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1. INTRODUCTION
1.1. Semiconductor Gas Sensors

Detection of pollutant, toxic, refining, combustible and pro-
cess gases is important for system and process control, safety
monitoring and environmental protection. Various meth-
ods can be used to accomplish gas sensing including gas
chromatography, Fourier-transform infrared spectroscopy,
chemiluminescence detectors, mass spectrometry, semicon-
ductor gas sensors, and others. Gas sensors based on solid-
state semiconductor materials offer considerable advantages
in comparison to other gas sensing methods. Semiconduc-
tor sensors are inexpensive to produce, easy to miniaturize,
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rugged, reliable and can be designed to operate over a range
of conditions including high temperatures. Semiconductor
sensors can be produced in arrays to allow sensing of mul-
tiple species simultaneously and with advances in sensitiv-
ity; detectivity limits are approaching part-per-million (ppm)
levels for some species.

Tin dioxide (also called stannic oxide or tin oxide) semi-
conductor gas sensors were first proposed [1] and patented
in 1962 [2], and since then stannic oxide gas sensors have
undergone extensive research and development. Tin dioxide
(SnO,) is the most important material for use in gas
sensing applications. It is the dominant choice for solid-
state gas detectors in domestic, commercial and industrial
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settings due to the low operating temperatures, high sen-
sitivities, mechanical simplicity of sensor design and low
manufacturing costs [2-5]. Millions of carbon monoxide
(CO) alarms utilizing SnO, as the active sensing element
have been produced and have demonstrated the long term
(>10 years) dependable performance of tin dioxide sen-
sors. In the past 15 years, considerable research has been
conducted on understanding the chemical and electronic
mechanisms that govern semiconductor sensor performance
and on extending SnO, sensors to detection of other gases,
including trace amounts of toxic gases [4, 6, 7, and references
therein]. However, many challenges remain which prevent
full realization of the diagnostic potential of SnO, sensors
beyond carbon monoxide detectors, including the need to
improve selectivity, sensitivity, stability and time response of
the sensors.

There are several documents which provide excellent
reviews of the scientific literature on SnO, sensors, includ-
ing the works by Yamazoe [7], Thokura and Watson [2],
Hozer [8], Gopel and Schierbaum [6], and Park and
Akbar [9]. The various physical and chemical mechanisms
thought to be important in SnO, sensing systems are dis-
cussed in each of the review articles. The textbook by
Thokura and Watson [2] takes a comprehensive approach that
includes archiving a large body of experimental data on the
trends of SnO, sensor performance as a function of design
and operating parameters, as well as material invaluable to
the practicing engineer interested in sensor application. The
work by Hozer [8] has a strong emphasis on practical fabri-
cation and application of SnO, sensors to the detection of
a broad range of gases. A detailed discussion of the elec-
trical properties of SnO, sensors and schematic interpreta-
tions of sensor electronic, chemical, physical and geometric
considerations are all provided in the manuscript by Gopel
and Schierbaum [6]. Yamazoe [7] focuses on explanation of
experimentally observed trends in terms of proposed elec-
tronic mechanisms for sensor response. The recent review
by Park and Akbar [9] covers a spectrum of ceramic mate-
rials for sensor applications, with a primary focus on SnO,
systems. Park and Akbar also provide extensive discussion
of the fundamental principles involved at the gas-solid inter-
face of the sensors. In this review, the emphasis is placed on
the microstructural properties of the SnO, materials used in
sensor applications, how the properties affect SnO, sensor
function, and recent efforts to improve sensor performance,
particularly through control of sensor microstructure.

Although our fundamental understanding of the chemical
and physical mechanisms important in SnO, gas sensors has
grown dramatically, improvements in sensor performance
are still largely based on empirical studies. A clear trend
that has emerged from these studies is the need for care-
ful analysis of the micro-scale sensor properties (including
physical and electronic properties) combined with simulta-
neous careful analysis of sensor performance. Establishing
direct links between microstructure and performance is a
vital step towards achieving sensors that are optimized at
the nanometer level for specific sensing applications.

In the following sections, the chemical and physical mech-
anisms important in pure SnO, and doped SnO, gas sensors
are briefly introduced. Methods that have been demon-
strated for SnO, synthesis and the results of materials char-
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acterization of the pre-processed and post-processed SnO,
powders used in gas-sensor applications are covered in
Section 2. In Section 3, SnO, sensor architecture and fab-
rication technologies are briefly reviewed, and the results
of studies to improve sensor performance and attempts to
establish connections between microstructure and perfor-
mance are presented. The work concludes with suggestions
for areas of future research.

1.2. Mechanisms for Gas Sensing in
Pure SnO, Sensors

It is well known that the performance of a SnO, sensor is
directly related to the SnO, particle size, particle connec-
tions and compositional characteristics (i.e. the presence of
additives) [6, 7, 10, 11]. For example, SnO, sensor perfor-
mance (stability, sensitivity, selectivity, and response time)
has been improved considerably by reducing the size of the
SnO, particles used in the sensors to nanometer dimensions
[7, 11-13] and/or by adding dopants (typically noble metals
or other metal oxides) to the tin dioxide to create nanocom-
posite materials [6, 7, 12, 14-17]. Figures 1 and 2 show the
results of Yamazoe’s work [7] on the resistance and sensi-
tivity of a SnO, sensor as a function of the SnO, crystallite
size. The sensitivity is defined as the ratio of the resistance
of the sensor in air to the resistance of the sensor in the
test gas, i.e. § = R,/R,. Note the dramatic increase in the
sensor resistance and sensitivity for crystallite sizes less than
~6 nm.
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Figure 1. Experimental data showing the effect of SnO, crystallite size
on sensor resistance for undoped tin oxide generated using sol-gel syn-
thesis processing. Data are shown for sensor response to 800 ppm of
H, in air at a sensor operating temperature of 300 °C. Reprinted with
permission from [7], N. Yamazoe et al., Sens. Actuators B 5, 7 (1991).
© 1991, Elsevier.
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Figure 2. Experimental data showing the effect of SnO, crystallite size
on sensor sensitivity (undoped tin oxide generated using sol-gel synthe-
sis processing). The sensitivity is defined as the ratio of the resistance
of the sensor in air to the resistance of the sensor in the test gas, i.e.
§ = R,/R,. Data are shown for sensor response to 800 ppm of H, in
air, and 800 ppm of CO in air at a sensor operating temperature of
300 °C. Reprinted with permission from [7], N. Yamazoe et al., Sens.
Actuators B 5,7 (1991). © 1991, Elsevier.

Tin dioxide is an n-type semiconductor, where the sen-
sor conductivity increases in the presence of a reducing
gases (such as CO), and decreases in the presence of an
oxidizing gas (such as O,). SnO, sensor response is due to
surface interactions between the tin oxide and the surround-
ing gases. The general steps involved in sensor response
upon exposure to air and to a reducing gas, R, are shown in
Figure 3. As shown in the column on the left of Figure 3,
oxygen from the air is adsorbed onto the surface of the
SnO,. Electrons from the surface region of the SnO, are
transferred to the adsorbed oxygen, leading to the forma-
tion of an electron-depleted region near the surface of the
SnO, particle. The electron depleted region, also called the
space-charge layer, is an area of high resistance and the core
region of the particle, where electron densities are high, is an
area of relatively low resistance. The form of the adsorbed
oxygen (either molecular or atomic) depends on the temper-
ature of the sensor, where O3 species have been observed at
lower temperatures (below 175 °C) and O~ and O*~ species
have been observed at higher temperatures (above 175 °C)
[18, and references therein].

As shown in the column on the right of Figure 3, when
exposed to a reducing gas like CO, surface reactions such as

CO+0,, — CO, +¢

and
2CO + 05 4 —> 2CO, + ¢~

release electrons back to the SnO, and lead to a decrease
in the resistance of the space charge layer.
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Figure 3. Schematics indicating the mechanisms leading to SnO, sensor
response to oxidizing and reducing gases.

It is important to note that n-type semiconductor mate-
rials such as SnO, have relatively few oxygen adsorption
sites available (e.g. compared to noble metals) due to the
development of potential barriers on the particle surface
[19]. In addition, the fraction of surface sites occupied of
those available on the surface of the SnO, is low (<1%) [9].
Consequently, incorporating species which have a compara-
bly higher number of adsorption sites with high fractional
occupancy in the SnO, sensing material can have a signifi-
cant impact on the sensor performance, as discussed further
in Section 1.3.

