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a b s t r a c t

SrSn1−xFexO3−ı (x = 0, 0.05, 0.1, 0.15 and 0.2) exhibiting cubic structure (S.G.: P23) have been prepared
by solid state route. Electrical conductivity increases with Fe concentration. Activation energy Ea values
deduced from the Arrhenius plots of the respective compositions are in the range of 0.4–0.45 eV which
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imply that the mechanism of electrical conduction is same for all the compositions except for x = 0. X-ray
photoelectron spectroscopy studies reveal that the valence states of Sr, Sn and oxygen are respectively +2,
+4 and −2. Mossbauer spectroscopy studies reveal that Fe-ions in tetravalent, trivalent and divalent states
with their relative proportion remain more or less same across the compositions. The increase in conduc-
tivity is due to lower valence Fe-ions. Among these compositions, SrSn0.85Fe0.15O3−ı exhibits significant
changes in conductivity as function of oxygen partial pressure and becomes a promising composition for

senso
ossbauer effect percentage level oxygen

. Introduction

Materials possessing high thermal stability and offering the
cope for tailoring its physical properties using dopants have
ecome the centre of investigation in the field of chemical sensors.
trontium stannates have been reported to be promising sensor
aterials for oxygen (T > 873 K) [1,2]. They exhibit significant con-

uctivity only above 873 K and therefore the sensors made of them
ave to be operated at high temperatures. In order to bring down
he operating temperature of the existing materials, substitutions
t different lattice sites become the logical approach for inves-
igation. SrSnO3, a perovskite (ABO3) with a band gap of 1.7 eV
s chosen for its favorable chemically stability and its tolerance
owards large-scale substitution either in A-site or B-site with the
etention of the structure [3,4–6]. Generally A-site (12 coordinated
lkaline earth metal ion) dopants contribute to ionic conduction
nd B-site (6 coordinated transition metal ion) dopants contribute
o electronic conduction [7]. It has been found that the partial
ubstitution of tetravalent tin by alio-valent cations improves the
lectrical conductivity [8]. Electrical conductivity of iron substi-
uted SrSn1−xFexO3 have been investigated as a function of oxygen
artial pressure and temperature. Iron rich SrSn1−xFexO3 (x > 0.7)

as been shown to be an electronic conductor over a wide range of
xygen partial pressure above 873 K and suggested to be a can-
idate material for cathodes in SOFCs [1,5]. On the other hand,
he iron deficient SrSn1−xFexO3 (x < 0.3) is a mixed conduction sys-
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r as revealed by the sensor studies.
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tem (oxide ion and electronic) and therefore it is expected to be
a promising system for gas sensor applications [5,6]. This paper
reports the results of our investigation on preparation, structural
and electrical conductivity characterization, X-ray photoelectron
spectroscopy (XPS), Mossbauer studies and the sensor characteri-
zation of SrSn1−xFexO3−� (x ≤ 0.2) for different percentage levels of
oxygen. The objective of this work is to find out the highly sensi-
tive composition which exhibits large changes in conductivity in
the oxygen partial pressure range of 10–21% within the family of
SrSn1−xFexO3−ı.

2. Experimental

Nominal compositions of SrSn1−xFexO3−ı (0 < x < 0.2) were prepared by solid
state route by taking appropriate amounts of SrCO3 (99.9% purity, M/s Aldrich, USA),
SnO2 (99% purity, E. Merck, Germany) and Fe2O3 (99.9% purity, M/s Aldrich, USA).
The mixtures were ground using Agate mortar and pestle with a few drops of ace-
tone (AR grade M/s E. Merck, India). The mixed powders were uniaxially pressed into
pellets at 3 MPa and calcined in air for 10 h at 1173 K for decarbonation. The pellets
were reground, made again in the form of pellets and heated to 1573 K at a rate of
10 K/min from room temperature. The samples were sintered at this temperature
for 24 h and then cooled to room temperature. This process was repeated twice with
intermittent grinding of the samples in order to get homogenous products. The XRD
patterns of the samples were recorded using X-ray powder diffractometer (model D-

