of nanocrystalline grains [33] or effects arising
from annealing the thin film in an oxygen deficient
atmosphere [7].
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Figure 6. Sheet resistivity of the as prepared, annealed and passivated SnO,
thin films.

3.2. Sn0; and F: SnO; Thin Films

Figure 7 shows the effect of incorporating F on the sheet
resistivity of SnO, thin films. Undoped SnO, has a low
resistivity of the order of 10" Qcm which is in agreement with
results obtained by [25, 34, 17]. The low resistivity of SnO,
thin films emanates from creation of oxygen vacancies which
act like donors of electrons and increase free -carrier
concentration [25]. When undoped SnO, was doped with F, the
sheet resistivity was found to vary from as high as 0.5992 Qcm
to a low of 0.00075Qcm as seen in figure 7. When SnO, was
doped with fluorine at 4.68at%, the sheet resistivity was
observed to decrease dramatically to 0.2080 Qcm which is
more than half the sheet resistivity of undoped SnO, thin film.
Continued doping improved the conductivity of the F: SnO,
thin film up to a minima of 0.00075 Qcm at doping level of
about 16.41at%F. This decrease in sheet resistivity is attributed
to substitutional incorporation of F ions in the crystal lattice of
SnO, thin films, instead of O ions which lead to an increase in
free carrier concentration [30].

06F

=)

o

T
1

/|

=)
E-
T

Sheet resistivity(Cxcm)
o o
N w
L] L]
l

=)
=
T
1

=)
=)
T

*

1 1 i 1 1

0 5 10 15 20 25
Fluorine concentration (at%)

Figure 7. Sheet resistivity versus fluorine concentration.
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Increase in the dopant concentration beyond the optimum
level of F doping as seen in figure 7, led to an increase in the
sheet resistivity of the F: SnO, thin films. The increase in
sheet resistivity is attributed to the incorporation of fluorine
ions at the interstitial sites which deteriorates the crystal
structure leading to decrease in mobility of the free electrons
hence, the increase in resistivity of the F: SnO, thin films.
This deduction is in good agreement with literature work
done by [30].

3.2.1. Effect of Annealing and Passivation on F:Sn0, Thin
Films
Figure 8 shows the effect of annealing and passivation on
F: SnO, thin films prepared at 16.41 at% F which had a low
resistivity of 0.00075 Qcm.
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Figure 8. Sheet resistivity of the as prepared, annealed and passivated F:
SnO; thin films.

Annealing effects led to further decrease in resistivity of F:
SnO; thin films which is attributed to increase in crystallinity,
hence mobility of free charge carriers [35, 36]. Passivation
had an opposite effect which is attributed to increase in the
formation of nanocrystalline grains [33] or effects arising
from annealing the thin film in an oxygen deficient
atmosphere [7].

3.2.2. Effect of Annealing and Passivation on Optical
Properties of F: SnO, Thin Films

Figure 9 shows the transmittance and reflectance spectra
for as prepared, annealed and passivated F:SnO, thin films.
The transmittance and reflectance of F:SnO, seem to be
unaffected by the exposure of the thin films to high
temperatures during thermal treatment in air and in the
presence nitrogen gas which is attributed to high mechanical
integrity of SnO, based thin films [ 6].
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Figure 9. Transmittance and reflectance spectra for as prepared, annealed
and passivated F: SnO; thin films.

Figure 10, shows the effect of annealing and passivation
on calculated band gap energy for F: SnO, thin films. It can
be seen from figure 10 that annealing and passivation hardly
had any noticeable change on the calculated band gap energy
for F:SnO, thin films. This means that the optical properties
of F:SnO, are not affected by exposure of thin films to high
operating temperatures which is attributed to high
mechanical integrity of SnO, based thin films [ 6]. This
makes F:SnO, thin films good candidates for optical-gas
sensing application.
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Figure 10. Calculated band gap energy for the as prepared, annealed and
passivated F: SnO; thin films.