Crystallite size effects on sensor performance, such as the
trends observed in the data shown in Figures 1 and 2, are
generally explained in terms of the relative values of the
characteristic dimensions of the connection between adja-
cent particles (the neck width) and of the thickness of the
space charge layer. The thickness of the space charge layer is
typically indicated by the Debye length, L, of the electrons
in the SnO, [20-22]. Figure 4 shows the various regimes
that are of interest in SnO, sensors based on the relative
values of the neck width and the Debye length. Park and
Akbar [9] propose that the intergranular contacts between
SnO, particles can be classified into three categories: open
neck, closed neck and Schottky contact-type connections.
Specific conductance models are associated with each cat-
egory of interparticle connection. Figure 4 includes refer-
ence to the corresponding interparticle models of Park and
Akbar, as well as reference to the regimes based on charac-
teristic grain and particle sizes proposed by Yamazoe [7].
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Figure 4. Schematic indicating the conductance mechanisms important in the various SnO, crystallite size regimes, relative to the SnO, electron
Debye length, L. For reference, the Debye length of undoped SnO, has been previously estimated as ~3 nm. Below each particle pair, the
dominant mode of resistance is listed first, the interparticle conductance mechanisms as per the criteria proposed by Park and Akbar [9] is listed
second, and the sensor conductance regime (assuming a sensor consisting entirely of that category of particle connections) is listed third as per the

criteria specified by Yamazoe [7].

The dramatic dependence of sensor sensitivity on SnO,
particle size can be understood by considering the size
regimes outlined in Figure 4. As the crystallite dimension
decreases relative to the Debye length of the electrons in
the SnO,, the sensor conductance becomes dominated by
the high resistance of the interparticle necks. Under these
conditions, the sensor sensitivity is a very strong function of
the size of the necks between the particles. Yamazoe found
the size of the necks is approximately proportional to the
particle size (neck width = 0.8 d,,, where d, is the aver-
age SnO, crystallite size). Thus, the resistance of the sensor
increases as the SnO, particle size decreases when d, < Lp,.
Yamazoe refers to this as the grain-control regime [7], and
Park and Akbar describe the interparticle conductance for
this regime using an open neck/surface trap limited conduc-
tance model [9].

Unfortunately, SnO, sensors are not typically composed
of one category of particle contact, or modeling and sensor
design would be greatly facilitated. To compound the chal-
lenge, SnO, sensors are often porous. The porosity of the
SnO, can also play a role in dictating the response mech-
anism of the sensor. Figure 5 is a schematic depicting the
various interparticle connections, grain boundaries and elec-
trode/particle contacts that can be found in a typical SnO,
film sensor. As discussed at length in the review by Gopel
and Schierbaum [6], the configuration of the sensor can
lead to systems where the sensor resistance is dominated
by one type of contact, such as the electrode/SnO, inter-
face for example. More likely, however, a percolation model
is required for accurate representation of the electron flow

in the sensor, and as seen in Figure 5, the relevant spatial
dimensions of a tin oxide sensor often span orders of magni-
tude. The recent work by Barsan and Weimar [18] provides
a thorough and detailed discussion of their model devel-
opment to represent the various porosities, particle sizes
and degrees of particle connectivity that are encountered in
SnO, sensors. In particular, the authors strive for achiev-
ing a model based on the fundamental physical, chemical
and electrical mechanisms important in metal oxide sensors
while still retaining flexibility to use the models for practical
sensor design.

1.3. Mechanisms for Gas Sensing in SnO,
Sensors with Additives

Decreasing the SnO, crystallite size can dramatically
improve sensor sensitivity; however, the small dimensions
required are difficult to achieve in a practical sensor. For
example, sensors composed of nanosized SnO, crystallites
with d, < 10 nm can have poor mechanical strength [7],
and heat treatment processes tend to increase the charac-
teristic SnO, crystallite size (which is discussed further in
Section 2). Fortunately, the use of additives in the SnO,
sensing material can have an even more marked effect on
sensor performance than SnO, particle size, as seen in
Figure 6.

Additives can have several effects on the SnO, proper-
ties important to gas sensing applications, including inhibit-
ing SnO, grain growth, modifying the electron Debye length
and modifying the gas-surface interactions. Heat treatment



Nanostructured Tin Dioxide Materials for Gas Sensor Applications

Surface region

Electrode/Substrate
interface region

Electrodes

Cross-section of thin-film
tin dioxide sensor

-— /Sensmve Film /Electrodes

(i

1 Charge depleted region

High electron
density region

3 Charge depleted region

Figure 5. Schematic indicating the interparticle connections, grain boundaries, and particle/electrode contacts present in a typical porous SnO, film
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Figure 6. Experimental data showing the effect of additives on SnO,
sensor sensitivity as a function of SnO, crystallite size (sol-gel generated
materials). Data are shown for sensor response to 800 ppm of H, in air
at a sensor operating temperature of 300 °C. Reprinted with permission
from [7], N. Yamazoe et al., Sens. Actuators B 5, 7 (1991). © 1991,
Elsevier.

processes are integral to sensor fabrication [2], and these
processes result in significant restructuring of the SnO, crys-
tallites. Additives can limit the extent of the SnO, coales-
cence. Results of grain inhibitor studies of SnO, additives
and the effects of heat treatment on the characteristic SnO,
crystallite size are presented in Section 2.

Regarding modifications to the SnO, electron Debye
length, L, Yamazoe [7] suggests that the data shown in
Figure 6 are consistent with estimated changes in L, for the
aluminum and antimony additives examined. Compared to
the unaltered Sn** lattice structure, AI’t and Sb>* should
lead to larger and smaller SnO, electron Debye lengths,
respectively. Larger Debye lengths, and hence space charge
layers, shift the sensitivity response curve to larger SnO,
crystallite particle sizes, as seen for Al.

Additives can also change the gas-surface interactions of
a tin oxide sensor. Two mechanisms have become widely
accepted for describing the chemical and physical processes
important in SnO, sensors with additives: the electronic and
the catalytic mechanisms. Figure 7 shows the general steps
involved with the two mechanisms. In the electronic mecha-
nism (shown in the column on the left of Fig. 7), also called
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Figure 7. Schematic indicating the general steps involved in the elec-
tronic and catalytic mechanisms active in SnO, sensors with metal addi-
tives. R represents a reducing gas.

the Fermi energy control mechanism, a reducing gas reacts
on the surface of the metal additive, releasing an electron
which is transported to the SnO,. The change in the electron
density near the surface of the SnO, leads to a decrease in
resistance. In the catalytic mechanism, also called the chem-
ical mechanism or spill-over mechanism, the metal additive
acts as a catalyst where the reducing gas is transported to
the SnO, surface. As shown in the sequence in the column
on the right of Figure 7, the reducing gas reacts with the
oxygen adsorbed on the surface of the SnO,, thus releas-
ing an electron directly to the charge depleted region of
the SnO, particle. The primary difference between the elec-
tronic and catalytic mechanisms is the particle being trans-
ported between the additive and the SnO,. Electron transfer
occurs in the electronic model and atom transfer occurs in
the chemical model.

The general descriptions of the electronic and catalytic
mechanisms found in the literature are largely consis-
tent. Yet, there is considerable uncertainty in the detailed
representation of the models. For example, hydrogen
decomposition and transport on metal catalysts has been
observed and is well documented in the literature [19, and
references therein]. Oxygen adsorption and transport on the
surface of SnO, metal additives has also been proposed as a
means to explain changes SnO, sensor properties that occur

Nanostructured Tin Dioxide Materials for Gas Sensor Applications

when using metal additives [19]. However, there are few
studies which consider, let alone quantify, adsorption and
transport of both reducing and oxidizing species in doped
SnO, sensors.

Another good example of the limitations of the electronic
and catalytic models is found in the recent experimental
study by Montmeat et al. [23]. The authors conducted an
investigation of the effects of gold on SnO, sensor response
where they used a novel test facility. In the new sensor test-
ing facility, specific regions of the sensor (the electrodes and
the region between the electrodes) could be isolated from
exposure to the target gas. They found the sensor response
was dominated by interaction with the gold electrodes, and
the results could not be explained in terms of either the elec-
tronic or catalytic mechanisms. Montmeat et al. proposed a
new form of highly ionized adsorbed oxygen species may be
formed at the boundary between the gold metal particle, the
SnO, particle, and the gas. Thus a new mechanism may be
necessary to represent the sensor properties at these edge
or border regions.

Ultimately, the fundamental principles underlying how
the additives lead to the enhancements of SnO, sensor per-
formance are still not well understood. Advances are also
complicated by the fact that the additives probably play
multiple roles in augmenting the sensor performance. For
example, metal additives are likely to be present in multi-
ple morphologies (e.g., dispersed into the SnO, matrix and
present as discrete particles), as has been noted by several
researchers [7, 24]. The dispersed additives can change the
electron Debye length, while the discrete particles simulta-
neously affect the gas-surface properties. Consequently, the
methods for how to select an additive and design the com-
bined sensor/additive morphology remain a challenge.

