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1. Introduction

The sensorial perception of the surroundings is critically
related to the development of animal and human life. Sharp
sight, touch, taste, hearing, and smell have determined the
evolution of species and their endurance throughout the
centuries. Human smell, or more generally, gas detection is a
complex sensorial experience that subtly influences our
decisions and actions. In general, it can be correlated to
attraction or repulsion toward specific gas mixtures and their
sources, which has implication in nutrition, safety, reproduc-
tion, and healthcare. The capability to differentiate between
sour and ripe vegetables, fresh and rotten meats, drinkable
water, to name a few examples, is fundamental to avoid toxins
and assure a correct nutrition. Nevertheless, the human
olfactory system is limited to a qualitative detection of a few
gases. In fact, while the smell of fire successfully alerts and
thereby saves lives, the inability of humans to detect poison-
ous CO, suffocating CO,, and explosive CH, or H, gases has
fatal consequences.“’z] As a result, olfactory aids, such as
canaries and safety lamps, have been utilized in dangerous
environments (e.g. coal mines).

The industrial development in the last decades together
with the drastic improvement of life quality and mobility has
increased the needs for quantitative detection of different
analytes.’! Online analysis of gas mixtures is fundamental to
quality control in industrial production,® in environmental
protection, and assuring safety in the work place. Detection of
explosive gases has become consequently more important
with the enlargement of centralized methane distribution
networkst®! and increasing H, production for its possible
utilization as fuel.l! Air-quality monitoring in urban areas and
corresponding traffic restriction has become mandatory, as a
result of the massive employment of cars producing harmful
CO, NO,, SO,, soot particles, and hydrocarbons.” Modern
alcohol breath analyzers based on ethanol sensors are
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replacing traditional methods for the identification of
drunken drivers.® Furthermore, recent success in non-inva-
sive medical diagnostics based on human breath analysis is
pushing the development of extremely sensitive gas sensors
cable of sub-ppm detection of specific analytes (e.g. acetone)
in a complex gas mixture.["”)

Metal oxide based gas sensors have been developed in the
second half of the 20th century and are applied either as
chemoresistive (semiconductor) or catalytic/thermal conduc-
tivity (hot wire) sensors.”! The latter evolved from the bare
platinum coils utilized for the detection of combustible gases
in mines. The heat generated by gas combustion on the
platinum-coil surface produced a change in its resistance
which was detected by a simple Wheatstone bridge circuit.
These first bare platinum-coil sensors suffered from strong
drift and short life-time because of their high operation
temperature (800-1000°C), required to oxidize the target gas
(e.g. methane). To reduce the operation temperature (e.g. to
500°C), the catalytic material was later spread on ceramic
pellets surrounding the platinum wire/coil. The lower oper-
ation temperature vastly reduced the evaporation of the
platinum coil improving the sensor long-term stability and its
power consumption. This key innovation enabled the fabri-
cation of battery-powered, portable gas sensors which have
been commercialized mainly as Pellistor (from “pellet” and
“resistor”).”!
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In contrast to Pellistor, chemoresistive gas sensors are
based on the electrical properties of semiconductor metal
oxides. Following the discovery that the adsorption and
desorption of gases causes a change in the electrical con-
ductivity of semiconductors and that at high temperatures
(e.g. 400°C) this process takes place rapidly, a first attempt
was made to use ZnO thin films as chromatographic detectors
(Figure 1a) instead of the standard thermal conductivity
cell.' The preliminary results were promising with the novel
(semiconductor) detector having longer response and recov-
ery times, as a result of the adsorption and desorption of the
analyte, but about 100-times higher sensitivity than the
thermal conductivity cells."” This new kind of detector
attracted the interest of the gas-chromatography commun-
ity and shortly after the sensing properties of several metal
oxides were investigated, with ZnO, CdO, Fe,0;, and SnO,
being the most sensitive.!'*)

Despite their high sensitivity, ZnO thin films had poor
long-term stability limiting their immediate application in gas
chromatography.'®! Therefore, it was proposed to replace the
fragile and expensive thin film by a more robust thick film
made of sintered or compressed metal oxide powders
equipped with an internal heater (Figure 1b).'! This small
and low-cost device found its way to the market and SnO,-
based sensors were applied successfully to detection of
explosive-gas leakage.'” Similar SnO, devices are still
commercialized as Figaro sensors (Figaro Engineering Inc.).

Since these first achievements (Figure 1a,b) different
types of sensor substrates have been investigated including
cylindrical (Figure 1¢) and planar (Figure 1d) sensing-film
layouts.'? The latter are the most promising for integration in
micro-machined devices."® Solid-state semiconductor gas
sensors have a high miniaturization potential as they do not
require optical components (as, for example, in IR spectros-
copy) or movable parts (e.g. cantilevers). Integration of SnO,-
based films in complementary metal oxide semiconductor
(CMOS) gas sensor microsystems!"”! based on micro-hotplate
technology!"®! (Figure 1e) has enabled the fabrication of fully
integrated chips with dimensions on the order of a few mm?
and even portable micro gas-sensor arrays.””! Furthermore,
optimization of the micro-hotplate layout could increase both
detector density and control over the sensor operational
parameters (e.g. temperature ramps).['*]

The development of these multifunctional, miniature
sensor devices (Figure 1) has been accompanied by efforts
to better understand® ! their key constituent: the semi-
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Figure 1. a) Metal oxide thin film utilized as chemoresistive detector
for gas chromatography.'” The adsorption and desorption of the
analyte on the hot (ca. 400°C) metal oxide surface rapidly changes the
film resistance allowing its quantitative detection. Representative
layouts for portable semiconductor metal oxide gas sensors: b) first
thick-film gas-sensor prototype with internal heater;!""! ¢) sintered-block
gas sensor;I'? d) planar-film gas sensor with interdigitated electro-
des;" ) modern micro-hotplate gas sensor;" f) suspended micro-
hotplate with circular platinum heaters.['"

conductor metal oxide. The sensing properties of these
materials, especially those of SnO,, have been improved by
decreasing their size to the nanoscale and by the addition of
appropriate dopants.”?*?! Thus, the lower limit of detection
and sensitivity were improved by the use of nanostructured
materials with grain sizes comparable to twice their Debye
length.”*=? Finely dispersing catalyst nanoparticles, such as
Pt,5531 pq,333637 Ag 3831 Ry M0 and Aul**! on the metal
oxide surface, further increased the sensitivity, mainly by spill-
over effects. Nevertheless, the long-term stability at the
operating temperature (typically 250-600°C) of these highly
sensitive materials composed of oxide®**2*! and dopant!*"*
components is still challenging. This control is complicated by
the often opposing trends of sensitivity and stability: an
improvement in sensor stability is accompanied by a loss in
sensitivity (e.g. by grain growth during heat treatment)."
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The synthesis method is one of the most crucial param-
eters to control the sensing properties of the final metal oxide,
especially with respect to sensitivity and long-term stability.?!
Film porosity, crystal orientation, oxide stoichiometry,
defects/impurity concentration, sinter neck and grain sizes
are strictly governed by the process utilized. A first historical
classification distinguishes between wet methods and dry
methods producing mainly thick and thin films, respectively.
In comparison to classical thin films deposited by chemical
vapor deposition (CVD) or sputtering, the main advantage of
wet methods is the separate processing of the metal oxide and
film. This separation allows the production of tailored and
stabilized nanoparticles prior to their assembly in films (e.g.
by screen printing, drop-, dip-, and spin-coating, doctor
blading) resulting in high sensitivity and reasonable stabil-
ity.*"! However, reproducibility of the sensing films prepared
by wet methods is generally poor™! as a result of crack
formation during evaporation of solvents and additives.*!
The thermal and mechanical stress present during film
formation can also be a difficulty when applied to sophisti-
cated but fragile micro gas-sensor!'® substrates. Furthermore,
control over the film thickness” and grain neck™ sizes is
limited, impeding sensor response optimization. Novel dry
methods™ ! based on the direct deposition of tailored
nanoparticles from an aerosol source, could combine the
advantages of wet and classical dry synthesis methods: these
are the control over grain®” and film®! properties, respec-
tively. These scalable aerosol technologies® along with
advanced deposition methods, such as electrodynamic focus-
ing,® could allow large-scale fabrication of nano-sensor
arrays with unprecedented detector densities. One of the
main challenges of such novel approaches lies in the
stabilization of the mostly physically bounded, porous films
as their mechanical stability is generally poor.”"