500 of M/s Siemens, Germany) with Cu K� radiation (� = 1.5418 ´̊A). Crystallographic
phase analysis of the individual compositions was checked. Pellets (8 mm diameter
and approximately 2 mm thickness) from each composition was mounted between
two spring-loaded platinum foils of identical dimensions and placed inside a quartz

chamber which in turn was heated by a furnace. The temperature dependence of
electrical conductivity of these samples under three different oxygen partial pres-
sures viz. 100% O2, 21% O2 in air and argon containing 10 (±2) ppm of O2 (analyzed
by a calibrated electrochemical oxygen sensor) was investigated in the temperature
range of 383–823 K. A frequency response analyzer (Model SI 1260 of Solartron,
M/s Schlumberger, UK) coupled with an electrochemical interface (Model 1287 of

dx.doi.org/10.1016/j.jallcom.2010.07.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:igsk@igcar.gov.in
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olartron, M/s Schlumberger, UK) in the frequency range 100 Hz to 1 MHz was used
or this study under the application of 500 mV perturbation voltage to the sample.
-ray photoelectron spectra of these samples were recorded to estimate various
lemental oxidation states using SPECS make (Germany) spectrophotometer with
50 mm hemispherical analyzer at band pass energy of 12 eV. Monochromatised Al
� X-ray radiation of 1486.74 eV was used. XPS analysis were carried out in pel-

et specimens at room temperature under a vacuum of 7 × 10−10 mbar. The binding
nergy value of carbon 1s was also recorded for correction arising out of charging.
n addition, Mossbauer spectroscopy was used to investigate the valence states of
e in these samples. For these studies, powder samples were mixed with LiCO3 as
atrix and taken for spectral analysis. Mossbauer spectra were recorded using the

pectrometer of electro-mechanical type at room temperature with 25 mCi 57Co in
hodium matrix as source in constant acceleration mode (WISSEL, Germany). Veloc-
ty calibrations were carried out using standard �-Fe. Data fitting was carried out
sing least square fitting program (NORMOS) considering Lorentz shape function.
he isomer shift values reported in this paper are with respect to �-Fe at room
emperature (301 K). Oxygen sensing characteristics of the bulk porous pellet sen-
ors were studied for various partial pressures of oxygen at different temperatures.
he conductivity cell described for mounting the pellet specimen for ac-impedance
echnique is used for sensor studies also. Impedance spectra are recorded under
quilibrium conditions when the frequency is swept from 100 Hz to 1 MHz. This
equires about 2 min and hence it is not suitable for measuring the transient changes
n conductivity during sensing. Therefore, the two-probe dc technique is adopted
or measuring the transient changes in conductivity. For maintaining different par-
ial pressures of oxygen in argon, mass flow controllers (Model No. DFC 2600, M/s
ALBORG Instruments, USA) were used. Different quantities of oxygen gas were
ixed with argon while the total flow rate was maintained at 20 ml/min. During

as sensing, data were continuously collected using data acquisition system (Model
o. 34970A, M/s Agilent, Malaysia). The percentage response for a change in partial
ressure of oxygen was calculated as follows:

Response = [(R − Ro)/R] × 100

here Ro is the resistance of the sensor in air and R is the resistance of the sensor in
he ambient of different partial pressures of oxygen.

. Results and discussion

XRD patterns of SrSn1−xFexO3−ı (0 < x < 0.2) samples are shown
n Fig. 1. All the reflections are indexed in terms of cubic pattern
S.G.: P23 (195), JCPDS # 74-1298] of the perovskite structure. No
ther reflections corresponding to any impurity are observed indi-
ating that all the samples are phase pure. However, Beurmann and
o-workers who investigated the compatibility of SrSnO3–SrFeO3
ystems have reported that SrSn1−xFexO3−ı (0 < x < 0.2) stabilized in
rthorhombic structure [S.G.: Pbnm (JCPDS # 77-1798)] as against
he cubic phase observed by us although the same synthesis con-
itions such as heating schedules, temperature, etc., are followed
9]. SrSnO3 is an ideal perovskite having Sr-ions in 12-fold co-
rdination and Sn-ions in 6-fold coordination as shown in Fig. 2. In
rSn1−xFexO3−ı cubic perovskite unit cell, Fe is expected to occupy
he Sn site in this structure as the ionic radius of Sr2+ (1.44 å) is
oo large to accommodate iron while the ionic size of Sn4+ is close
o that of Fe ions (ionic radius of Fe4+, Fe3+, Fe2+ in 6-fold co-
rdination are 0.585, 0.645 and 0.78 å respectively and the ionic
adius of Sn4+ is 0.69 å) [10]. Lattice cell parameters were calcu-
ated for different levels of iron substitution and the plot of cell
olume as a function of concentration of Fe is shown in Fig. 3. As
nticipated, the lattice parameter and the cell volume was found
o decrease from 4.0294(±0.0003) å to 4.0129(±0.0003) å for iron
oncentration x = 0–0.2 respectively which agrees well with the
eported values [1,9,11]. Cell volume also decreases systematically
ith increase in Fe concentration (Fig. 3).