2. SNO, SYNTHESIS
METHODS AND MATERIALS
CHARACTERIZATION RESULTS

2.1. Pure SnO,

Nanosized tin oxide particles can be generated using a
variety of synthesis techniques including sol gel process-
ing [12, 16, 17], chemical vapor deposition [25], wet chem-
ical deposition [26, 27], sputtering methods [10, 20], flame
synthesis [28-30], gas phase condensation [5], pulsed laser
ablation [54], and mechanochemical processing [31]. Some
key manufacturing considerations of the synthesis methods
include scalability for industrial production, repeatability of
the SnO, properties, purity of the SnO, product materials,
toxicity and handling considerations of the SnO, precursor
materials, continuous versus batch processing, cost of mate-
rials and procedures required, and the number, complex-
ity and waste associated with the sensor fabrication steps
required for the SnO, starting materials. Important charac-
teristics of some representative methods demonstrated for
synthesis of undoped SnO,, including the reactant precur-
sor materials used, the form of the SnO, produced and the
average SnO, crystallite size, are provided in Table 1. As
an indication of the performance of the materials, sensi-
tivity data are also provided (where available) in Table 1.
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Additional discussion of SnO, sensor performance can be
found in Section 3.

Most of the synthesis methods are competitive with
respect to the SnO, crystallite size, with the smallest particle
size being about 5 nm. However, the average SnO, crys-
tallite size associated with the material synthesis technique
is not always representative of the average crystallite size
of the final sensor product. Most of the sensor fabrication
methods (which are discussed further in Section 3) require
some form of heat treatment, e.g. sintering or calcination.
The SnO, particle sizes can and usually will grow during the
high-temperature sensor fabrication processes. The extent of
the growth is both time and temperature dependent [7].

Empirical studies have long been the basis for developing
improvements in stannic oxide sensor performance. These
have shown that the microstructural properties (both phys-
ical and electronic) of the tin oxides affect SnO, sensor
performance. A variety of analytical techniques have been
used to study the particles and their properties, which in
turn can hopefully be used to link microstructure to per-
formance and lead to better design and optimization of
SnO, sensors. Some commonly used analytical techniques
include transmission electron microscopy (TEM), scanning
electron microscopy (SEM), energy dispersive spectroscopy
(EDS), X-ray diffractometry (XRD), X-ray photoelectron
spectroscopy (XPS), and specific surface area analysis (N,
adsorption isotherms using BET theory). Transmission elec-
tron microscopy provides an imaging technique that can be
used to determine grain sizes, particle morphology, lattice
parameters, and overall particle structure. Scanning electron
microscopy imaging is useful for examining film structure,
sensor component connections and other larger scale fea-
tures. Energy dispersive spectroscopy is an analytical tech-
nique which can be associated with either TEM or SEM and
allows for elemental speciation of the sample. X-ray diffrac-
tion typically provides information on the crystalline phase
of a larger sample size compared to the electron micro-
scope methods, and XRD can be used for determination of
an average crystallite size. X-ray photoelectron spectroscopy
allows for the examination of the chemical composition of
surfaces. Nitrogen adsorption analysis can give specific sur-
face areas of a sample which can be correlated to porosity
as well.

In the following paragraphs, analytical results of vari-
ous studies that provide insight into the microstructure,
phase, composition, morphology and other characteristics of
undoped SnO, sensor materials are presented. Because the
synthesis and fabrication methods dictate these properties,
the results are presented for each of the representative syn-
thesis methods listed in Table 1. Materials characteristics
that are common to most of the pure SnO, synthesis tech-
niques are presented first.

As seen in Table 1, the fabrication of SnO, material
can lead to a powder form or directly to a film form.
The most widely used technique for the manufacture of
tin oxides for sensor applications is the sol-gel method
which usually results in a powder product. Sol-gel synthe-
sis techniques can be relatively inexpensive (depending in
part on the precursors used), and they typically produce
nanosized SnO, particles with narrow size distributions and
good homogeneity. However, the SnO, particles may exhibit

Nanostructured Tin Dioxide Materials for Gas Sensor Applications

chlorine contamination when tin chlorides are used as the
sol-gel reactant precursor [32, 33], which requires additional
processing to purify. Recently, Zhang and Gao [32] have
demonstrated an improved sol-gel processing method which
yields very small SnO, materials that are relatively monodis-
perse (2.8-5.1 nm in size) and free from chloride impurities.

Tin oxide nanoparticles typically exhibit the same general
morphologies regardless of the synthesis method. Figure 8
shows TEM images of representative sol-gel-generated [34]
and flame-generated powder SnO, materials. The sol-gel
powder was hydrothermally treated and exhibited an aver-
age particle size of less than 6 nm with a narrow size
distribution of 5-8 nm. The tin oxide particles were pro-
duced in our facility using a combustion synthesis technique
(the synthesis method is described in detail in Hall et al.
[35, 61]) and have a slightly larger average crystallite size
(d), avg = 11 nm, based on TEM imaging) with a broader size
distribution (for typical synthesis conditions) [35]. The char-
acteristic morphology of the sol-gel and flame-generated
materials is similar, where distinct primary particles are vis-
ible with some necking between particles. Figure 9 shows
additional TEM images of the tin dioxide particles produced
by combustion synthesis. The crystalline structure of the
SnO, nanoparticles and typical interparticle connections can
be seen in the Figure 9 images. Note the lattice fringes of
the SnO, crystallite are clearly visible in the high resolution
TEM image Fig. 9b).

The tin oxide powder used in gas sensor applications is
most often the tetragonal cassiterite phase of SnO,. A rep-
resentative XRD pattern of flame-generated SnO, powder
created for sensor applications is shown in Figure 10. The
Miller indices are provided in the Figure and all peaks index
to the cassiterite phase with no detectable features from
other phases or materials. Note that the powders exhibit
broad peaks consistent with nanosized powder materials. As
mentioned above, XRD patterns can also be used to esti-
mate the average crystallite size using Scherrer’s relations.
XRD provides the advantage of averaging over a much
larger sample size compared to TEM image analysis, where
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(a) sol-gel synthesized SnO, powder (b) flame-synthesized SnO, powder

Figure 8. Transmission electron micrographs of sol-gel generated and
flame-generated SnO, particles (no additives) used in sensor applica-
tions. The size bar in Figure 8a represents 10 nm. The size bar in
Figure 8b represents 100 nm. Figure 8a is reprinted with permission
from [34], Baik et al., Sens. Actuators B 63, 74 (2000). © 2000, Elsevier.
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(b)

Figure 9. TEM images of flame-generated undoped SnO, particles
showing the interparticle connections and the crystalline nature of the
particles. The size bars in the images are (a) 20 nm and (b) 5 nm.

large particle counts are required to obtain statistically accu-
rate values of the average SnO, particle size.

As mentioned earlier, the sensor fabrication steps
subsequent to the powder synthesis can modify the charac-
teristic dimensions of the SnO, crystallite size. For exam-
ple, in the work by Siciliano et al. [16], who used sol-gel
techniques to fabricate 100 nm SnO, films, the crystallite
size grew from 3-6 nm to 12 nm upon high-temperature
annealing. Thokura and Watson provide additional examples
quantifying SnO, crystallite growth at various temperatures
and residence times [2]. Due to the key role SnO, particle
size plays in sensor performance, limiting particle growth is
a significant area of research and development. Advances
in the SnO, synthesis methods demonstrated by Yamazoe
and co-workers [11, 34, 36, 37, 72] have improved the resis-
tance of the SnO, nanoparticles to coalescence and growth.

(101 @211 1

(112)

(200) (301)7

(220) (30 1)\

20 30 40
2Theta (degrees)

Figure 10. XRD spectra of undoped flame-generated SnO, powder cre-
ated for gas sensor applications. The Miller indices of the tetragonal
phase of SnO, (cassiterite) are noted in the Figure.

Yamazoe’s group has pioneered the use of hydrothermal pro-
cessing for synthesis of SnO, nanoparticles that experience
limited growth even during high-temperature calcination.
For example, in the work by Sakai et al. [37], a sol-gel SnO,
powder with average particle size of 6 nm was spin-coated
onto an alumina substrate yielding a uniform thin film with
a 300 nm thickness. After calcination at 600 °C, the film
retained an average grain size of about 7 nm, as well as good
uniformity and connectivity of the crystallites (see Fig. 11).

The spin coating process itself is not without challenges
affecting the SnO, connectivity and conductivity. For exam-
ple, Figure 12 presents SEM images of sequential deposi-
tions of spin coating layers at three sol concentrations. As
the film thickness increases with successive layering, the
films begin to exhibit large-scale discontinuities and poor
connectivity and uniformity. Some SnO, synthesis meth-
ods can be used to fabricate either SnO, powders or SnO,
films directly, thus avoiding potential complications with
spin coating. However these methods have other associated
difficulties to overcome, as seen in the synthesis techniques
discussed next.