3.3. Pd:Sn0; Thin Films

Figure 11 is a comparison on optical spectroscopy results
for as prepared Pd: SnO, thin films as well as after annealing
and passivation process. Optical transmittance of the thin
films i.e. from 350nm to 1800nm increased slightly as a result
of annealing and thereafter, it increased again slightly upon
passivating the annealed thin films. Annealing and passivation
process makes the Pd:SnO, more crystalline hence becoming
more transparent [35, 36]. Annealing and passivation on the
thin films caused a slight variation on the reflectance of the
thin films.
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Figure 11. Transmittance and reflectance spectra for as prepared, annealed
and passivated Pd: SnO?2 thin films.

The calculated band gap energy for the Pd:SnO, seems not
to be affected by the exposure to of the thin films to high
temperatures during annealing and passivation as shown in
figure 12. Annealing and passivation had a significant
improvement on conductivity of Pd:SnO, as seen in figure 13.
This is attributed to increase in mobility of free charge carriers
due to improved crystallinity of the thin films [35, 36].
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Figure 12. Calculated band gap energy for as prepared, annealed and

passivated Pd:SnO; thin films.

0.025 s

0.020 - -

0.015 E

0.010

T
I}

Sheet resistivity {(Q2cm).

0.005 e

0.000

As prepared As annealed Passivated
Figure 13. Sheet resistivity for the as prepared, annealed and passivated Pd:
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4. Conclusions

Optical transmittance of undoped SnO, thin films was
found to be 81.73% at 749 nm. The high optical transmittance
of the thin films results from formation of Fermi levels in the
conduction band of the thin films. When undoped SnO, thin
films were annealed and later passivated there was hardly any
noticeable change in the optical transmittance of annealed and
passivated samples. Annealing and passivation was also
found to have a slight variation in the calculated band gap
energy for undoped SnO, thin films. Annealing process
slightly decreased the calculated band gap energy value which
is due to localization the oxygen atoms at interstitials. The
induced oxygen interstitials form separate band defects in the
band gap region, causing a reduction in calculated band gap
energy value. Passivation resulted into a slight increase in the
calculated band gap energy value for undoped SnO, thin films
which is attributed to increase in the formation of
nanocrystalline grains or effects arising from annealing the
thin film in an oxygen deficient atmosphere. Calculated band
gap energy for F: SnO, and Pd: SnO, thin films was found to
follow a similar trend upon annealing and passivation to that
of undoped SnO, thin films. Sheet resistivity of undoped SnO,
thin film was found to be 0.5992Qcm which decreased
slightly upon annealing and increased slightly upon
passivation. The decrease in sheet resistivity of undoped SnO,
thin film results from increased mobility of free charge
carriers while the slight increase in sheet resistivity upon
passivation is attributed to increase in the formation of
nanocrystalline grains or effects arising from annealing the
thin film in an oxygen deficient atmosphere. On doping SnO,
with 16.41 at% F, the sheet resistivity of F: SnO, decreased to
a minima of 0.00075Qcm. The decrease in sheet resistivity is
due to substitutional incorporation of F ions in the crystal
lattice of SnO, instead of oxygen vacancies thereby leading to
an increase in free carrier concentration. A similar trend
obtained on sheet resistivity for SnO, thin films after
annealing and passivation processes were also obtained for F:
SnO, and Pd: SnO, thin films.

Generally SnO, based thin films prepared by spray
pyrolysis technique have good optoelectronic properties for
gas sensing applications. Their exposure to high temperatures
during annealing and passivation process improves on their
electrical conductivity with insignificant effects on
transmittance and reflectance and a slight effect on the
calculated band gap energy value for SnO,, F:SnO, and
Pd:SnO, thin films. This makes doped SnO, thin films stable.
Since passivation is known to improve on longevity of doped
SnO, thin films, passivated SnO,, F:SnO, and Pd:SnO, are
therefore a good choice for making a transparent thin film
gas sensor.
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