Electrical conductivity studies on all the samples were carried
ut in the temperature range of 473–723 K under different par-
ial pressures of oxygen in air typically (10–30%) with and without
he presence of moisture. Results of our investigation of temper-

ture dependence of electrical conductivities of SrSn1−xFexO3−ı

x = 0–0.2) in air are shown in the form of Arrhenius plot in
ig. 4. It is clear that electrical conductivity values are systemat-
cally increasing as the Fe concentration is increased. The slopes
f the Arrhenius plots are nearly same for all the compositions
Fig. 1. XRD patterns of (a) SrSnO3−ı , (b) SrSn0.95Fe0.05O3−ı , (c) SrSn0.9Fe0.1O3−ı , (d)
SrSn0.85Fe0.15O3−ı , and (e) SrSn0.80Fe0.2O3−ı .

except for the undoped SrSnO3−ı and for SrSn0.8Fe0.2O3−ı. The
activation energy Ea derived from the slopes of the graphs are
0.45, 0.41, 0.42 and 0.35 eV respectively for SrSn0.95Fe0.05O3−ı,
SrSn0.9Fe0.1O3−ı, SrSn0.85Fe0.15O3−ı and SrSn0.8Fe0.2O3−ı. Ea varies
from 0.4 to 0.45 eV for x = 0.05, 0.1 and 0.15 compositions except
for x = 0.2 for which the Ea is 0.35 eV [1,11]. Repeated measure-
ments carried out on x = 0.2 gave the same Ea value. The activation
energy of conduction for SrSnO3−ı in the temperature range of
383–723 K is only 0.13 (±0.01) eV with an extremely poor con-
ductivity of 1 × 10−10 �−1 cm−1 at 373 K. However, the Fe-doped
SrSn1−xFexO3−ı (x = 0.05–0.2) exhibit high electrical conductivity
due to the charge carriers introduced by the substituent. To be used
as a material for oxygen sensing, the given composition should
exhibit significant change in electrical conductivity for a specific
change in oxygen partial pressure at a given operating tempera-
ture of the sensor. Among the compositions investigated, electrical
conductivity of SrSn1−xFexO3−ı (x = 0.1 and 0.15) at different oxygen
partial pressures is shown in Fig. 5. The other compositions exhib-
ited only very marginal dependence of conductivity on oxygen
partial pressures in the entire temperature range of investigation
and therefore their plots are not shown. Although the change in
conductivity of SrSn0.85Fe0.15O3−ı is marginally lower than that of
SrSn0.9Fe0.1O3−ı for the specified change in oxygen partial pres-
sures, the influence of moisture on conductivity of the system is
relatively less as compared to that of the later. Thus, the preliminary
investigations have shown that SrSn0.85Fe0.15O3−ı is promising.
XPS patterns of SrSn1−xFexO3−ı (x = 0.05–0.2) were recorded to
investigate the chemical status of different elements in order to
understand the mechanism of conductivity which is important
for conductivity-based sensors. Table 1 summarizes the results
obtained from the XPS analysis of the above samples. Fig. 6 shows
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coefficient of 0.99. No other peaks could be detected implying that
all the Sr-ions were in similar valence state across the composi-
tions. Moreover, the peak positions indicate that all the Sn-ions are
present in tetravalent state [12,13]. As both Sr-ions and Sn-ions
ig. 2. Unit cell of SrSnO3 perovskite structure showing the lattice sites of Sr- and

n-ions.

he XPS spectra of Sr-3d level in SrSn1−xFexO3−ı (x = 0.05–0.2)
hich exhibits a doublet pattern for 3d3/2 and 3d3/2 components.