Combustion synthesis techniques are robust synthesis
methods that have been demonstrated for producing a range
of nanostructured powder and film materials [38-40]. Com-
bustion synthesis can be used to generate high-purity prod-
ucts with controlled particle size, particle size distribution,
morphology (e.g. degree of agglomeration) and composi-
tion [38, 39]. Additionally, Laine and co-workers [41, 42]
have demonstrated the scalability of combustion synthesis
methods for high powder production rates, on the order
of g/hr to kg/hr. Gas-phase combustion synthesis (where
the reactant precursors are in the gas-phase) can be used
to produce SnO, nanopowders or films with particle sizes
ranging from 5-20 nm (see Table 1). Flame spray pyrolysis
(where the reactant precursors are usually a liquid solution)
has also been used for SnO, powder and film formation
with particle sizes ranging from 8-15 nm [43] and 20-
40 nm [60]. Combustion-generated particles are typically
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Figure 11. Field-emitting SEM image of a thin film (300 nm thickness)
created via spin coating undoped sol-gel SnO, powder onto an alumina
substrate. The size bar in the top panel represents 20 nm. The corre-
sponding SnO, particle size distribution determined from analysis of the
SEM image is shown in the lower panel. Reprinted with permission from
[37], Sakai et al., Sens. Actuators B 77, 116 (2001). © 2001, Elsevier.

polydisperse with log-normal particle size distributions [28,
35, 44], and the average particle size can be controlled
through the burner operating conditions [29]. As with some
sol-gel methods, combustion-generated SnO, materials may
suffer from chlorine contamination depending on the pre-
cursor used [60]. However, combustion methods are one
of the few techniques which have been demonstrated to
directly produce both thick and thin SnO, films [30].

Other fabrication techniques that can directly deposit a
SnO, film onto a substrate include sputtering, pulsed laser
ablation and gas-phase condensation methods. Sputtering is
the most prevalent method used for direct production of
SnO, thin film sensors. Sputtering can result in very thin,
uniform and well-controlled film properties. In addition,
Min and Choi [45] have demonstrated ion beam sputter-
ing for production of SnO, thin films with good adhesive
properties and excellent long term stability. Sputtering also
offers great flexibility when creating sensors with controlled
compositional structures, such as sensors which incorporate
doping materials [46, 47] or sensitizing layers [48]. Although
there are numerous studies on the effects of the sputtering
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(a) 1.8 wt% (b) 3.2 wt% (c) 6.1 wit%

3 times, 100 nm|

1 time. 100 nm

¢

Figure 12. SEM images (top view) of undoped-SnO, thin films spin-
coated with various concentrations of SnO, in the sol. Images of sequen-
tial coatings onto the substrate are provided in each column. The size bar
in each image represents 10 wm. Reprinted with permission from [37],
Sakai et al., Sens. Actuators B 77, 116 (2001). © 2001, Elsevier.

conditions on SnO, sensor performance (e.g. [49-51]), there
are relatively few studies that document the film microstruc-
ture. Figure 13 presents TEM images of typical sputtered
SnO, thin films obtained by Horrillo et al. [52]. Note the
columnar arrangements of the SnO, grains and the porosity
of the films. Nagasawa et al. [53] also observed columnar
microstructure for porous SnO, thin films, but not for dense
SnO, thin films obtained at higher sputtering pressures.

0 R

Figure 13. TEM images of tin oxide thin films (cross sectional images,
no additives) generated by r.f. magnetron sputtering with deposition at
(a) room temperature, film thickness ~200 nm; (b) 250 °C, film thick-
ness ~200 nm; (c) 250 °C, film thickness ~400 nm. The size bar rep-
resents 100 nm. Reprinted with permission from [52], Horrillo et al.,
Sens. Actuators B 58, 474 (1999). © 1999, Elsevier.
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Nicoletti et al. [54] used pulsed laser ablation to deposit
a 380 nm SnO, layer onto a SiO, buffer layer on a Si sub-
strate. As seen in the micrograph image shown in Figure 14,
the grains exhibited a columnar growth formation with SnO,
particle sizes between 20-60 nm, similar to the sputtered
SnO, films. The films made using pulsed laser ablation also
indicate the presence of voids as found in sputtered films.
The selected area diffraction pattern (shown as the insert
in Fig. 14) showed that the SnO, particle grains were ran-
domly oriented and that the material indexed to cassiterite
(a-phase) tin dioxide.

Gas-phase condensation can also be used to directly fab-
ricate SnO, films [55, 56]. Kennedy et al. [56] used gas-
phase condensation of SnO to produce tin dioxide thin films
composed of virtually monodisperse SnO, particles. The
authors also demonstrated good control of the average par-
ticle size (between 10 and 35 nm). The film morphology
in general and specifically the average particle size showed
good resistance to changes upon annealing. Figure 15 shows
SEM images of the as-deposited film and the film after
annealing at 300 °C for 1000 hours in O, and C,H;OH.
Before annealing the film exhibited regular grain sizes, uni-
form deposition, good connectivity and a porous structure.
After annealing, no significant variation in the morphology
or average particle size was observed (the average particle
size was verified via XRD analysis). The good stability of the
films was attributed to the high-temperatures encountered
by the SnO, particles during fabrication of the films.

As noted in the review by Gopel and Schierbaum [6], thin
film tin oxide sensors offer considerable promise to over-
come existing challenges of sensor design and performance.
Indeed, much of the recent research and development of
SnO, sensors focuses on thin film technologies. However,
there is a clear need for additional studies investigating
the effects of the final film microstructure, regardless of
the synthesis method used (either direct film deposition or
indirect). It is difficult to bridge the gap between atomistic
models which represent interparticle connections between
two nanosized SnO, particles, such as those discussed in Sec-
tion 1, and overall sensor performance without these data.

Figure 14. SEM image of tin oxide thin film (no additives) deposited
on a SiO, layer using pulsed laser ablation. The corresponding selected-
area diffraction pattern is shown as an insert in the Figure. Reprinted
with permission from [54], Nicoletti et al., Sens. Actuators B 60, 90
(1999). © 1999, Elsevier.

Figure 15. SEM image of as-deposited SnO, film (no additives) gener-
ated using gas-phase condensation of SnO (top) and film after 1000 h
of annealing at 300 °C in O, and C,H;OH (bottom). Reprinted with
permission from [56], Kennedy et al., J. Appl. Phys. 93, 551 (2003).
© 2003, AIP.

As noted earlier, most of the methods used for manufac-
ture of pure tin oxide materials are relatively competitive
with respect to size of the SnO, particles produced, and
post-synthesis processing can often dominate the final size
of the SnO, crystallites in the gas sensor. Consequently, con-
siderable efforts have been spent examining alternatives to
reducing SnO, crystallite size for improving sensor perfor-
mance, such as the use of dopants or additives, which are
discussed in the following section.

2.2. Sn0O, with Additives

Tin oxide sensors show a dramatic improvement in sensi-
tivity when the SnO, crystallites have particle diameters of
6 nm or less (see Figs. 1 and 2). The 2-6 nm size range is at
the lower limit of the capabilities of the synthesis methods
listed in Table 1, especially as the SnO, crystallite sizes can
grow as the sensor is heat-treated (e.g. to obtain the nec-
essary mechanical strength for the sensor). Therefore, alter-
native methods are required to improve sensor performance
and recover the effects achieved by decreasing the particle
size. Dopants or the use of additives can yield even more
remarkable improvements in SnO, sensor performance as
seen in the data of Figure 6, and as documented by many
researchers (see [2, 6, 7, 9, 8] and references therein). All
of the SnO, fabrication techniques discussed above have the
capability to include additives in some form.

Important characteristics of some representative methods
demonstrated for synthesis of doped SnO, are provided in
Table 2. The reactant precursors used for the tin oxide and
the additives, additive loadings, average SnO, crystallite size
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and sensor performance data (where available) are provided
in the table. Note the average size of the tin oxide parti-
cles for doped materials is in the same size range as that
for undoped SnO,, and the additive loadings required for
improved sensor performance are low (typically less than
10% mass or mole basis).