Several aspects of ongoing research on semiconducting
metal oxides have been reviewed in the last few decades. Most
Reviews have focused on material properties, differentiating
the various pure and doped metal oxide materials,”! and
analyzing the effect of, for example, crystal size on sensor
sensitivity,??*! structural stability®! and selectivity.*>>*
Nanomaterials in general have been identified to improve
the performance of sensors, especially regarding sensitiv-
ity.?>%! The size as well as the shape of nanomaterials is
tunable, for example, in the form of particles, rods, wires,
quantum dots, and core-shell structures, which determine
their chemical, optical, magnetic, and electronic properties.
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Their surface chemistry is also tunable and can be exploited
for chemo- and biosensors.”” The application of specific
nanostructures as gas sensors has been reviewed, for example,
nanowires,”® carbon nanotubes,!'! and hollow oxides.”” The
sensing mechanism of semiconductor gas sensors has also
been addressed both experimentally by in situ and operando
spectroscopic techniques to follow the physicochemical
processes taking place in an active sensing element in real
time and under operating conditions,® and theoreti-
cally21:23-25.27.45]

Several Reviews have shown the importance of structural
parameters (pore size, film morphology, surface accessibility)
besides the material properties (crystal size, agglomeration,
sinter necks).”>®" The control of these structural parameters
is difficult by conventional synthesis methods, such as sol—gel
processes, as they are interdependent (e.g. grain size, grain
interconnectivity, pore size and pore architecture).’!l Dry
synthesis of metal oxides can improve the control over both
material properties and film structural parameters. In this
Review, an overview of classicall® dry and novel aerosol
methods for synthesis of semiconductor-based sensing films is
given. The materials and films obtained by the various
processes are discussed and classified in terms of structural
parameters and performance, highlighting some fundamental
differences with respect to the large spectrum of applicable
synthesis methods. Some of these dry methods have been
reviewed specifically, for example matrix-assisted pulsed-
laser evaporation,’®! pulsed-laser ablation,”™® atomic layer
deposition,'* flame synthesis,® pulsed-laser deposition and
reactive molecular-beam epitaxy.®® Herein, the focus is on
engineering aspects of synthesis methods that allow func-
tional design of sensing films. For a deeper understanding of
the gas-sensing mechanism of semiconductor MO,, refer to
the following Reviews,?*2-27-¢0]

2. Detection Mechanism in Semiconductor Gas
Sensors: SnO,

The development of semiconductor films for gas sensors is
strictly dependant on their sensing mechanism. Knowledge of
their working principles is necessary to evaluate and differ-
entiate between the wide variety of methods capable of
producing metal oxide films with nano-sized crystals and
grains. A first classification is made between n-type semi-
conductors (in which electrons are the majority carriers) and
p-type (in which the holes are the majority carriers) semi-
conductors. The conductivity of n-type semiconductors is
increased upon contact with a reducing analyte and decreased
with an oxidizing one. In contrast, p-type semiconductors (e.g.
CuO) have the opposite response. Herein, a brief introduc-
tion to the sensing mechanism of n-type metal oxides in dry
air is given based on the example of SnO, (Figure 2). In fact,
among the broad variety of metal oxides tested as gas
detectors, SnO, has been subject to the largest number of
studies.* 2] Tts sensing behavior to ethanol®! and COP*?!
provides the definitive example for the interplay between
adsorbed surface species and conductivity in metal oxide
semiconductors. It has set the basis for two general descrip-
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Figure 2. Schematic model of oxygen ionosorption on the SnO, surface in a) pure dry air and b) with ethanol.?"! The adsorbed oxygen species (a)
trap electrons from SnO, forming ions that scatter electrons within the Debye length & of the oxide (3 nm for SnO, at 250°C).”"! This decreases
the electron concentration and mobility resulting in a reduction of the SnO, conductivity. The reaction between ethanol and the ionosorbed
oxygen (b) decreases the concentration of these scattering centers (O7) and releases the trapped electrons thereby increasing the SnO,
conductivity. The mechanism controlling the conductivity change and its magnitude depends mainly on the ratio between grain size (D) and
Debye length.*® If D> 6 (c), the depletion of the surface between the grain boundaries controls the conductivity variation. In this case low
sensitivity to the analyte is expected as only a small part of the semiconductor is affected by interaction with the analyte. If D>26 (d), a
conduction channel with high conductivity exists but its wideness (L. is controlled by the surface concentration of oxygen ions leading to
moderate sensitivities. If D <20 (e), the whole grain is depleted and changes in the surface oxygen concentration affects the whole semiconductor

resulting in high sensitivity."*®

tions®! of the sensing mechanism: the oxygen-vacancy model
(reduction-reoxidation mechanism)®"l and the ionosorp-
tion?1-2+2681 model. Neither the ionosorption nor the oxygen-
vacancy model can describe all the experimental observa-
tions.® Herein, we mainly concentrate on the ionosorption
model which will serve as a guideline for understanding the
structural-functional relations of nanostructured sensing
films obtained by several dry synthesis methods.

2.1. The Oxygen-Vacancy Model (Reduction-Reoxidation
Mechanism)

This model has been reviewed in detail recently® and
thus only a short summary is given. The interaction between a
gas and a metal oxide is described by the partial reduction and
reoxidation of its surface. More specifically, SnO, is a n-type
semiconductor with oxygen vacancies acting as electron
donors. In this framework, the partial reduction of its surface
by reaction with a reducing analyte (e.g. CO, EtOH) leads to
formation of further oxygen vacancies and thereby injection
of free electrons in its conduction band (increased conduc-
tivity)." Once the reducing analyte is removed, the surface is
reoxidized (if oxygen is present) filling the vacancy and
reducing the conductivity [Eq. (1)-(3); v, =neutral oxygen
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vacancy,
lattice oxygen, (,, = gas phase].

v, =single ionized oxygen vacancy, O,"=neutral
[60]

CO, + O," = COyy +V,* (1)
R ARTS 2)
2V, + Oy +26 =20, 3)

The opposite mechanism is proposed for oxidizing ana-
lytes (e.g. NO,). The role of vacancy diffusion in the metal
oxide bulk is strongly material and temperature dependent
and requires further understanding. Furthermore, surface
reduction-reoxidation mechanisms at the operating temper-
atures of SnO, gas sensors (ca. 250-450°C) are relatively slow
in comparison to the small response times of such devices®!
suggesting that also other mechanisms (e.g. chemisorptions)
could play a significant role.

2.2. lonosorption Model
2.2.1. Analyte Detection by SnO,: Reception Function

In the ionosorption model, the detection of gases by SnO,
films can be subdivided in a reception and a transduction
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function.”"**>! The adsorbed oxygen species are considered
as free oxygen ions electrostatically stabilized on the oxide
surface (Figure 2a).1! Initially, the oxygen is physisorbed on
the oxide surface, thereafter electrons are transferred from
the metal oxide to the oxygen which is charged and thereby
ionosorbed.??2?"1 Several oxygen species are adsorbed
including molecular (O,”) and atomic (O~, O®) ions. In
general, below 150°C the molecular form dominates while
above this temperature the atomic species are found.*!! These
adsorbed ions scatter electrons within the Debye length 6 of
the metal oxide forming a depleted region (Figure 2a) with
reduced electron mobility near the oxide surface.*!!

The reception function of SnO, (in air) for a reducing or
oxidizing analyte, consists in the variation of the ionosorbed
oxygen concentration.”"! If a reducing analyte is inserted,
such as EtOH, H, or CO, the surface concentration of oxygen
ions is decreased as a result of its partial or complete
oxidation (Figure 2b) releasing the trapped electrons and
reducing the concentration of scattering centers and thereby
increasing the electron mobility in the oxide.”!! The following
simplified sensing surface reactions have been suggested for
EtOH,”! H,,*! and CO [Eq. (4)-(6)],**

C,H;OH,, + Oy~ = CH,CHO + H,0 g + & ()
Hyg + 0wy~ = Ha O +e7 S)
CO) + Opay” = COyy) +¢7 (6)

where the analytes are initially in the gas phase (g) and react
with the adsorbed (ad) oxygen ions on the SnO, surface. In
contrast, oxidizing analytes (e.g. NO,) have an opposite effect
by increasing the concentration of ionosorbed oxygen.™
However, it should be noted that only poor spectroscopic
evidence of the oxygen ions’ contribution have been collected
in situ during gas detection.””-*

2.2.2. Response of SnO, to an Analyte: Transduction Function

After the reception (detection) of an analyte by a change
in ionosorbed oxygen concentration, the conductivity of SnO,
is quantitatively varied in compliance with its transduction
function. In fact, although the injection of free charges into
the metal oxide is directly proportional to the available
ionosorbed oxygen sites for reaction with the analyte, the
actual change in electron mobility, which is a result of the
change in scattering-center concentration (Figure 2b),
depends drastically on the SnO, grain morphology."*!