he background subtracted peaks were fitted with Gaussian func-
ions giving rise to a correlation coefficient of 0.99. The peak
osition of the 3d5/2 and 3d3/2 components were at 133.6 and
35.6 eV respectively. Clearly, they are the finger prints of the diva-

ent Sr-ions [12]. No other extra peak could be detected implying

hat all the Sr-ions are in divalent state. The peak positions of Sr-
d level do not change across the compositions even though Fe is

ncreased from 0.05 to 0.2. This implies that Sr-ions are in divalent
tate in all the four compositions and that the partial substitution

ig. 3. Variation in unit cell volume as a function of Fe concentration in
rSn1−xFexO3−ı (x = 0, 0.05, 0.1, 0.15 and 0.2).
Fig. 4. Arrhenius plots for electrical conductivities of SrSn1−xFexO3−ı (x = 0–0.2) in
air.

of Fe does not influence its chemical status. Fig. 7 shows the XPS
patterns of Sn-3d level for SrSn1−xFexO3−ı (x = 0.05–0.2). The bind-
ing energies of the doublets 3d5/2 and 3d3/2 are observed at 486
and 493 eV respectively. The peaks were fitted with the combi-
nation of Gaussian–Lorentian curves which gave the correlation
Fig. 5. Arrhenius plots of (a) SrSn0.9Fe0.1O3−ı and (b) SrSn0.85Fe0.15O3−ı in various
ambient.
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Table 1
The XPS parameters derived from the curve fit for Sr-3d, Sn-3d, Fe-2p and O-1s of SrSn0.95Fe0.05O3−ı.

S. No. Composition Energy level Peak centre (eV) FWHM (eV) Area

1. SrSn0.95Fe0.05O3−ı Sr-5d5/2 133.5 (±0.07) 1.55 (±0.04) 12175 (±129)
Sr-3d3/2 135.27 (±0.07) 1.58 (±0.04) 8240 (±56)

O-1s 530.32 (±0.08) 1.72 (±0.07) 30471 (±213)
532.25 (±0.08) 1.75 (±0.07) 5828 (±62)

Sn-3d5/2 486.78 (±0.05) 1.41 (±0.02) 62796 (±198)
Sn-3d3/2 495.16 (±0.05) 1.41 (±0.02) 43219 (±117)

2. SrSn0.90Fe0.10O3−ı Sr-5d5/2 133.55 (±0.07) 1.5 (±0.04) 16951 (±134)
Sr-3d3/2 135.3 (±0.07) 1.43 (±0.04) 10954 (±66)

O-1s 530.28 (±0.08) 1.66 (±0.07) 32494(±226)
532.26(±0.08) 1.72 (±0.07) 5647 (±81)

Sn-3d5/2 486.72 (±0.05) 1.49 (±0.02) 55775 (±210)
Sn-3d3/2 495.14 (±0.05) 1.43 (±0.02) 37298 (±116)

3. SrSn0.85Fe0.15O3−ı Sr-5d5/2 133.5 (±0.07) 1.58 (±0.04) 4842 (±143)
Sr-3d3/2 135.25 (±0.07) 1.58 (±0.04) 3325 (±76)

O-1s 530.3 (±0.08) 1.73 (±0.07) 12164 (±322)
532.1 (±0.08) 1.78 (±0.07) 2648 (±45)

Sn-3d5/2 486.5 (±0.05) 1.53 (±0.02) 30619 (±231)
Sn-3d3/2 494.9 (±0.05) 1.53 (±0.02) 20893 (±108)

4. SrSn0.80Fe0.20O3−ı Sr-5d5/2 133.6 (±0.07) 1.45 (±0.04) 16618 (±124)
Sr-3d3/2 135.4 (±0.07) 1.45 (±0.04) 11235 (±120)

O-1s 530.28 (±0.08) 1.54 (±0.07) 30082 (±237)
532.09 (±0.08) 1.55 (±0.07) 5986 (±111)

Sn-3d5/2 486.77 (±0.05) 1.40 (±0.02) 59267 (±311)
Sn-3d3/2 495.2 (±0.05) 1.39 (±0.02) 40741 (±142)

Fig. 6. XPS spectra of Sr-3d level with its 3d5/2 and 3d3/2 components
in (a) SrSn0.95Fe0.05O3−ı , (b) SrSn0.9Fe0.1O3−ı , (c) SrSn0.85Fe0.15O3−ı , and (d)
SrSn0.80Fe0.2O3−ı .