As discussed earlier, additives can have several effects on
the SnO, properties important to gas sensing applications,
including inhibiting SnO, grain growth, modifying the elec-
tron Debye length and modifying the gas-surface interac-
tions via the electronic and catalytic mechanisms. Figure 16
shows the effects of Pd, Pt, and Au addition on SnO, crys-
tallite size distribution for sol-gel generated SnO, as deter-
mined by Cabot et al. [17]. The average SnO, particle sizes
for the three mixtures studied (as determined from the TEM
images shown in Fig. 16) were 34 nm, 20 nm, and 26 nm
for Au, Pd, and Pt, respectively. Thus, each additive affects
the SnO, particles to a different degree and possibly via dif-
ferent mechanisms. Siciliano [16] also found average SnO,
particle dimensions varied for Pd, Pt, Os and Ni additives

Sn0, + 2% Au
T~ 800 °C

D__.-3380m

Counts

10 20 30 40 50 60 70
Grain Size (nm)

Sn0O, +2% Pd
T~ 800°C

D__.=20.3 nm

Counts

10 20 30 40 50 60
Grain Size (nm)

S0, + 2% Pt
T = 800 °C

D__=26.1 nm

Counts

10 20 30 40 50 60 70
Grain Size (nm)

Figure 16. The effect of Au, Pd and Pt additives on tin oxide particle
size distributions. The data and images from the top to bottom are
from 2% Au-doped, 2% Pd-doped and 2% Pt-doped (mass basis) SnO,
materials generated using sol-gel synthesis and calcined at 800 °C. The
additives were introduced during the precipitation process and before
thermal stabilization of the SnO,. Reprinted with permission from [17],
Cabot et al., Sens. Actuators B 70, 87 (2000). © 2000, Elsevier.
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compared to undoped SnO,. Cabot and co-workers [17] sug-
gested that two mechanisms can be at work in affecting the
SnO, crystallite size. The additives can block SnO, parti-
cle growth and/or affect the rate of formation of crystallo-
graphic defects in the SnO, nanoparticles.

Cabot et al. further [17] explored the effects of additives
on tin oxide particle growth during calcination. Figure 17
shows the average SnO, crystallite size determined via XRD
analysis at various stages of an 8-hour, heat-treatment pro-
cess. During the calcination process, the authors found the
doped SnO, particles could grow from an initial size of
about 7 nm to as large as 40 nm, as seen in Figure 17. The
effect of additive loading is also shown in Figure 17. Incr-
eased palladium and platinum loadings systematically led to
smaller SnO, crystallite sizes for calcination temperatures
greater than 400 °C. However, except for calcination tem-
peratures over 900 °C, the gold loading did not change the
SnO, particle size. Based on the results of Figures 16-17,
the authors concluded that the additives alter the kinetics of
SnO, particle coalescence.

Distinguishing between the role of additives on modify-
ing the SnO, electronic properties (e.g. altering the Debye
length) and the role of additives on modifying gas-surface

—@— 2% Au —O—0.2% Au
—&— 2% Pd —/\—0.2% Pd
407 2% Pt —57—0.2%Pt
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Figure 17. The evolution of the average SnO, particle size as a function
of the processing temperature, type of additive and additive loading
(mass basis loadings are provided in the legend). All materials were
generated using sol-gel methods, and the additives were introduced
during the precipitation process and before thermal stabilization of the
SnO,. Reprinted with permission from [24], Cabot et al., Sens. Actuators
B 79, 98 (2001). © 2001, Elsevier.



14

interactions is much more difficult to do in comparison to
quantifying the effects of additives on inhibiting SnO, par-
ticle growth. Primarily the challenge lies in identifying the
morphology and location of the additives in the tin oxide and
the chemical state of the additives. In general, the additives
are present in multiple forms and it is not easy to quantify
the relative impact of the forms of the additives. For exam-
ple, TEM images of Au-doped combustion generated SnO,
are shown in Figure 18. The Au particles are clearly identi-
fiable in the images as the high-contrast spherical particles
(the gold composition was confirmed via TEM-EDS analy-
sis). Figure 19 shows the corresponding Au-particle size dis-
tribution as determined from TEM imaging. Smaller clusters
of gold atoms (less than 5 nm in size) may also be present
on the tin oxide particles or gold atoms may be dispersed
in the SnO, lattice structure. However, direct TEM imaging
cannot reveal the presence of these smaller units of gold.
Figure 20 presents TEM imaging from Cabot et al. [24], of
Au-doped and Pt-doped sol-gel generated SnO, materials.
Again, the Au particle is clearly identified in the image as a
relatively large, high-contrast particle. Gatan Image Filtering
(GIF) analysis supports the identification of the gold parti-
cle. In the work by Cabot et al. [17], the authors identified
by XPS analysis that Au and Pt metal clusters were present
on the surface of the SnO, nanoparticles. The Au clusters
are not observed in the TEM or GIF imaging, presumably
due to the low signal levels associated with the small cluster
sizes. The authors proposed that it is the small clusters of
surface gold that are responsible for the changes in the SnO,
sensor performance, not the larger particles identifiable in
the TEM images.

In studies of sol-gel generated, Pd-doped SnO,,
Yamazoe [7] found the palladium dispersed as small parti-
cles (5-10 nm) on the surface of the tin oxide crystallites.
Labeau et al. [57] identified a similar structure of dis-
persed platinum nanoparticles in their study of Pt-doped
SnO, films made using spray pyrolysis. Figure 21 presents
a high resolution TEM image from the study by Labeau
and co-workers [57]. Note that one effect of the Pt on the
SnO, can be seen in the image as a distortion induced in
the SnO, crystal structure at the platinum particle/tin oxide
particle interface. Further complicating the identification of
the location of the additives in doped-tin oxide systems,

5

300 nm
v A
PRMRNICS, A8

Figure 18. TEM images of combustion-generated, Au-doped SnO,
powders. The high contrast spherical particles are gold, as identified
using TEM/EDS. Synthesis details can be found in Miller et al. [66].
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Figure 19. Size distribution of Au particles in Au-doped, combustion
generated SnO, powders. The Au particle diameters were determined
from TEM images, such as the insert shown in the Figure, and assuming
spherical particle shapes. The solid line represents a log-normal size
distribution.
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Figure 20. TEM micrographs of 2% Au-doped SnO, (left) and 2%
Pt-doped SnO, (right). All materials were generated using sol-gel meth-
ods, and the additives were introduced in the precipitated SnO, solu-
tion. Loadings are provided on a mass basis. The middle panels are
Au- (left) and Pt- (right) element maps (obtained by GIF analysis). The
bottom panels are Sn-element maps (obtained by GIF analysis). The
size bar represents 40 nm. Reprinted with permission from [24], Cabot
et al., Sens. Actuators B 79, 98 (2001). © 2001, Elsevier.
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Figure 21. High resolution TEM image of 11% Pt-doped SnO, (mole
basis) showing the distortion of the SnO, lattice near the Pt/SnO, inter-
face. The doped SnO, films were made using spray pyrolysis. Reprinted
with permission from [57], Labeau et al., J. Solid State Chem. 102, 434
(1993). © 1993, Academic Press, Inc.

Cabot et al. [24] found that the dopants could evaporate
(as the authors observed for Pt) or migrate into the SnO,
lattice structure (as the authors observed for Pd) during cal-
cination. Montmeat et al. [23] documented similar mobility
of additives. They found that gold deposited on the surface
of a 20 wm thick SnO, film diffused throughout the film
after heat treating at 700 °C for 15 hours. Thus, the loca-
tion of the additives is a strong function of both the syn-
thesis process used and the subsequent heat processing
employed.

The chemical state or composition of the additive is also
often unknown and can change as a function of the materi-
als processing. For example, XRD spectra of Au-, Pd-, and
Cu-doped, combustion-generated SnO, powders are shown
in Figure 22. Note the tin oxides remain as crystalline cassi-
terite phase. Only pure metallic phases are identified in the
gold and palladium systems, whereas only copper oxides are
identified in the Cu-doped system. On the contrary, XRD
analyses conducted by Cabot et al. [24] of sol-gel generated,
Pd-doped SnO, yield metallic Pd-peaks only after signifi-
cant high temperature calcination. As with the combustion-
generated materials, the gold-doped sol-gel generated SnO,
powders indicated only the metallic phase of Au. The com-
bination of XPS, Raman and GIF analyses led Cabot et al.
[17, 24] to conclude that at lower calcination temperatures,
Pd was uniformly dispersed throughout the SnO, crystallites
(see Fig. 20), and the Pd was in 2+ and 4+ states. They
found similar results for platinum additives, and Figure 23
shows the results for the distribution of Pd and Pt chemi-
cal states as a function of the calcination temperature. The
authors suggest in [17] that the 2+ states for Pd and Pt are
linked to the SnO, structure, while the 44 states are not.
Thus, the 2+ chemical states are responsible for the effects
on the SnO, sensing properties. Cabot et al. [17] also pro-
posed that the chemical states may be localized in the SnO,
nanoparticles (e.g. 4+ states near the surface of the SnO,
crystallites, but not in the interior).