In more detail, the ionosorbed oxygen scatters electrons
within the Debye length of SnO, reducing its electron
mobility. For large grains (D > 0) the sensing mechanism is
controlled by the grain boundaries (Figure 2c). For ultra-fine
nanoparticles (Figure 2d,e) there are two possible mecha-
nisms as a function of the grain size (D). If the grain size is
bigger than twice the Debye length of SnO, (6~3 nm at
250°C),™ a conduction channel with bulk mobility exists
within a diameter (Lo=D-20) from the grain center (Fig-
ure 2d). A change in the scattering center concentration (O, ™,
O™, O*") will then only result in a change in the conduction-
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channel width (L). In contrast, if the SnO, grain is smaller or
equal to twice 0 then the whole grain is depleted (Figure 2¢),
therefore a reduction of the ionosorbed oxygen may “open” a
conduction channel through the oxide (Figure 2b).

As “opening” the conduction channel increases the SnO,
electron mobility remarkably and thereby its conductiv-
ity,?"* the response of SnO, sensors to a reducing analyte
increases considerably when the grain size approaches 20
(Figure 3a).”**! However, such small grains (ca. 6 nm) have
high sintering rates at the operation temperature of SnO,
semiconductor gas sensors (250-450°C) and it is difficult to
stabilize their size even below 10 nm (Figure 3b).”*! There-
fore the expected increase in sensor response with decreasing
grain size is only partially reached experimentally.

a) e SN0,
150 }
100 800 ppm H,
RaIRy b
50 F
!
X 800 ppm CO
0 ] i I A A J
0 5 10 15 20 25 30
Crystallite Size / nm
b) ]
. -
1000 A

600 +

Grain Size
Stability
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T T T 5_
1 10 100 1000
Grain Size / nm

Figure 3. a) SnO, sensor signal (R,=resistance in pure air and

R, =resistance with the analyte) to H, (@) and CO (o) at 300°C as a
function of the crystal size (adapted from Ref. [29]). The response
increases steeply as the crystal size approaches two times the Debye
length (0 =3 nm). b) Such small SnO, particles (different symbols and
lines represent results obtained in various group) have a high sintering
rate (even at moderate temperatures (adapted from Ref. [26]) and it is
hard to obtain long-term, thermally stable, and highly sensitive grains
of 6 nm.
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3. Sensing-Film Morphologies

Classification of semiconductor films for gas sensors is
based on their morphology and thereby sensing mechanism.
In fact, although the interaction between a metal oxide
semiconductor (e.g. SnO,) surface and a reducing or oxidizing
analyte is understandable along the oxygen-vacancy or
ionosorption theory, the film morphology and its interaction
with the sensor substrate also play an important role.?¥

Commonly, sensing films are subdivided in dense (com-
pact) and porous.” In dense films, the gas interaction takes
place only at the geometric film surface as the analyte cannot
penetrate into the sensing film (Figure 4). In porous films, the
gas can penetrate into the substrate and interact with single
grains, sinter necks, and at the grain substrate/electrode
interface.[*!

A general model of semiconductor, metal oxide gas
sensors describing the sensing performance of various films is
based on these two film categories.*! Nevertheless, the simple
distinction between dense and porous films is too coarse to
describe all feasible morphologies. In fact, while several
processes (such as spray pyrolysis) produce nanocrystalline
metal oxide films with a certain overall porosity, their grain
and crystal properties are not homogenous throughout the
film,?% therefore “dense” and “porous” regions coexist in the

Partially Depleted Fully Depleted

Di2 or h: > & Di2or he < é
Extended Surface
h v FlatBand  Band Bending
heDense - Vg, GAVa <K, T qAVg > KT
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Particulate
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Figure 4. Schematic representation of geometry and corresponding
energy band for dense, particulate, and porous films (adapted from
Ref. [24]); where O is the Debye length, D is the grain size, h; is the
film thickness, g is the elementary electron charge, Vj is the grain
boundary potential, E, is the bulk band energy, K, is the Boltzmann
constant, and T is the material temperature. The ionosorption of
oxygen on the metal oxide surface forms surface barriers, with a height
equal to g Vg, which bends the oxide energy band within the Debye
length reducing the oxide conductivity. For partially depleted dense or
particulate films, D/2 or hy> 9, a conduction channel where the band
energy corresponds to that of the bulk is still available. For fully
depleted dense or particulate films, D/2 or h: <9, the bulk band
energy, E,, is not reached and the conductivity of whole material is
reduced. Furthermore, if the energy barrier height, g Vj, is smaller than
the thermal energy, K, T, the energy band can be considered flat,
otherwise a partial bending toward the surface remains. The contribu-
tion to the sensitivity of a porous film, containing particulate and
dense regions, is composed of all possible combinations of the
constituents. For further details, see Refs. [1,24].
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same “porous film”. In contrast, novel methods, with decou-
pled particle synthesis and film deposition, such as flame
spray pyrolysis (FSP),*" produce fully porous films without
dense regions. With respect to this distinction, at this point, a
new class of “particulate” sensing films, obtained from
deposition of solid nanoparticles (and only moderate sub-
strate and sintering temperatures) is introduced (Figure 4).

3.1. Dense Films

Completely dense films are not commonly used for
semiconductor gas sensors, this is because the number of
sites available for interaction with the analyte increases with
increasing exposed metal oxide surface and thus with film
porosity.”?! Nevertheless, they can be considered as the limit
for high-temperature sintered (nearly melted) porous films or
regions of porous films. Furthermore, the sensing properties
of SnO, dense films made by atomic layer deposition
(ALD)" and molecular beam epitaxy (MBE)™! have
been tested recently. Figure 4 shows a schematic representa-
tion of the energy band of a dense film in air. The ionosorbed
oxygen atoms scatter electrons within the Debye length (0),
thus, to obtain high sensitivity, the thickness (%) of a dense
film should be similar to ¢ (Figure 4, fully depleted). To fulfill
this requirement extremely thin films (ca. 3 nm for SnO, at
250°C)P" are needed, however this leads to high sensor
resistances and poor mechanical stability. In contrast, if the
film is partially depleted (Figure 4) only a fraction of the film
is affected by the reaction with the gas and therefore a
moderate response is expected.

3.2. Particulate Films

An ideal semiconductor gas detector could consist of a
single metal oxide particle with a grain size less than twice the
Debye length. Nevertheless, such an ideal system cannot be
realized easily and commercialized at low cost, to date.
Instead, particulate films consist of several nanoparticles
forming a network (Figure4) that bridges between the
measuring electrodes. The exact contribution of grains,
necks, agglomerate and aggregate boundaries, particle—sub-
strate and particle—electrode interfaces to the total sensor
response is not trivial.? On the other side, for ultra-fine
particles (D <10 nm) it is known that the depletion of the
grain and neck surfaces (Figure 2d,e) play the main role in
determining the response to an analyte.[*-*+4]

Figure 4b shows a schematic representation of the band
bending of a particulate film in air. In agreement with the
ionosorption theory, a distinction between partially and fully
depleted conditions is made. The main advantage in compar-
ison to dense films is that it is not necessary to decrease the
film thickness down to the Debye length of the oxide to reach
high sensitivity. As the interaction between gas and oxide
surface takes place on each grain, all the sensing material
(with some exception for thick films) participate in the
detection mechanism. In this way, both high sensitivity and
reasonable resistances are feasible by controlling the film
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thickness and the grain size separately. Such films are usually
obtained by wet-deposition of pre-synthesized particles,*”!
but recently some aerosol methods, such as FSP, have
achieved similar results with higher uniformity of the film
morphology.?*™

3.3. Porous Film

Porous film morphologies are the most common for
semiconductor gas sensors. They can be obtained by several
methods and are usually the result of limited control over the
grain morphologies during deposition or post-deposition
sintering/annealing. In fact, although several methods, such
as spray pyrolysis,” pulsed laser deposition,”™ and sputter-
ing,® can produce semiconductor films with relatively good
control of single properties, only a few can control independ-
ently film thickness, grain, and crystal size. Therefore a porous
film contains multicrystalline grains which act as dense films
and monocrystalline grains which act as a particulate film
(Figure 4c). The sensitivity of such porous films towards an
analyte and the optimal thickness of such a film depends on
the respective fractions of dense and particulate components.
This situation is in agreement with the variations in sensitivity,
operation temperature, and film thickness reported in liter-
ature for the same materials and the same synthesis processes
(Table 1).

3.4. Film Thickness

The effect of film thickness on the sensing properties of a
perfectly dense film is qualitatively simple. Increasing film
thickness decreases the sensor response as the fraction of
material involved in the interaction with the analyte is
monotonously decreased (Figure 4a)."® This situation how-
ever, is not always the case for porous or particulate
morphologies”! (Figure 5) as the analyte can penetrate into
the film."”