Fig. 7. XPS spectra of Sn-3d level with its 3d5/2 and 3d3/2 components
in (a) SrSn0.95Fe0.05O3−ı , (b) SrSn0.9Fe0.1O3−ı , (c) SrSn0.85Fe0.15O3−ı , and (d)
SrSn0.80Fe0.2O3−ı .
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the substitution of isovalent Fe for Sn does play a significant role
ig. 8. XPS spectra of O-1s level in (a) SrSn0.95Fe0.05O3−ı , (b) SrSn0.9Fe0.1O3−ı , (c)
rSn0.85Fe0.15O3−ı , and (d) SrSn0.80Fe0.2O3−ı.

id not show any change in valence states across the compositions,
hemical status of oxygen was probed. Fig. 8 shows the XPS pattern
f O-1s level for SrSn1−xFexO3−ı (x = 0.05–0.2). Deconvolution of
he pattern gives rise to two different peaks which correspond to
wo different oxygen species. The major peak is observed at 530 eV
hereas the minor peak is observed at 532.2 eV. The overall fit gives

ise to a correlation coefficient of 0.99. The first peak observed at
30 eV is characteristic of O2− lattice oxygen whereas the second
inor peak observed at 532.2 eV could possibly be due to either

f the following species viz., adsorbed moisture, hydroxyl groups
r chemisorbed oxygen species [12,14]. Similar pattern is observed
or other compositions also indicating the presence of adsorbed

oisture or hydroxyl groups or chemisorbed oxygen in addition
o the lattice oxygen. It is difficult to assign the binding energy of
32 eV to any particular species based on the available results.

As Sr-, Sn-ions and lattice-oxygen in SrSnO3−ı remain in diva-
ent state, tetravalent state and divalent state respectively even
fter doped with Fe, the sharp increase in conductivity with partial
ubstitution of Fe is most likely due to Fe, the only remaining ele-
ent known for its mixed valence characteristics in oxide systems.
ence, XPS patterns of Fe-2p levels were investigated. Fig. 9 shows

he normalized, background corrected XPS patterns of Fe 2p3/2 and
p1/2 in SrSn1−xFexO3−ı (x = 0.05–0.2). Three peaks were observed
s against the doublet pattern expected for 2p3/2 and 2p1/2 com-
onents. The peak positions are 710 and 719 eV respectively for
p3/2 and 2p1/2 [15,16]. The third peak observed at 716 eV is highly

ntense and remains constant irrespective of the concentration of
e indicating it might have a different origin. This third peak is due

o Sn-3p3/2 level and its component 3p1/2 is expected to occur at
56 eV which is not covered in the region of investigation. As the
trong and intense peak of Sn 3p3/2 overlaps with the relatively less
ntense Fe 2p3/2 peak, deconvolution becomes complicated unless
Fig. 9. XPS spectra of Fe-2p level with its 2p3/2 and 2p1/2 components
in (a) SrSn0.95Fe0.05O3−ı , (b) SrSn0.9Fe0.1O3−ı , (c) SrSn0.85Fe0.15O3−ı , and (d)
SrSn0.80Fe0.2O3−ı.

the former is safely removed without affecting the latter. Owing to
the ensuing uncertainties involved, the oxidation states of Fe were
not obtained from the XPS studies and Mossbauer studies were
carried out on these samples to investigate the valence states of
Fe.