Other groups have demonstrated that the distribution
of the additives throughout tin oxide film structures can
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Figure 22. XRD spectra of (a) Au-, (b) Pd- and (c¢) Cu-doped,
combustion-generated SnO, materials. Miller indices of the features
attributed to the cassiterite phase of SnO, and the metal additives
are indicated in the Figures. Synthesis details can be found in Miller
et al. [66].

have significant impact on sensor performance. For exam-
ple, Bittencourt et al. [70] studied the differences in sensor
performance between a uniform distribution of Pt additives
versus Pt additives localized near the surface of a thick
film. The films were generated using printing technologies
where the platinum precursor was mixed with the SnO,
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Figure 23. The distribution of chemical states of palladium (top panel)
and platinum (bottom panel) as a function of calcination temperature in
Pd- and Pt-doped (2% additive loadings, mass basis), sol-gel generated
SnO,. Reprinted with permission from [17], Cabot et al., Sens. Actuators
B 70, 87 (2000). © 2000, Elsevier.

paste before printing to achieve the uniform dispersion, or
the Pt additive was sputtered onto the surface of the SnO,
film to achieve surface doping. Figure 24 presents SEM
images of the two film structures which show the Pt-particle

Figure 24. Cross sectional SEM images (back-scattered electron
images) of Pt-doped SnO, thick films generated using printing of tin
oxide pastes. The Pt additive was sputtered onto the surface of the SnO,
film for the materials shown in (a) and the Pt additive was mixed with
the SnO, paste (~3% Pt mass basis) before printing for the materials
shown in (b). In the images, the bright areas correspond to Pt and the
darker areas correspond to Sn. Reprinted with permission from [70],
Bittencourt et al., Sens. Actuators B 97, 67 (2004). © 2004, Elsevier.

distributions in the films. Using XPS analysis, the authors
identified 2+ and 4+ Pt states in both film structures, and
the surface morphology (including crystallite size) of the
SnO, appeared indistinguishable between the doped films
samples. However, the sensors made with uniformly dis-
tributed Pt particles considerably outperformed the sput-
tered films (by approximately a factor of 4).

In a similar study of overall additive distribution,
Chowdhuri et al. [47] examined the effects of organized dis-
tributions of copper additives on SnO, films. The authors
compared performance of films where copper additives were
deposited as CuO dots in an array across the surface of
a SnO, film to SnO, films where a thin CuO layer was
deposited onto the surface of the sensor. The films with
the CuO-dot array displayed dramatically higher sensitivity
(almost two orders of magnitude higher sensitivity to H,S),
than the SnO,-CuO layered sensor. Unfortunately, the
authors do not provide any microstructural or chemical state
analyses of the SnO, or the Cu-additives for the two film
systems. Thus, the work serves as an excellent example of
both the considerable potential of tin oxide sensors and
the difficulties associated with speculating what fundamental
mechanisms are responsible for the enhancements without
microstructural characterization data.

3. SENSOR PERFORMANCE

3.1. Sensor Types and Fabrication Methods

The types of SnO, sensors are distinguished by the charac-
teristic dimensions of the active sensor material. For porous
plug and sintered block sensors, the SnO, layer is generally
on the order of a few millimeters in thickness, while the
SnO, layer in film sensors is generally in the nanometer to
micron range. Thin films span approximately 50 nm to 2 um
in film height, and thick films span approximately 2-10 um.
The sensor fabrication method varies according to the type
of the sensor.

3.1.1. Porous Plug and Sintered
Block Sensors

The simplest sensor design is a sintered block arrangement,
an example of which is shown in Figure 25. The block is pre-
pared by sintering tin oxide powder with the electrode wires
embedded in the block. The operating temperature of the
sensor is controlled by a heater incorporated with the sens-
ing electrodes. Commercial units of sintered block sensors
include a fine mesh (see the sensor housing schematic shown
in Fig. 25) that prevents combustible gases from igniting at
the high operating temperatures of the sensor.

The porous plug sensor arrangement is slightly more com-
plex than the sintered block, as seen in the schematic shown
in Figure 25. The porous plug sensor typically consists of a
thin-walled ceramic tube with an internal diameter on the
order of 1 mm. The electrodes are deposited on the external
wall of the ceramic tube. A wire coiled inside the sensor is
used to heat the system. The SnO, sensing material is sin-
tered onto the external surface of the ceramic tube with a
thickness of a few millimeters. As shown in Figure 25, the
SnO, sensors are typically mounted in a housing where the
test gases are directed onto the meshed entrance of unit.
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Figure 25. Schematics indicating sintered block sensor design (top left)
and porous plug sensor design (bottom left) with sensor housing on the
right. Typical dimensions are provided in the diagrams.

3.1.2. Thin and Thick Film Sensors

The general architecture of thick and thin SnO, films is very
similar, and Figure 26 shows the typical components of tin
oxide film sensors. Figure 27 is an SEM image of a thick film
sensor which shows the clear transitions between the SnO,
sensing material and the electrode materials. Both the thin
and thick films incorporate a substrate (typically alumina)
that contains the printed electrodes (typically platinum or
gold). A heater is often integrated with the substrate design,
as shown in Figure 26. For thick films, screen-printing tech-
nologies are quite widespread, while for thin films, sol gel
deposition, spin-coating, and sputtering techniques are pre-
ferred. Thick and thin film SnO, sensors are generally
favoured compared to sintered block and porous plug sen-
sors due to the low power consumption and better sensor
performance, such as time response.

Table 3 lists characteristics of some selected meth-
ods for fabrication of thick- and thin-film SnO, sensors.
Between thin and thick films, current research tends to
focus on thin films due to their superior sensor performance
characteristics. The particular references in Table 3 were

Tin dioxide layer
- gas sensing material
(~20 micron thick)

Alumina (Al,0;)
substrate (10 mm x 10 mm)

Pt inter-digitated electrodes
(width and spacing 0.5 mm)

Pt resistance
heater

Pt temperature
sensor

Figure 26. Schematic of typical sensor architecture used for thin or
thick SnO, films. Dimensions provided in the schematic are represen-
tative of thick films.
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Figure 27. SEM image of the surface of an undoped-SnO, sensor and
the configuration of the interdigitated electrodes. The films were cre-
ated by spin coating sol-gel SnO, onto alumina substrates. Reprinted
with permission from, Capone et al., Sensors and Actuators B: Chemical
77, 503 (2001). © 2001, Elsevier.

chosen based on the availability of sensor performance data
for comparable gas-sensing systems (typically for detection
of ethanol or methane). Sensor operating temperatures and
mole fractions of target gas are provided in the table. Infor-
mation is also provided on the sensor fabrication method
and the synthesis method used to make the SnO,.

As presented earlier in Section 2, critical steps in sen-
sor fabrication often involve heat treating the SnO, sensing
materials. For example, sintering involves heating the sen-
sor at sufficiently high temperatures to cause the particles
to fuse for increased connectivity and mechanical strength.
As seen in Figure 17, heat treatments also tend increase
the average SnO, particle size, and they can lead to migra-
tion and transformation of metal additives (e.g. see Fig. 23).
Organic binders and silicates are often employed to prevent
excess crystal growth and improve bonding. The temperature
range for sintering is typically between 500-700 °C, and sin-
tering times typically range between 30 minutes to 2 hours.
As seen in Tables 1 and 2, many sensor fabrication methods
may also involve a calcination step (where the sensing mate-
rial is heated to approximately 450 °C) that is used to drive
off the impurities (such as chlorine) that may be present in
the SnO,. Generally, the first studies conducted to bench-
mark a sensor design are investigations of the optimal sin-
tering temperature in terms of sensor performance.

3.2. Sensitivity

As noted earlier, the sensitivity of the SnO, gas sensor is
typically defined as the ratio of the resistance of the sens-
ing element in air to that in the target gas, R,/R,, although
conductance measurements are also used (see Table 3). For
oxidizing gases such as H, and CO, the resistance in the tar-
get gas, R,, is generally lower due to the oxygen desorption
mechanism at the surface of the tin oxide sensor. The sensiti-
vity is highly dependent on film porosity, film thickness, oper-
ating temperature, presence of additives and crystallite size.

Even though porosity is expected to have a large impact
on sensor sensitivity, there have been few studies that quan-
tify sensor porosity. Licznerski et al. [69] report average pore
radius and BET specific surface areas for their investiga-
tion of rhodium-doped SnO, sensors. Such results facilitate
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better comparison of sensor fabrication techniques and their
performance.

In the following paragraphs, the effects of SnO, crystallite
size, operating temperature, and additives on SnO, sensor
sensitivity are presented using representative results whose
performance measurements have been tabulated in Table 3.
The most significant parameter affecting sensor sensitivity
is the average SnO, particle size. As seen in Figures 1 and
2, the work performed by Yamazoe et al. [7] shows that
decreasing crystallite size leads to an increase in sensitiv-
ity by orders of magnitude for sizes below 7-9 nm. Also
note from their results that beyond crystallite sizes of 50 nm
the effect of particle size is significantly diminished. As dis-
cussed earlier, such results drive tin oxide sensor research
towards fabricating SnO, sensors that have grain sizes below
7-9 nm; however, there are considerable challenges with
achieving and retaining these small dimensions for practical
gas sensors.