For an isothermal porous or particulate film two main
effects are distinguishable with increasing thickness: an
increase of the total available surface for interaction with
the gas and thereby of its overall reception function and, as
result of the oxidation or reduction reactions, a decrease in
the gas concentration at the bottom of the film. The effect of
increasing film thickness is not trivial, as an increase in the gas
reception sites does not result in a linear increase of the sensor
response and the decrease of the gas concentration in the film
varies with material, porosity, temperature, catalytic activity,
and analyte composition.

To some extent a porous/particulate film can be modeled
as a network of parallel and serial resistive elements (R,,,)
extending between two measuring electrodes (Figure 5,
bottom).*” In this way the gas concentration profile is
considered by computing the reaction between gas and each
resistive element as a function of the coordinates in the film.
The total sensor response is then calculated by the change in
corresponding total resistance.*” Despite the strong assump-
tions made in the model, it was shown that too thick films can
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Figure 5. Top left and bottom: Schematic representation of a porous
(or particulate) film as a network of parallel and serial resistive
elements (R,,) extending between two measuring electrodes (adapted
from Ref. [47]). Each (grain or) resistive element has different response
to the analyte as its concentration (C(x,z)) is reduced while penetrating
into the film (top right). For non-isothermal films the different temper-
atures (T(x,z)) of the resistive elements must be considered. | = analyte
mass flow.

decrease the sensor response by combusting the gas in the
upper layer of the film,*”! therefore an optimization of the
film thickness is necessary to maximize the sensor response.

4. Sensing-Film Synthesis
4.1. Dry and Wet Methods

A first distinction between semiconductor gas sensors was
made for thin"” and thick films.'""! Originally, this classifica-
tion did not differentiate only the thickness of a sensing film,
but also the synthesis method with the aerosol- and the wet-
route producing thin and thick films, respectively.*”! As
briefly discussed, the gas detectors introduced by Seiyamal'”!
consisted of ZnO thin films 20-100 nm thick which were made
by vacuum evaporation of metallic zinc and subsequent
oxidation at 450°C. These first dry-made films (Figure 1a)
were highly sensitive to several analytes, such as toluene,
benzene, ethyl ether, ethyl alcohol, propane, and carbon
dioxide,"”! but they had poor long-term stability and their
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Table 1: Aerosol methods for synthesis of semiconductor films and corresponding sensor responses.

Process Film . Response (R,i/Rys—1) to gas (ppm)
(abbreviation) Structurel? Material EtOH H, co Ref.
Atmospheric Pressure D/PO F:Sn0O, [97]
Chemical Vapor Deposition SnO, 0.04 (300) [98]
(ACVD) SnO, 0.6 (10 [105]
Atomic Layer Deposition D Sn0O, 0.25 (10%) [71]
(ALD) SnO, 2.3 (250) [106]
Sno, 43 (5x10% [76]
Combustion Assisted PO SnO, 279 (100) [74]
Chemical Vapor Deposition
(CCVvD)
Direct Current Sputtering D/PO Pd:SnO,  0.43 (3x10°) 0.18 (3x10°) [4]
(DC-SPU)
Evaporation D/PO SnO, [27]
(EVP) Sno, 1(3.2x10% [107]
Flame Spray Pyrolysis PA SnO, 5.3 (10) 4 (50) [50]
(FSP) Sno, 20 (10) 132]
45 (50)
Si:SnO, 50 (10) [32]
318 (50)
Pt:SnO, 0.8 (10) at 50% r.h.  [50]
Pt:SnO, 3.4 (10) at 25% rh.  [51]
Hot Wall Aerosol Reactor PA SnO, 4 3 (10% [39]
and Low-Pressure Impactor Ag:SnO,; 39 (10°) [39]
(HWLP)
lon Beam Sputtering D/PO SnO, 3.8 (100) [108,109]
lon Assisted Deposition SnO, 18 (400) [110]
(IAD) Sno, 6 (10% 4 (10%) 111
WO, 1.5 (10% 0.5 (10%) 111
Molecular Beam Epitaxy D) SnO, 1.8 (100) @ 40% rh. 3.7 (10°) [73]
(MBE)
Organometallic D/PO SnO, 8 (100) [87]
Chemical Vapor Deposition SnO, 0.53 (10) [95]
(OMCVD)
Plasma enhanced D/PO Sno, 40 (10%) 100 (10°%) 22 (10 [86]
Chemical Vapor Deposition Pd:SnO, 14 (50) 32 (50) 1 (50) [86]
(PECVD) SnO, 17 (50) [94]
Pulsed Laser Deposition D/PO SnO, 6 (50) [75]
(PLD) SnO, 10 (10%) [112]
SnO, 4.5 (50) [89]
Radio Frequency Sputtering D/PO SnO, 1.5 (100) [113]
(RF-SPU) Sno, 0.18 (100) [114]
Sno, 0.5 (150) [115]
Sno, 300 (10% [116]
Sno, 2.3 (10 [58]
Pd:SnO, 4470 (10%) [58]
Rheotaxial Growth and Thermal Oxidation PO Sno, 21 (10%) 41 (100) 1(10%) [28]
(RGTO) Pd:SnO, 60 (10%) 90 (100) [62]
SnO, 0.3 (100) M7
SnO, 0.1 (600) [85]
Ti:SnO, 4 (10% [118]
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Table 1: (Continued)
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Process Film ) Response (R.;/Rz.s—1) to gas (ppm)

(abbreviation) Structurell  Material o, H, co Ref

Supersonic Cluster Beam Deposition PA TiO, 35 (500) Methanol [78]

(SCBD)

Spray Pyrolysis D/PO SnO, 2.3 (3200) [107]

(SP) Sno, 0.04 (300) [98]
Sno, 10° (2x 07 [77]
Sn0O, 24 (5x10%) [88]
Pd:SnO, 104 (5x10% [88]

[a] D: dense, PO: porous, PA: particulate.

sensing response decreased gradually to two thirds in eight
months.!"®!

This poor long-term stability was attributed to their
thickness, which caused mechanical and especially “electri-
cal” fragility,""! therefore a new wet method for the synthesis
of thick sensing films was proposed. The thin film was
substituted by a “...main sensitive body consisting of metal-
oxide semiconductor material...” as “...a block or thick layer
formed by compression forming, sintering or brushing with a
suspension of powdered semiconductor material in a suitable
medium” " In praxis, this block or film was made either by
deposition and sintering of a paste/solution containing semi-
conductor grains® or by direct sol-gel synthesis on the
substrate (Figure 6).5"

Sensing films made by wet methods have particulate
morphology (Figure 4), but also porous films are possible if
elevated calcination/sintering temperatures are applied.*’!
They are classified still as thick-film sensors, as it is technically
challenging to decrease the thickness of wet-made films below
1 um while preserving their contiguity.*”!! Although particu-
late film morphologies have often the highest sensor
response,”**! wet methods offer only limited control over
film porosity and thickness. These issues limit the max-
imization of the sensor response as a function of film
thickness. The reproducibility of wet-film morphology is
poor because of crack formation during the evaporation of
the binders and solvents and thereby conspicuous variations
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e

Sensor substrate

S
'\\D/

2

K

Amorphous C/
Film

atind Particle

n CO2°
‘Eg:‘::p coalin® - Suspension
[}
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e

Figure 6. Schematic of dry (top red arrow) and wet (orange and blue
arrows) synthesis of metal oxide films for semiconductor gas sensors.
Several dry processes can give synthesis and deposition of the
crystalline metal oxide films in one step. In contrast, wet methods
(such as sol-gel) require multistep processes with long evaporation
and annealing/calcination times.
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between sensor performances are common.™ Furthermore,
wet methods are multistep processes (Figure 6) that often
require long production time because of the evaporation and
sintering/calcination steps.

In contrast, dry methods offer an interesting possibility for
the rapid synthesis of semiconductor sensing films (Figure 6)
and have overcome several of the initial shortcomings
associated with their use.”! Most of them tend to produce
porous or nearly dense films (Figure 4) and have thicknesses
under 1 pm, and therefore are classified as thin-film sen-
sors.””l Nevertheless, novel aerosol methods, such as aerosol
synthesis and deposition of sensing nanoparticles,”” produce
particulate morphology with variable film thickness (100-
10° nm). Therefore, their classification extends over the old
“thin” and “thick” nomenclature and they represent an
extension of the “thick” particulate film morphology in a
“thin” film.