Fig. 10 shows the Mossbauer spectra of Fe recorded for
SrSn1−xFexO3−ı (x = 0.1–0.2) samples at room temperature. Table 2
shows the isomer shift values of Fe-ions in different samples
deduced from their spectra. Fe4+ has an isomer shift close to
zero [17–19] whereas Fe+3 and Fe+2 have the values of ≤0.5
and ≤1 mm s−1 respectively [20]. The uncertainty in peak fitting
for all possible oxidation states of iron in these compositions is
equally distributed. The overall pattern obtained from the decon-
voluted components fits well with the experimentally observed
spectra giving a statistical chi-square normalized value around 1.1
which indicates a reasonably good fit. The Mossbauer spectra of
SrSn0.8Fe0.2O3−ı is shown in Fig. 10(b) which clearly confirms that
Fe is in three different oxidation state viz., Fe4+, Fe3+ and Fe2+. The
results obtained with samples of other compositions were similar.
For comparison, Mossbauer spectra of SrFeO3−ı is also recorded
and shown in Fig. 10(a). It shows two well-resolved peaks char-
acteristic of only Fe4+ and Fe2+. The relative amounts of different
Fe species estimated from the area under the individual deconvo-
luted graphs corresponding to the respective oxidation state of Fe
in each composition are also given in Table 2. It is to be pointed
out that the Mossbauer results of Beurmann et al. and Roh et al.
have indicated the presence of only Fe4+ and Fe3+ in these systems
[9,11]. In SrFeO3−ı, the relative amounts of Fe4+ and Fe3+ are 78 and
22% respectively whereas in SrSn0.8Fe0.2O3−ı, Fe4+ decreases to 48%
while and Fe3+ and Fe2+ are 15 and 38% respectively (Fig. 10(b)). The
relative concentrations of Fe4+, Fe3+, Fe2+, ions in SrSn0.85Fe0.15O3−ı

are 58, 12 and 30% respectively (Fig. 10(c)) and in SrSn0.9Fe0.1O3−ı,
the corresponding amounts are 45.4, 19.7 and 34.9% respectively
(Fig. 10(d)).

Although one may argue that there is no significant change in
the relative concentration of the different species of Fe to account
for the increase in conductivity across the compositions, the total
amount of Fe3+ and Fe2+, the species responsible for conductivity
increases as one goes from Fe = 0.05 to 0.2. It should be pointed that

4+ 4+
in conductivity. The total percentage of Fe2+ and Fe3+ is 54.6, 42
and 52.4% respectively for x = 0.1, 0.15 and 0.2 [Table 2] (the total
amount of lower valence Fe ions is arrived by 0.1 × 0.054 = 0.054
for x = 0.1, 0.15 × 0.042 = 0.064 for x = 0.15 and 0.2 × 0.052 = 0.104
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ig. 10. Mossbauer studies for estimating different oxidation states of Fe in (a) SrFeO
c) SrSn0.85Fe0.15O3−ı [Fe+4 = 58%, Fe+3 = 12% and Fe+2 = 30%], and (d) SrSn0.9Fe0.1O3−ı

or x = 0.2). The overall increase in Fe proportionately increases the
mount of Fe2+ and Fe3+ ions which in turn is responsible for the
igh conductivity with the increase in concentration of Fe. The
echanism of electrical conductivity and oxygen sensing can be

xplained as follows. Upon iron substitution in SrSnO3, Fe enters
nto Sn+4 site and exist in three different oxidation states (+4, +3
nd +2) as seen from Mossbauer studies. But, during this process,
t generates electrons in the lattice as a consequence of oxide ion
acancies for electrical charge neutrality. Electrons are generated
y oxygen loss from the lattice according to the following relation:

o ⇔ 1
2 O2 +

••
Vo + 2 e− (1)

evertheless, it retains the p-type behaviour with holes as major
harge carrier [1]. As Fe4+ do not produce a hole, only Fe3+ or Fe2+

n the lattice generated holes as explained below and introduce
cceptor levels close to the valence band.
eSn ↔ FeSn
3+ +

•
h (2)

eSn ↔ FeSn
2+ + 2

•
h (3)

able 2
ossbauer parameters derived from the spectra of SrFeO3−ı , SrSn0.8Fe0.2O3−ı , SrSn0.85Fe0

[Mossbauer spectroscopy analyzed data with respect to iron (�-bcc) at 301 K]

Sample Isomer shift (mm/s) Quadrupole shift (

SrFeO3−ı −0.12 0.09
0.94 0.08

SrSn0.80Fe0.20O3−ı −0.10 0.09
0.41 0.08
0.79 0.08

SrSn0.85Fe0.15O3−ı −0.14 0.09
0.41 0.08
0.70 0.08

SrSn0.90Fe0.10O3−ı −0.15 0.09
0.41 0.08
0.84 0.08
e+4 = 78% and Fe+2 = 22%], (b) SrSn0.8Fe0.2O3−ı [Fe+4 = 48%, Fe+3 = 14% and Fe+2 = 38%],
= 45%, Fe+3 = 20% and Fe+2 = 35%].