Another significant parameter affecting tin oxide gas-
sensor sensitivity, that is a more controllable optimization
variable, is the sensor operating temperature. Optimization
of the operating temperature is crucial for establishing high
sensitivity of the SnO, sensor to the target gas. For example,
Figure 28 presents the results by Cavicchi et al. [71] on the
effects of sensor operating temperature on the performance
of a thin-film SnO, sensor used for detection of methanol.
Their results substantiate that there is an optimum oper-
ating temperature for the sensor, where the sensitivity to
the target gas is the highest. Similarly, the results of Min
and Choi [45] for undoped-SnO, thin film sensors, shown in
Figure 29, show very clearly the dependence of sensitivity on
operating temperature. A maximum in sensitivity is observed
at an operating temperature of about 400 °C in the work
by Min and Choi. The peak can be explained as follows.
At low temperatures there is less oxygen coverage, when
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Figure 28. Doped tin oxide thin-film (100 nm thickness) response to
methanol in dry air at 80 nmole/mole (80 ppb) at different sensor oper-
ating temperatures: (a) 150 °C (b) 200 °C (c) 250 °C (d) 300 °C, and
(f) 400 °C. The films were generated by spin-coating Sb-doped com-
mercial SnO, (15% additive loading) onto a substrate. Reprinted with
permission from [71], Cavicchi et al., Sens. Actuators, B: Chemical 77,
145 (2001). © 2001, Elsevier.
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Figure 29. Sensitivity of undoped-SnO, sensors to various annealing
temperatures (500-700 °C) as a function of the sensor operating tem-
perature (for a target gas of 5000 ppm CH,). SnO, thin films generated
using ion beam deposition. Reprinted with permission from [45], Min
and Choi, Sens. Actuators, B: Chemical 98, 239 (2003). © 2003, Elsevier.

the sensor is exposed to air and therefore when the target
gases are introduced there is negligible change in sensitivity.
As the operating temperature increases, the conductance
response of the sensor increases due to the increasing rate
at which oxygen is adsorbed; however, the desorption rate
of adsorbed gases also increases with increasing tempera-
tures. The decrease in sensitivity for temperatures above a
critical operating temperature, T, can be attributed to the
higher desorption rates at these temperatures. When the tar-
get gases are introduced, the added desorption due to the
target gases is small relative to the steady-state desorption
in air, leading to a decreasing impact on the sensor response
for T > T, Due to the competing rates of adsorption and
desorption, tin oxide sensors always tend to exhibit a maxi-
mum sensitivity at a particular operating temperature, which
defines 7. Generally the operating temperature of the sen-
sor is set as close to T, as possible in order to achieve
maximum sensitivity. Note that 7, may vary for the same
sensor when exposed to different target gases, a fact that can
be utilized to improve selectivity which is discussed below.
As presented earlier, introduction of dopants into the
SnO, sensing materials can also improve sensor perfor-
mance. Several mechanisms have been proposed to explain
the observed behaviour. Two mechanisms (the -elec-
tronic and chemical mechanisms which were discussed in
Section 1) have been generally well accepted. Chowdhuri
and co-workers [47] describe the chemical mechanism as
a spill-over effect, where there is an increase in surface
concentration of adsorbed gases. They describe the elec-
tronic mechanism as a Fermi-level energy-control effect
which gives rise to a high surface barrier at the intergran-
ular contacts. Motivated by enhancing the chemical effect,
noble metal catalysts Pt, Pd, Ag, Rh, Au, and Ir are often
used as additives in SnO, sensors. The effects of these addi-
tives can be quite remarkable on SnO, sensor sensitivity.
There are numerous examples of the effects of additives
on tin oxide sensitivity in the literature (see [4, 7-9], and
references therein). To provide some perspective for the
enhancements that can be achieved, Figure 30 presents
results from Ivanov et al. [67] for thick Pt-doped SnO, films
used to detect ethanol vapor. For comparison purposes, the
sensor response of an undoped SnO, sensor is provided in
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Figure 30. Response of the eight thick-film Pt-doped SnO, sensors
operating at 300 °C to successive injections of ethanol. The films were
generated using paste/screen printing methods with commercial SnO,
powder and ~1.7% Pt loading (mass basis). Reprinted with permission
from [67], Ivanov et al., Sens. Actuators, B: Chemical 99, 201 (2004).
© 2004, Elsevier.

the Figure. A substantial increase in sensitivity was observed
in the Pt-SnO, materials compared to the commercially
available undoped SnO, counterpart (labelled TGS 822). In
Figure 30, the various Pt-SnO, response curves also indicate
the high degree of repeatability of the performance of the
Pt-SnO, sensors, which were each manufactured using the
same method.

As expected, the SnO, sensor sensitivity is a function of
the loading and the morphology of the additive. For example
Figure 31 presents the results of Sung et al. [62], who found
dramatic improvements in the sensitivity performance of a
thick-film methane sensor by optimizing the amount of gold
particles in the sensing material. By controlling the addition
of gold particles, the sensitivity to methane almost doubled.
The authors attributed their results to achieving SnO, crys-
tallite sizes that were comparable to the theoretical value
for optimum particle size for the 1% Au case (based on the
electron Debye length according to the equation 2L, = 0.8
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Figure 31. Tin-oxide sensor sensitivity as a function of Au loading
(response to 3000 ppm CH, at an operating temperature of 400 °C,
thick-film sensor generated using sol-gel processing). Reprinted with
permission from [62], Sung et al., Sens. Actuators, B: Chemical 66, 149
(2000). © 2000, Elsevier.

d,, where Ly, is the Debye length and d, is the SnO, par-
ticle size). The results suggest that gold acts to control the
SnO, particle size rather than as a catalyst in this system.

The effects of additives on sensor performance are com-
plex and it is not always easy to assess what role the additives
are playing on the chemical and physical mechanisms impor-
tant in SnO, gas sensors, and it should be noted that dopants
do not always enhance sensor performance. Figure 32 is an
example, where Choi and co-workers were trying to con-
trol the crystallite growth by introducing a growth inhibitor
(Ca) [45]. The additive decreased the SnO, crystallite size,
which should have enhanced the sensor sensitivity. However,
in the circumstances studied, the Ca reduced the sensor sen-
sitivity and further indicated instability in the long-term sen-
sitivity response of the sensor. Min and Choi [45] suggest
that the surface roughness was the cause for the anomalous
results. Clearly, careful examination of the microstructural
and electronic properties of doped-SnO, systems is vital
towards understanding the performance of these nanocom-
posite systems.

3.3. Selectivity

Selectivity relates to the specificity of the gas sensor res-
ponse to a target gas in the presence of a mixture of gases.
Selectivity plays a major role in gas identification. Generally,
a “fingerprinting’ method relies on a unique signature of the
target gas signal. However, gases often produce very similar
SnO, sensor responses (except when comparing reducing to
oxidizing gases). For example, gases such as ethanol, carbon
monoxide and methane have appreciable cross-sensitivity
that hinders the development of a domestic gas sensor which
can distinguish these species [46].

Common techniques of improving the selectivity of gas
sensors include controlling the sensor operating tempera-
ture, selective gas filters used in series with the gas sampling
and using additives. Different operating temperatures allow
the control of the sensitivity towards a particular gas when
there is a unique T, for each gas; thus allowing the sensor
to produce distinguishable signals for two gases at a selected
temperature. The film morphology and sensor architecture
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Figure 32. Sensitivity and long-term stability of undoped and 0.1 wt.%
Ca-doped thin-film SnO, sensors. Sensors operating at a nominal tem-
perature of 400 °C, 5000 ppm CH,. The films were generated using ion
beam sputtering. Reprinted with permission from [45], Min and Choi,
Sens. Actuators, B: Chemical, 98, 239 (2003). © 2003, Elsevier.
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can also play a key role in selectivity as indicated by Akbar
et al. [9]. Distinguishing poorly-reactive gases from reactive
gases can be facilitated by placing electrodes further inside
the bulk of the sensing material to allow reactive materials
to be filtered by the sensing material near the surface of
the sensor. Another technique uses catalysts, which gener-
ally reduce the operating temperature of gas sensor for a
particular gas species and thus allow the target gas to be
distinguished from other gases due to the differences in sen-
sitivity. In other words, addition of catalysts can maximize
the sensitivity of target gases to produce a distinct signal.