4.2. Rapid Dry Synthesis

Since the fabrication of the first semiconductor gas
sensors, several dry methods have been applied to the

— —

Dense Films Porous Films Particulate Films

Shrinkage, Cracking T\ High Temperature | Brownian Deposition

cvD &g g Sintering | Thermophoresis
PVD 66‘0 ?)C,@ | 6,;;{ % n Electrophoresis
D2, " !
(@Q &&\ | > \\é\\%{‘ Impaction
5t
°®
Heterogenous Gas Phase
Nucleation CVD & Particle Deposition\ Nucleation
Cey, cel
. NS T S e
Sputtering D e 3
RGTO A = G2
A N~ &
MBE Cly o ¥
EVP - Clp —

Precursor as supplied to the reaction zone

Figure 7. Typical dry methods and pathways for the synthesis of dense,
porous, or particulate film morphology in which solid, gaseous, or
liquid precursors are supplied to the reaction zone. The method in
parenthesis is uncommon for semiconductor gas sensors (for abbrevi-
ations see Table 1).
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synthesis of metal oxide films.”) As discussed above, such
classical methods produce mainly thin films with some degree
of porosity,® but this is not always the case. In fact,
completely dense or extremely porous (>98%) particulate
films have been fabricated recently by ALD" and FSP,*3!
respectively. This control over film morphology and the
feasibility of one-step synthesis (Figure 6) of simple and
complex metal oxide films®®! extends far beyond the options
offered by wet methods.”"!

Figure 7 shows a schematic (abbreviations reported in
Table 1) of common methods and pathways for the dry
synthesis of dense, porous, and particulate films starting from
solid, gaseous, or liquid precursors. A first distinction is
possible between methods based on heterogeneous nuclea-
tion on the substrate surface!® and those based on homoge-
neous nucleation in the gas phase (Figure 7). The heteroge-
neous nucleation on the substrate surface is required for the
synthesis of perfectly dense films, where growth is obtained
either by chemical or physical vapor deposition.[”” Classical
methods are sputtering, atmospheric-pressure chemical vapor
deposition, and spray pyrolysis,® but several others are
possible (Figure 7 and Table 1). The average porosity of such
films is controlled by several parameters, such as process
pressure, substrate temperature, and precursor feed rate, but
it is often difficult to obtain homogeneous films and a
distribution of particulate and dense film regions is common
(Figure 4).%

A. Tricoli, A. Teleki, and M. Righettoni

In contrast to physical and chemical vapor deposition
processes, homogeneous nucleation in the gas phase leads to
particle formation and growth. These particles can be
deposited directly from the aerosol to the substrate surface
(Figure 7) by Brownian deposition, thermophoresis,*” elec-
trophoresis,™! and impaction.®” ! In absence of restructuring,
which could arise from high substrate temperature or
impaction energy, the resulting film consists of the particles
produced in the gas phase and thus has a homogeneous
composition and morphology.””! With respect to the sensing
properties, such films can be classified as particulate
(Figure 4) and, if sufficiently small particles are deposited,
produce highly sensitive sensors (Table 1).%>**] Post-anneal-
ing of these particulate films causes sintering and grain growth
resulting in porous films. Nevertheless, it is doubtful if fully
dense films are achievable, without melting the metal oxide,
as disintegration occurs before.”” Some methods, such as
vapor-fed aerosol flame synthesis (VAFS: Figure 7) are also
able to produce semiconductor nanoparticles of controlled
size and crystallinity®™ but to date have not been utilized for
direct deposition of sensing films.®!-

4.2.1. Process Design
The required maximal substrate temperature (7;) and

minimal pressure (P,;,) during film growth or post-treatment
are important parameters for process design. Figure 8 shows a

7642

900
260-550 °C
it OMCVD: ACVD
o o [97]
- 350 °C T 350-600 °C
DC-SPU: 10° pa 1991 376 °C (98]
s : 460-540 °C 1194
200-500 °C 250-350 °C
10RtRa 10° Pa 375 °c %
50°C
T,/°C 500 el
RF-SPU:
PLD:
<100°C
RT —400 °C 1 pa M9l
10-°pa 1% PECVD: e
375°C 200-500 °C FSP:
—6 112]
10610741112 100-220 °C 2 511

RT

High Vacuum

Low Pressure

P

min

>

Atmospheric

Figure 8. Examples of dry processes utilized for the synthesis of gas-sensitive nanostructured films arranged by minimum process pressure (P,
and maximum substrate temperature (T;). Several processes are able to deposit at room temperature, however, post-annealing is often necessary
to obtain fully crystalline films. The indicated pressures and temperatures are only guidelines as a broad range of process conditions are possible.
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selection of dry methods with corresponding process con-
ditions utilized for the synthesis of nanostructured films for
semiconductor gas sensors. As will be discussed in Section 4.3,
a large variety of process parameters are possible within the
same method and (Figure 8) the reported conditions are only
indicators. In general, atmospheric methods have the advant-
age of easier scalability and lower process cost than vacuum-
based processes (P,;,: Figure 8) as no expensive evacuating
systems are required. Low substrate-deposition temperatures
(T,: Figure 8) are often necessary for deposition on devices
with integrated circuitry, such as CMOS-based micro-gas-
sensors."™% Several dry processes are able to deposit the
nanostructured film from moderate down to room temper-
atures (Figure 8), however, annealing/calcination is often
required to obtain fully crystalline materials and conducting
films. For example, it was observed that a post-annealing/
oxidation step with a temperature of at least 570°C is
necessary to obtain a continuous electrical path in RGTO-
made SnO, films.”! Furthermore, synthesis of high-perform-
ing sensing films requires optimization of these process
conditions as observed for spray pyrolysis® and therefore
operation is often limited to a narrow window of temper-
atures and pressures. In fact, low pressure promotes film
densification and high substrate temperature grain growth. A
correct choice of both parameters can lead to significant
increase in sensor response and selectivity to specific analytes
as accurately pointed out for (magnetron) sputtered SnO,
films.®!

4.3. Chemical and Physical Vapor Deposition of Dense and
Porous Films

Several methods for the chemical and physical deposition
of SnO, films have been reviewed previously.”” In general,
the sensing properties of such thin films can vary greatly
(Table 1). For example, the response of SnO, RGTO-made
films (Table 1) to H, can be 41 at 100 ppm™ or 0.1 at
600 ppm.*! (Sensor response have in general no units as they
are the ratio between resistance in air and with the analyte.)
The response of PECVD-made SnO, films to 1000 ppm
EtOH reaches 40%! while the response to 100 ppm EtOH of
an OMCVD-made film is barely 8.*” This result is not
surprising and it is attributed to the large spread of porosities,
grain and crystal sizes, film thicknesses, and morphologies
(porous and dense).’ As discussed above, all these proper-
ties have a strong influence on both sensor reception and
transduction functions. In fact, it is possible to produce
sensing films by CVD or PVD deposition, with a performance
as high as the ones made by CCVD,"™ SP® RGTO,® and
PLD™! (Table 1), but it is often necessary to find the perfect
set of process parameters experimentally. This task is even
more challenging as often porosity, grain and crystal size are
correlated and change during film growth or post-processing
(annealing).??%%!

In this context, novel synthesis methods, such as electro-
deposition, may show interesting results in the future.
Electrodeposition has been utilized recently for the synthesis
of nanostructured semiconductor thin films.”*? Several
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semiconducting oxides (e.g. ZnO, TiO,) with bandgaps
ranging from few to several eV have been synthesized
already. Among these, zinc oxide has been the subject of
the majority of studies because of its wide range of
applications,™ such as transparent conducting oxide (TCO),
sensors, light emitting devices, lasers and transistors. Electro-
deposition appears promising also for application in the
synthesis of metal oxide gas sensors because of its precise
control on the resulting film morphology.

4.3.1. Chemical Vapor Deposition

Chemical vapor deposition is a powerful method for the
synthesis of dense or porous (Figure 4) nanostructured films.
In general, a gaseous precursor (Figure 7) is supplied to the
reaction zone and synthesis of the final products (metal
oxides) takes place directly on the target substrate. In the last
few decades several CVD variations have been developed
allowing deposition from low (PECVD,”¥ OMCVD>*) to
atmospheric (ACVD,”"*! CCVD) pressures (Figure 8). A
minimum substrate temperature (> 300°C) is often necessary
to complete reaction/oxidation of the precursors.”>%%]
However, also deposition at nearly room temperature is
possible by utilization of more elaborate systems, such as
plasma enhanced CVD."

A large variety of film morphologies (Figure9) and
corresponding sensing performances are possible by choosing
the appropriate deposition method and process conditions.

Figure 9. SnO, film morphologies obtained by a) ACVD®" and

b) CCVD.®*! The fine grains obtained by CCVD (b) result in high sensor
response to EtOH (Table 1) while the coarse ACVD films (a) have poor
sensitivity toward several analytes (e.g. H, and CO).

Nevertheless, synthesis of semiconductor sensing films by
classical CVD processes (e.g. ACVD,”) OMCVD™) has
resulted in poor sensor response to several analytes (Table 1).
This could be attributed to the predisposition of such methods
to produce dense films (or gas-tight multicrystalline domains)
and this insufficiently depleted grains (Figure 4).