Thus, as a function of iron substitution, in SrSn1−xFexO3−ı (x = 0,
0.05, 0.1, 0.15 and 0.2), a systematical increase in electrical con-
ductivity is seen in the temperature range of 383–823 K in their
respective Arrhenius plots (Fig. 4). However, at lower partial pres-
sures of oxygen (below 21% O2), more electrons are generated in
the donor level in addition to the oxide ion vacancies reflecting in
decrease of its electrical conductivity (Fig. 5(a) and (b)). This can be
attributed to the annihilation of the holes present in the sample that
is responsible for p-type conductivity. On the other hand, at higher
partial pressures of oxygen (21–100% O2), more holes are gener-
ated in the acceptor level as the non-stoichiometry in oxygen is
considerably reduced. Thus, an increase in electrical conductivity is
observed at higher oxygen partial pressures. This p-type behaviour
is still clearly demonstrated by the strong oxygen partial pressure
dependence conductivity and sensor studies between 15 and 50% of
oxygen for the composition SrSn0.85Fe0.15O3−ı at 773 K (Fig. 11(a)
and (b)).
The oxide ion vacancy (oxygen non-stoichiometry) arising from
Fe2+ and Fe3+ ions in SrSn1−xFexO3−ı (x = 0.05–0.2) is under equi-
librium with the oxygen partial pressure in accordance with Eq.
(1) and if the oxygen partial pressure is varied, the equilibrium will
shift accordingly affecting the overall vacancy concentration. In the

.15O3−ı and SrSn0.9Fe0.1O3−ı with respect to iron (�-bcc) at 301 K.

mm/s) FWHM (mm/s) Area % Species

0.68 77.6 Fe4+

0.41 22.4 Fe2+

0.45 47.6 Fe4+

0.45 14.6 Fe3+

0.45 37.8 Fe2+

0.57 58 Fe4+

0.45 12.2 Fe3+

0.47 29.8 Fe2+

0.45 45.4 Fe4+

0.45 19.7 Fe3+

0.45 34.9 Fe2+
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ig. 11. Sensor study of SrSn0.85Fe0.15O3−ı bulk pellet at 773 K for (a) 21–50% O2 and
b) 30–15% O2.

ase of n-type semiconductor oxides, the conduction electrons are
sually trapped by the oxygen ions adsorbed on the surface due to

ts high electro-negativity. The change in equilibrium concentra-
ion of the adsorbed species introduces corresponding changes in
lectrical conductivity which is the accepted mechanism of sens-
ng. In contrast, the positively charged hole carriers of the p-type
xides cannot be trapped by the adsorbed oxygen and therefore,
he direct participation of the adsorbed gas species in trapping the
ole carriers is not proposed. However, as the hole carrier density
epends sensitively on the oxide vacancies, the changes in equilib-
ium concentration of vacancies affect the electrical conductivity.
t is quite likely that the adsorbed–desorbed oxygen species play a
ole in altering the vacancy concentration.

The primary condition for the material to be used as an oxy-
en sensor is that the material should exhibit a significant change
n conductivity for the given partial pressure range of oxygen at a
hosen temperature. The objective of this work is to find out the
ighly sensitive composition within the family of SrSn1−xFexO3−ı

hich exhibits large changes in conductivity in the oxygen par-
ial pressure of 10–20%. As seen earlier, the electrical conductivity
f SrSn0.85Fe0.15O3−ı changes significantly as a function of oxygen
artial pressure with little interference from moisture. Therefore,
etailed sensor studies were carried on this composition. Fig. 11(a)
hows the transient changes in resistance of SrSn0.85Fe0.15O3−ı

ulk pellet at 773 K for 15, 21 and 30% O2. It has a stable base-

ine value of 8.5 k� at 21% O2 with a reasonable response of about
2% and recovery time of about 30 to 40 min. Reducing the oxy-
en partial pressure to 15% increases the resistance to 17.6 k� and
ncreasing the oxygen partial pressure 30% decreases the resis-
ance to 6.7 k�. For comparison, the response characteristics of
Fig. 12. Response characteristics of bulk pellets of (a) SrSn0.85Fe0.10O3−ı and (b)
SrSn0.85Fe0.10O3−ı at 773 K.