In recent work, Heilig and co-workers [58] have proposed
a novel means to improve SnO, sensor selectivity based on
monitoring the sensor operating temperature. When the tar-
get gas interacts with the SnO, sensor, the reaction can
be either endo- or exothermic, leading to a measurable
change in the sensor operating temperature, AT, and the
sensor resistance (i.e. the sensor sensitivity). Heilig et al. [58]
demonstrated how the change in the sensor temperature
and selectivity could be correlated to specific gases. Some
of their results for AT, and R,/R, for sequential injection
of target gases are shown in Figure 33. Using calibration
curves such as those shown in Figure 34, the authors were
able to use sensor response data like those of Figure 33
to uniquely identify each target gas. Takada and co-workers
have explored the potential of using changes in the sen-
sor temperature, resistance, capacitance, and inductance for
improved gas monitoring [68], and references therein, and
they have confirmed the method of simultaneous monitoring
of AT, and R,/R, as a powerful technique that allows one
sensor to be used to both discriminate between gases and
quantify the amount of target gas present. One limitation
of this method is in the application of detection of a tar-
get gas in a mixture which may contain significant levels of
interference gas species, e.g. detection of CO in a gas mix-
ture which includes high levels of CO, CH, and C,H;OH.
Multiple calibration curves would have to be generated for
each mixture and uniqueness of the sensor response may
become a concern.
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Figure 33. Typical response of a Pt-doped thick film SnO, sensor (0.2%
additive loading, mass basis, thick-film sensor generated by deposition
of doped-SnO, suspensions) upon sequential exposure to three target
gases. Variation in sensor operating temperature provided in the lower
panel. Reprinted with permission from [58], Heilig et al., Sens. Actua-
tors, B: Chemical 58, 302 (1999). © 1999, Elsevier.
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Figure 34. Demonstration of SnO, sensor selectivity by simultaneously
monitoring the change in the sensor temperature and resistance upon
exposure to different gases. Pt-doped SnO, thick film sensor operating
at a nominal temperature of 400 °C (0.2% additive loading, mass basis,
thick-film sensor generated by deposition of doped-SnO, suspensions).
Reprinted with permission from [58], Heilig et al., Sens. Actuators, B:
Chemical 58, 302 (1999). © 1999, Elsevier.

3.4. Stability

Stability is often given limited attention in tin oxide sensor
development studies although it is a key quality indicator for
gas detection. There are numerous studies in the literature
on improving sensitivity and selectivity, but few studies sup-
ply stability data. The success of a sensor will be limited if
the sensor performance is not demonstrated as repeatable
and stable over long-term testing.

Problems of stability, as outlined by Park and Akbar [9],
may be attributed to three primary areas of concern. The
first is that a surface conductive sensor can suffer from sur-
face contamination. Second, changes in the sensor charac-
teristics (such as intergranular connectivity) can occur 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 rela-
tively high operating temperatures of the sensor, which may
also cause migration of additives.

Figure 35 presents the results of Mandayo et al. [46] who
studied the effects of platinum and palladium catalysts sput-
tered at various depths in a SnO, film. They discovered
that a palladium layer at the bottom of the sensing material
produced the greatest response and showed stability over
a period of 75 days for the three gases investigated. The
researchers pointed out that it is critical to allow the sen-
sors to stabilize before they are put to service or the sensors
would not function accurately.

3.5. Time Response

Generally, each of the sensor performance criteria is inter-
dependent (e.g. sensitivity and selectivity). It is difficult to
change one and not influence another key sensor property
as seen in some of the previous examples. Time response
is especially dependent on the sensor characteristics such
as SnO, crystallite size, additives, etc.; and further consid-
eration of electrode geometry, electrode position, diffusion
rates, etc. need to be considered in order to reproduce or
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Figure 35. Long-term stability of Pt-doped tin oxide thin-film sensor
response to three gases (Pt layer buried in sensor, operating tempera-
ture of 300 °C and 40% relative humidity, sensor fabricated using DC
sputtering). Reprinted with permission from [46], Mandayo et al., Sens.
Actuators, B: Chemical 95, 90 (2003). © 2003, Elsevier.

compare data from one sensor to another. For example,
Figure 36 presents the work of Kennedy et al. [56] who have
developed a unique synthesis and fabrication technique to
control the SnO, crystallite size without changing the film
thickness. The results for sensor sensitivity to ethanol as a
function of time for three characteristic tin oxide particle
sizes are presented in the Figure. The data clearly indicate a
decrease in response time with a decrease in average SnO,
particle size.

Chowdhuri and co-workers also demonstrated a unique
method to improve sensor time response. Figure 37 shows
the sensitivity of a SnO, sensor fabricated by Chowdhuri
et al. [47] using a sputtering technique for pure SnO,,
CuO layered SnO, and CuO-dotted SnO, sensor architec-
tures. They found a dramatic improvement in sensor time-
response through addition of the copper additives and by
controlling the catalyst structure to form an organized array
of islands on the surface of the sensor. This work demon-
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Figure 36. Dependence of tin oxide sensor transient response on SnO,
particle size (operating temperature of 300 °C, 1000 ppm C,H;OH).
Undoped-SnO, thin film sensors fabricated using gas-phase condensa-
tion. NF10 contains 10 nm particles, NF20 contains 20 nm particles and
NF35 contains 35 nm particles. Reproduced with permission from [56],
Kennedy et al., J. Appl. Phys. 93, 551 (2003). © 2003, American Institute
of Physics.

Nanostructured Tin Dioxide Materials for Gas Sensor Applications

10° —
[ | 20 ppm of H,S

._.
=
-

Resistance (Q)

Sn0,-CuO
at 150 °C

._.
<
ey
1
1

Sn0,-CuO-dot
at 150 °C

102 . . , . 1 L N N 1 L L N 1 N
0 20 40 60
Time (s)

Figure 37. Comparison of the effect of CuO additives (10 nm CuO film
and ~600 um diameter CuO dots) on response time for thin-film SnO,
sensors generated using reactive sputtering onto glass substrates. Oper-
ating temperatures are provided in the FIG.. Reprinted from Chowd-
huri, Gupta and Sreenivas, IEEE Sens. J., 3-6, 680-686, Copyright IEEE
(2003).

strates the potential for micro-engineered architectures to
even further enhance the beneficial properties of metal addi-
tives on SnO, gas sensors.

4. CONCLUDING REMARKS

The amount of progress demonstrated in the past 10 years
towards expanding the capabilities and quality of SnO, sen-
sors is remarkable. This work attempts to document some of
the developments with a focus on the studies which explore
the microstructural features of SnO, sensor materials and
recent advances in enhancing sensor performance parame-
ters. Many of the studies remain empirical in nature, as the
basic principles underlying SnO, sensor performance con-
tinue to be a complex topic that spans orders of magnitude
in spatial dimensions and includes heterogeneous physical
and chemical phenomena.

Additives provide flexibility and potential to apply SnO,
sensors to new gases, conditions, and systems. However,
the effect of additives on sensor performance is depen-
dent on the synthesis method and heat treatments used
during sensor fabrication. Although there have been some
extraordinary efforts to quantify and establish links between
microstructure of doped-SnO, and the resulting sensor per-
formance, there remains a need for better understanding
of the fundamental mechanisms important in SnO, sys-
tems with additives. Specifically, development of more sen-
sitive characterization tools (possibly electron-microscope
based) which can be used to characterize the location, state
and form of the additives in the SnO, are essential. TEM
imaging can identify discrete additive particles (~2 nm and
larger), but TEM cannot be used to image additives when
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they are dispersed within the SnO, crystallites. High res-
olution TEM imaging can capture dislocations in the lat-
tice of individual SnO, particles induced by the presence
of additives in the particle, but the data are difficult to
make statistically meaningful. X-ray diffraction techniques
can provide statistically significant compositional data, but
only if additives are present at sufficiently high concen-
trations that detectible XRD peaks are observed. Raman
spectroscopy is a powerful and underutilized tool when
combined with other analytical techniques like XPS and
XRD spectra which can be used to identify the location and
chemical states of additives within the SnO,. However, this
approach requires multiple analytical procedures be con-
ducted on each doped-SnO, sample after each processing
step, particularly those involving heat treatments.

With respect to sensor design, both experimental and
model developments are still vital. Studies, such as that
conducted by Chowdhuri et al. [47] who found that pat-
terned additives improved SnO, performance beyond that
of randomly dispersed additives, point to promising pos-
sibilities. The incorporation of self-assembly methods into
sensor fabrication, where self-assembly can be used to con-
trol additive patterning in the SnO,, may improve both
the sensor properties and reduce processing time and
waste. Sensors with even more organized 3-dimensional
micro/nano-architectures of additives in the SnO, sensing
material may even further augment sensor performance
beyond the results observed by Chowdhuri and co-workers
in their surface patterning study. For example, the depen-
dence of SnO, sensor performance on the bulk and
microscale distribution and location of the additives sug-
gests that functionally graded sensors (where the type of
additive and the concentration change as a function of the
location within the architecture of the sensor) may pro-
vide improved selectivity and discrimination between species
when the sensor is exposed to a mixture of gases. Lastly,
because the experimental data in the work by Cabot et al.
[17, 24] and several others indicate additive morphology,
distribution, chemical state, etc. affect sensor performance;
models which incorporate these characteristics appear to be
a vital next step in SnO, sensor design.
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