The sensor responses can be increased remarkably utiliz-
ing novel CVD-based processes such as PECVDP*1% and
CCVD! which can produce smaller grains that are better
accessible by the analyte (Table 1). For example, in PECVD
processes, tailoring of the film, and to some extent, of the
grain properties is possible, not only by process pressures and
temperatures,'® but also by varying deposition time, sub-
strate distance, and radio-frequency (RF) power.'""” How-
ever, gaining an understanding of the film growth mechanisms
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of some of these methods is still in progress. In CCVD, for
example, a SnO, liquid precursor is sprayed and combusted in
the proximity of a substrate heated at high temperature (>
800°C)."¥ This method is also utilized for the gas-phase
synthesis of SnO, nanoparticles® and it is therefore difficult
to differentiate between heterogeneous nucleation on the
substrate surface and homogeneous nucleation in the gas
phase.™ The resulting film morphology (Figure 9) is most
probably a combination of both film synthesis processes and
therefore the control over its properties is challenging.

4.3.2. Spray Pyrolysis

Spray pyrolysis (SP) has been widely applied for the
synthesis of semiconductor gas sensors. An extensive Review
linking film structural properties and sensing performance has
been published recently.”®! The grain shape is controlled by
deposition temperature and film thickness and thereby
tailoring of analyte-specific adsorption sites is possible.”1%!
In particular, the substrate temperature is a delicate param-
eter as it influences droplet vaporization or pyrolysis,
precursor oxidation, sintering, and crystal growth.['”

As observed above for other CVD-based deposition
methods, a main issue is the limited control over the analyte
penetration into the film and thus the grain accessibility. In
most studies only the crystal size is reported because of
technical difficulties in determining the grain size based on
the accessible surface.'™ This situation is particularly aggra-
vating as in SP-made films the grain size can be more than
three-times the visible grain size observed by SEM.I® As a
consequence, the interpretation of the sensing response based
on the size determined by X-ray diffraction data is sometimes
misleading (Figure 4).1%

Figure 10 a—c shows the morphological evolution, and the
corresponding sensing properties are shown in Figure 10d, of
SP-made SnO, thin films as a function of film thickness
(Ogim)-"" Increasing the film thickness from 37 to 300 nm
increases drastically the visible (SEM) grain size (Figure 10a—
¢).”I The increase in grain size suggests that the gas sensitivity
should decrease with increasing film thickness (Figure 4).%4
Nevertheless, after a minimum at about 50 nm the sensitivity
(Figure 10d) increases with increasing thickness. This result is
in agreement with the complex modeling of the sensor
response for porous films and depends also on the molecular
composition of the analyte and the film operating temper-
ature.™”

4.3.3. Sputtering

Physical vapor deposition of semiconductor gas-sensor
films by sputtering-based processes is particularly interesting
when suboxides!""”! or specific crystal-plane orientations!"®!
are desired. A relative good control over the film morphology
is possible ranging from porous to nearly pin-hole-free, dense
films. Specific crystal-plane orientations are obtained by
tuning the substrate properties."'! Furthermore, the substrate
can be kept at room temperature during deposition.!'"”!

Main short-comings are the necessity to operate at low
pressure and the poor crystallinity!'® when operating at low
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Figure 10. Characterization of SP-made SnO, thin film morpholo-
gies (a—c; scale bar applies to all three images) and sensing proper-
ties (d) as a function of the film thickness (Og;.)."”! The grain size
increases drastically with increasing film thickness (a—c). A minimum
in gas sensitivity is reached around O, =50 nm and then increases
with increasing thickness (d); 1, 0 = gas sensitivity; 2, A=time
constant.
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substrate temperature. In fact, post-annealing from moderate
to high temperatures (e.g. 400'"* and 600°C[1%) is necessary
to obtain fully crystalline material. Furthermore, synthesis of
tin oxide films often results in formation of both Sn*" and Sn*"
valence states!'”! and thus reduced sensitivity.>!1*!

Both classical RF'*®) and DC* magnetron sputtering have
been utilized for synthesis of SnO, sensing films, however, the
sensor responses vary between poor and moderate (Table 1).
The film performances are slightly better utilizing ion-beam
sputtering™®” or ion-assisted deposition (IAD)."”! Neverthe-
less, they are generally worse than that of standard wet-based
deposition processes (e.g. screen printing).""™® As discussed
above, this is partially attributed to the co-synthesis of Sn**
which is less gas-sensitive than Sn*' but also the grain size
plays an important role."'®l Indeed the extent of grain growth
during deposition or post-annealing is poorly controllable
(Figure 11).%! Post-annealing temperatures above 600°C

T,=500°C

Figure 11. SnO, films obtained by ion beam sputtering post annealed
at a) 500 and b) 650°C (scale bar applies to both images)."*” To
obtain fully crystalline SnO, films post-annealing temperatures (T,)
above 600°C are necessary. However, this results in large dense
(gastight) multicrystalline domains and thus poor sensor response.

(Figure 11b) are required to obtain fully crystalline SnO,
IAD-made films."™ Nevertheless, this changes the film
morphology dramatically (Figure 11) and has consequences
for its sensing performance. After annealing at 650°C, large
grains of 500 nm are visible (Figure 11b), but the crystal size
is only 15 nm!"®! suggesting formation of dense multicrystal-
line domains that cannot be penetrated by gas. In fact, the
sensor response to 5000 ppm CH, is small and reaches barely
0.8.112

A Dbetter control over the final grain size is obtained by
two-step physical vapor deposition/oxidation methods, such
as RGTO.™! First, a metal film (e.g. Sn by RF-SPU) is grown
on a substrate kept at temperatures above the metal melting
point (e.g. 232°C for Sn). Thereafter, this film is oxidized
forming the target oxide (e.g. Sn0,).**! A minimum oxidation
temperature (e.g. 520°C) is necessary to obtain full phase
transformation and electrical continuity between the
grains.®®! Initially, high/moderate responses to H, have been
reported for RGTO-made SnO, films (Table 1) and deposi-
tion of dispersed Pd nanostructures on the film was utilized to
increase its sensitivity further.” The relatively small size and
accessibility of the grains makes it an attractive method for
the synthesis of semiconductor gas sensors for several
analytes (e.g. CO and NO,)."™"! Furthermore, the sensor
response (e.g. to NO,) can be increased by optimizing the
deposition temperature and thus the substrate surface cover-
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age of Sn droplets."” Integration of RGTO-films in micro-
machined sensor substrates and deposition of Au nano-
particles over the SnO, film (Figure 12) has led to successful
detection of C¢H, and NO, in the ppb range.['

Figure 12. SEM images of RGTO-made SnO, films a) without and

b) with Au nanoparticles (scale bar applies to both images).'"! The
accessibility and small size of the SnO, grains (a) and the good
dispersion of the Au nanoparticles (b) allow detection of analytes (e.g.
C¢He, NO,) in the ppb range.

4.3.4. Pulsed Laser Deposition

Synthesis of semiconductor gas sensor films by pulsed
laser deposition (PLD; Figure 8) has shown promising results
(Table 1) for some analytes, such as ethanol™ and CO,®!
while only moderate response to others, such as H,."? This
situation could be attributed to the different conditions
utilized in these studies as the film-growth dynamics of PLD is
complex and highly sensitive both to growth (Figure 13) and

Figure 13. AFM images of PLD-made SnO, films deposited at a) room
temperature and at b) 150°C (scale bar applies to both images).'!
The accessible SnO, grain surface depends on the deposition con-
ditions.

post-annealing steps."”) PLD can produce fine grains
(<10 nm) by control of the background oxygen pressure
with moderate substrate temperatures (e.g. 300°C).*) How-
ever, the resulting crystal size is more than doubled by
increasing the deposition temperature from 300 to 400°C.'*!
Deposition at room temperature is also possible but produces
mainly amorphous phase, whereas fully crystalline SnO, films
are obtained above 150°C (e.g. 300°C).!'* The accessibility of
these grains (film porosity) to the analyte is not trivial to
explain and depends on the deposition conditions (Figure 13).
Integration of PLD-made SnO, films in micro-machined gas-
sensor processes has been demonstrated recently.!"?
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4.3.5. Molecular Beam Epitaxy

Investigation of the sensing properties of dense SnO,
films (Figure 4) has been attempted by molecular beam
epitaxy (MBE) with accurate control over film thickness and
composition.™ Poly- or monocrystalline films have been
synthesized with the polycrystalline films having higher
sensitivity than the monocrystalline ones. However, as
expected (Figure 4) the sensor response to H, and ethanol
are both extremely low (Table 1) as the films are too thick and
dense and thus not completely electron depleted.