SrSn0.9Fe0.1O3−ı and SrSn0.8Fe0.2O3−ı (Fig. 12(a) and (b)). At tem-
peratures below 450 ◦C, all the compositions exhibited a poor
response with long recovery times. The response and recovery
times started improving with temperature and the former reached
a maximum around 500 ◦C. Beyond 500 ◦C, the response came down
although recovery times are reduced. Thus an operating tempera-
ture of 500 ◦C is chosen. The response pattern of SrSn0.9Fe0.1O3−ı

(Fig. 12(a)) towards different partial pressures of oxygen is rela-
tively sharper as compared to that of SrSn0.8Fe0.2O3−ı (Fig. 12(b)).
But compared to that of SrSn0.85Fe0.15O3−ı, the response of the
SrSn0.9Fe0.1O3−ı is relatively inferior. Moreover, it suffers from
the moisture interference as seen from the conductivity stud-
ies. Therefore, SrSn0.85Fe0.15O3−ı was identified as the promising
composition.

Generally, n-type semiconducting oxides exhibit decrease
in resistance (increase in conductivity) due to oxygen non-
stoichiometry which introduces donor levels [21]. At lower oxygen
partial pressures, the deviation in oxygen non-stoichiometry will
be even higher and therefore, there is a decrease in resistance
further. The opposite trend observed for SrSn1−xFexO3−ı (x = 0.1
and 0.15) as function of oxygen partial pressure shows that these
composition exhibit a p-type behaviour. Repeated response pat-
tern confirms the reproducibility of the sensor. However, the
response and recovery times are quite long. This is due to
three different factors namely, the large volume of the vessel
(∼150 cc) in which the tests were carried out, high porosity (33%)
of the pellet and low flow rate (20 ml/min) of the gas used

for test studies. Fig. 11(b) shows the transient change in resis-
tance when the oxygen partial pressure is gradually decreased
from 15% → 21% → 30% → 40% → 50% → 40% → 30% → 21% → 15%.
The baseline resistance corresponding to each oxygen partial pres-
sure is restored. Generally sensors made of bulk porous pellets
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re not desirable as they take long time to respond and recover.
esides, these bulky devices are also not energy efficient. Even if
igh temperature is used to drive the kinetics of the diffusion-
ontrolled reactions, the sensitivity (the change in conductivity for
specific change in partial pressure) became poor at higher tem-
eratures. However, thin film structures (thickness ∼ 1000 å) offer
he scope to reduce the diffusion-controlled processes with consid-
rable reduction in response and recovery times. Nanostructured
hin films (sensor grade) with high-specific surface area are ideally
uitable as gas sensors and therefore, fabrication of high qual-
ty nanostructured thin films of the most promising composition
sing pulsed laser deposition technique is the ultimate objective of
his work.

. Conclusions

SrSn1−xFexO3−ı (x = 0–0.2) is stabilized in cubic phase (P23).
he lattice parameter decreases linearly with Fe concentration.
lectrical conductivity SrSn1−xFexO3−ı (x = 0–0.2) increases with
e concentration. The activation energy values of SrSn1−xFexO3−ı

x = 0 to 0.2) are about 0.45 eV for all the compositions implying
hat the mechanism of electrical conduction is same. The chemi-
al status of Sr, Sn and oxygen as investigated by XPS shows that
hey are in +2, +4 and −2 valence states respectively. XPS of Fe 2p
ould not be resolved because of the overlap of a strong Sn 3p peak.
ossbauer studies give the finger prints of +4, +3 and +2 valence

tates for iron and that the relative amount of these species remain
ame across SrSn1−xFexO3−ı (x = 0.5–0.2). As Sr, Sn and oxygen are
espectively in +2, +4 and −2 valence states, the observed change
s conductivity of SrSn1−xFexO3−ı (x = 0.5–0.2) is suggested to be
ue to Fe3+ and Fe2+ ions. A strong oxygen partial pressure depen-
ence on conductivity is observed for SrSn0.85Fe0.15O3−ı and the

ame is explored for gas sensor studies. This composition gives a
-type response to the variation in oxygen partial pressures from
5 to 30%. This composition can be used as conductivity based sen-
or material to measure percentage levels of oxygen at operating
emperatures above 623 K.
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