4.4. Particulate Film Assembly by Aerosol Synthesis and
Deposition of Nanoparticles

Homogeneous nucleation of nanoparticles in the gas
phase and their deposition from the resulting aerosol onto
sensor substrates is a promising alternative to chemical or
physical vapor deposition of nanostructured, metal oxide
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films (Figure 7). The main advantage is the separation of
material and film synthesis steps. In contrast to what has been
observed in CVDU?1 and PVDI3 ! methods, grain and
crystal properties can be tuned precisely”®>>!! while maintain-
ing sufficient porosity for the penetration of the analyte into
the sensing film.

4.4.1. Film Growth Mechanism by Aerosol Deposition

The first step is the gas-phase synthesis of nanoparticles.
There are several processes capable of producing well
controlled nanosized metal oxide semiconductors including
sputtering,*””! hot-wall aerosol reactors,”*'*l vapor-fed dif-
fusion flames,'>'?! and liquid-fed spray flames.>%-30:31
Flame synthesis of nanoparticles bears the advantage of
short process times, high scalability, and high particle
concentration of the products.'”! Furthermore, utilizing
spray flames an even larger number of material compositions
are available with improved control over grain morphologies
and dispersion.”! Tailoring of the nanoparticles properties in
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Figure 14. Film properties by deposition of single (a,b)"** and agglomerated (c,d)"**! nanoparticles" as a function of the Peclet number (Pe);
dp=primary particle diameter, D;=fractal dimension, N, =number of primary particle in the agglomerate, k,=fractal prefactor, R.= capillary
radius a) Nanoparticles approaching a surface with a velocity (V,) experience several forces including a drag force (F;) and a Brownian force (F3).
Application of a thermophoretic (Fyem)” or electrophoretic (F, )" gradient is utilized to increase the deposition rate or to produce precise
patterns. Such deposition leads to the formation of continuous films even on porous substrates."* The resulting film porosity is determined by
the Pe number (ratio of translational and diffusion velocity). At low Pe number (b) extremely high porosities (g) are achieved (e.g. 98 %) while at
high Pe the minimum (ca. 85 %) porosity is reached; t,=clogging time."*l However, aerosols are often composed of agglomerated particles!"**!

and therefore even at high Pe only a minimal porosity of 96% is reached.

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2010, 49, 76327659


http://www.angewandte.org

Semiconductor Gas Sensors

terms of grain size distribution,™ aggregation,™ crystal-
plane orientation,*!) composition,* and shape®? is possible
directly in the gas phase.

The second step consists of deposition of nanoparticles
onto the sensor substrate, and their self-assembly to a
nanoparticulate film (Figure 4). The main deposition mech-
anisms (Figure 14a) depend on the aerosol conditions (e.g.
velocity, pressure, temperature, particle size, and electrical
charging) and include impaction,®'* electrodynamic forces
(Feewr),F3 diffusion (Fy), and thermophoresis (Fyerm)-P"*Y The
resulting film morphology (Figure 14a) is controlled by the
ratio between translational and diffusion velocity (Fig-
ure 14b) of the nanoparticle (Péclet number, Pe).l*¥l Low
film porosity (e.g. 85%) is obtained at high translational
velocity (high Pe) for example in berner low pressure
impactor (BLPI)P*!'* whereas high porosity (e.g. 98%) is
obtained at low velocity as in thermophoretic driven depo-
sition (e.g. FSP).F*3! Although impactors have higher control
over the translational velocity than thermophoretic-driven
systems and thereby better control over the resulting
morphology, they require low pressure (Figure 8, HWLP
or SCBD!'?) and the processes are more technically
demanding than the thermophoretic-driven systems.”*!
Aerosol deposition of nanoparticles (Figure 14b) leads to
rapid formation of continuous films even on porous sub-
strates.'* Thus novel film layouts are feasible that go beyond
those obtained by C/PVD methods. However, concentrated
aerosols are often composed of agglomerated particles (Fig-
ure 14c). Deposition of such agglomerates leads to even
higher porosity (Figure 14 ¢) than that obtained by deposition
of single nanoparticles. In fact, at high Pe number (Fig-
ure 14d, Pe =10%), it is hard to reach a porosity below 96 %
limiting the control over film morphology.!'*

4.4.2. Flame Spray Synthesis of Particulate Films

Flame synthesis of metal oxide nanoparticles has some
advantage over other aerosol methods, as discussed in
Section 4.4.1. The temperature gradient between the hot
flame fumes and a cooled sensor substrate can be utilized to
increase the deposition rate by thermophoresis at atmos-
pheric pressure (Figure 8).” Lately, the synthesis of SnO,
semiconductor gas sensors has been investigated increasingly
by flame spray pyrolysis (FSP).B0:31.135.136]

The as-deposited FSP-made films are highly porous (e.g.
98 %) and consist of a lace-like network of the nanoparticles
(Figure 15¢,d) which have average grain and crystal sizes of
approximately 10 nm thereby a nearly perfect “particulate”
film is formed (Figure 4).°" This arrangement allows pene-
tration of the analyte into the film and depletion of all the
grain surfaces (Figure 2). As a consequence, FSP-made films
have a high sensor response (Table 1) to all tested analytes
(e.g. EtOH, CO).P*! Furthermore, co-synthesis of SiO,
allows tailoring of the sinter neck sizes and shapes so that
fully depleted necks (Figure 2 ¢) and ultrahigh sensitivities are
obtained.*

The response of FSP-made SnO, films is comparable to
those obtained by CCVD (Table 1). For both CCVD- and
FSP-made sensors the responses to ethanol® ! and COP"
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Figure 15. Comparison between a porous SnO, film obtained by
CCVD (a,b) and a particulate one made by FSP.F" The film in (a,b)
is obtained at high substrate temperatures (e.g. 850°C) by deposition
of airborne particles and CVD on the substrate surface, whereas FSP-
films are made at low temperatures (e.g. 120°C) by deposition of
airborne particles.

were remarkably higher than that of films prepared by other
dry methods (Table 1). This result was attributed to the small
grain size (FSP: ca. 10 nm,"” CCVD: under 30 nm™) and
high porosity (e~ 98 %) which are optimal properties for
gas-sensing films.?* Nevertheless, CCVD-films have a denser
morphology (Figure 15a,b) than that of FSP-made ones
(Figure 15¢,d). In fact, CCVD produces porous (and not
particulate) film morphologies (Figure 15b) by simultaneous
CVD and particle deposition (Figure 7). Furthermore, a large
amount of film restructuring is expected during CCVD
deposition as the substrate temperature (e.g. 850°C) is kept
above that required for the thermal stability of 10 nm grains
(ca. 400°C, Figure 2¢)?! for a long time (e.g. 20 min)."¥

The similar sensor response of CCVD and FSP SnO, films
(Table 1) is attributed to the film thickness not being
optimized. Although CCVD sensors have been realized as
thin films (e.g. 1 pm™), only thick (e.g. 30 um) FSP sensors
have been characterized to date.*™!1 As discussed in
Section 3.4, the upper layers of a thick SnO, film may act as
a catalytic filter drastically reducing the concentration of
analyte reaching the rest of the film (Figure 10).*”) This
situation was also reported for FSP-made Pd:ALO; films
deposited on top of FSP-made SnO, films.'**! To have a more
informative comparison between CCVD and FSP films the
maximized response at optimal film thickness should be
investigated in the future.””

4.4.3. Mechanical Stability of Physically Bounded Particulate or
Highly Porous Films

A main drawback of FSP-made SnO, films is their poor
mechanical stability. In fact, while high-temperature deposi-
tion, as in CCVD, leads to formation of thick sintering necks
and chemical bonding (Figure 15a,b), low-temperature dep-
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osition, as in FSP, leads to lace-like structures (Figure 15¢,d)
held together by relatively weak Van der Waals forces. As a
result, as-deposited FSP films are mechanically unstable.”!!

The poor mechanical stability of FSP films is not new and
it was the main reason they were discarded from industrial
applications in the past. In fact, aerosol deposition of Al,O;,
Mn,0;, ZrO,, and Y,0;-ZrO, nanoparticle films was
obtained as early as in 1997 by flame spray of organometallic
precursors.'¥”) Nevertheless, it was reported that “the flame
spray synthesis process was found more suitable for producing
powders than producing deposits. The deposition efficiencies
of the coatings were less than 10 %. Moreover, coating had a
powdery structure with almost not adhesion to the sub-
strate” [137)

Mechanical stabilization of SnO, films on sensor sub-
strates was pursued by annealing them at 500 °C for 10 min in
a moving belt oven.”” Nevertheless, with respect to the
sintering behavior of Sn0,,?* the increase in mechanical
stability as a result of such low-temperature annealing, is
expected to be small. However, high-temperature (> 1000°C)
annealing may also not be applicable as it was reported that
highly porous, particulate films tend to disintegrate above a
given sintering temperature.["”)

Recently, stabilization of FSP-made SnO, films was
achieved by rapid (30s) insitu annealing with a particle-
free flame."! The SnO, crystal size was not altered while the
film porosity was reduced drastically, thus increasing the film
mechanical stability."!l As a result, the stability of wafer-level
patterned SnO, films on micro-machined gas sensors was
sufficient to withstand wafer dicing and water-jet cleaning®!!
and could be readily integrated in CMOS-compatible proc-
essing.[1138]

5. Materials by Dry Synthesis

Table 2 gives an overview of most common materials used
for gas sensors, including oxides of Sn, Ti, W, and Zn that have
been synthesized by the dry methods presented in Table 1. It
highlights the different materials mainly in terms of crystal-
linity obtained and the possibility to add dopants during their
synthesis. For comprehensive Reviews on the effect of
material properties (composition, size, crystallinity, doping)
on gas-sensing characteristics please see the cited referen-
ces.* % Table 2 also includes the deposited film thickness and
a list of gases that have been detected using these sensors and
can thus guide the choice of dry method for future work to
meet certain specifications of the nanostructured film (grain
size, thickness) or the gas sensor (analyte detection).

5.1. Crystallinity and Grain Size

Most dry-deposition methods yield amorphous films that
require post-annealing to obtain crystalline structures. This
post-annealing is important to achieve stable performance
during the typical high operation temperature of metal oxide
gas sensors (250-600°C). Note that Table 2 shows the
crystallinity of as-prepared films whenever possible, however,
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the majority of the studies only report structure and
performance of annealed layers.

The experimental conditions during annealing have to be
optimized as crystallization is typically accompanied by grain
growth and film densification, which could reduce the
sensitivity (Figure 3, Figure 4). This structural transformation
has been summarized in four stages for the thermal treatment
of polycrystalline In,O; films: improvement of structural
stability (up to 500°C), coalescence of grains in agglomerates
(500-700°C), local recrystallization (700-1000°C), and global
recrystallization (> 1000°C).” The heat treatment can have
profound effects on sensitivity as it affects the inter-grain and
inter-agglomerate contacts that, along with the grains and
agglomerates, determine the gas response of a polycrystalline
film.”® Additionally, thermal treatments can change the
adsorption behavior of oxygen species on the metal oxide
surface that in turn will affect the sensitivity (Figure 2).2°

Post-annealing temperatures of SnO, are typically around
400-500°C,"**1 however this strongly depends on the
preceding synthesis conditions and/or initial film structure,?
for example, the atmosphere during RF-SPU.! The phase
evolution of tin oxide has, for example, been investigated by
the thermal oxidation of RGTO-made SnO, layers."'"! The
films were first deposited by DC-SPU on substrates main-
tained at a temperature above the Sn melting point, then
thermal oxidation was performed."”! Initially, the deposited
B-Sn is partially transformed into SnO, as the oxidation
proceeds at higher temperatures the SnO/Sn ratio increases
until cassiterite SnO, is formed at approximately 500°C.['"!

Insitu control of film crystallinity during deposition is
typically achieved by heating the target substrates. Although
this directly results in crystalline films, the approach can have
limitations if applied to heat-sensitive substrates, for example,
CMOS micro-sensors.’ Figure 16 shows X-ray diffraction
(XRD) patterns of SnO, films deposited by SP on borosilicate
glass substrates kept at 300-500°C.""! Films deposited at
300°C were predominantly amorphous and became crystal-
line (cassiterite tetragonal structure) as the substrate temper-
ature increased."!! This change is accompanied by SnO,
crystallite growth from 12 to 48 nm between 350 and 500°C,
respectively, this is also evident from an increase in the
intensity of the XRD peaks."!! A similar evolution of
crystallinity and crystallite size has been reported for SnO,
films deposited by PLD on substrates maintained at room
temperature and up to 400°C.[1%]

Similarly, as-deposited amorphous TiO, films typically
need to be heated to 400-500°C to transform into the anatase
phase and to 700-800°C to give the rutile phase, however
even higher temperatures might be required for complete
recrystallization to rutile.’*"1%l Titania layers of FSP-made
nanoparticles but deposited from the wet phase undergo a
nearly complete phase transformation from anatase to rutile
after 6 h at 900°C, however the crystallites grow from 20 nm
in the anatase phase to 160 nm in the rutile phase.”™ This
growth results in a loss of sensitivity and a change from n- to
p-type response,”™ this crossover is expected to occur at
compositions between 75 wt % and pure rutile.”*” Again this
emphasizes the importance of controlled heat treatments, as
they can drastically change the sensing properties of the films.
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Table 2: Gas-sensing films of different materials produced by the dry methods presented in Table 1.1
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Material Synthesis  Crystal Grain Film Dopant Analyte References
method phase size* thickness
[nm] [nm]
Cr PLD CrTiO, - 120-200 Ti [142]
Fe ALD a-Fe,0; - 100 Cco [143]
PECVD a-Fe,0; 17 100-300 CO, EtOH [144,145]
RF-SPU a-Fe,0; - - CyHie CsHiay CgHyg, EtOH, Hy, Tol [146]
In PLD In,0, - 500 In(acac) NO,, O, [147]
RF-SPU In,04 - 300-500 MgO, ZnO cl, [148]
Sn ACVD Sn0O, 6-15 200 Pd CH,, CO, EtOH, H, [97,98,104,105,149]
ALD SnQ,, - 1.5-110 Cco [72,76]
SnO,
CCvD Sn0O, 30 1000 EtOH [74]
DCSPU  SnO, - 1500-  Pd LPG [4]
2000
EVP Sno, 5-20 10000 EtOH [21]
FSP SnO, 5-25 1000- Pt, SiO, CO, EtOH [13,32,50,51,138]
40000
HWLP Sno, 20 1500 Ag EtOH 139]
IAD am, 8-30 100-500 Ca, Pt CH,, CsHg CiHior H, [109,120,150]
SnO,,
SnO,
OMCVD am, 5-30 20-300 CH,, CO, EtOH, H,0, H,S, NO, [87,95,96]
SnO,,
SnoO,
MBE SnO, - 30-1000 EtOH [73,151]
PECVD SnO,, 15-30 70-900 Cu, PdO, Pt, Sb CH,, CO, EtOH, Gaso, H,, H,S, Tol [94,100,144,152]
SnoO,
PLD SnQ,, 4-30 24-6000 Pd, Pt CO, EtOH, H, [75,89,112,123,153]
SnO,
RGTO SnO,, 5-1500 40-300  Au, Cd, Pt, Ti Act, CH,, C,H,o, C¢H,, CO, EtOH, H,, [28,47,85,118,122,142,154]
Sno, NO,, NO,
RF-SPU SnO,, 3-150 50-5000 Cu, CO, EtOH, H,, NO, [58,114,115,139,140,155,156]
Sno, Tio,
SP SnQO,, 8-70 20-250 La EtOH, H, [98,107,157,158]
SnO,
Ti ALD TiO, 5 Pd H, [159]
EVP am, TiO,, 3 100 H,, NH, [160,161]
Tio,
IAD TiO, 10-20 300 NiO, Act, CO, EtOH, NH,, NO, [162]
RFSSPU  am, TiO, 20-100  90-1000 Au, Cr, Fe,O5, W,  CO, EtOH , H,, NO, [163-171]-
Tio, WO,
SCBD am, TiO, 5-15 50-100 EtOH, MeOH, PrOH [49,78,172,173]
\% DC-SPU V,05 - 200 NO [174]
W DCSPU WO, - 300 H,, NO,, NO, [90,174,175]
(mo)
EVP am, WO, 17-800  150- NO, NO,, NH; [176,177]
20000
PECVD am, WO; - 100 NO, [152]
PLD WO, - 120-500 NO,, Os [142,147]
RF-SPU  am, WO, 10-400  15-4400 Au, ITO,Pd, Pt,  Ben, CH,, C,H,, CO, EtOH, H, H,S, [123,178-192]
Ru, SnO,, ZnO NH,, NO, NO,, O, SO,
Zn EVP am - - Al H, [160]
OMCVD  ZnO 20 140 TiO, Act, CO, EtOH [193]
PLD ZnO - 5-400 Al EtOH [194]
RFSSPU  ZnO 50-70 45-390 Al AlLO,, TiO,, CO, EtOH, N(CH), [195-197]
V,0,
SP ZnO 12-400 50-500 Al, CdO, La Act, C,H,,, CO, EtOH, MeOH, NO, [157,198-201]

[a] Synthesis method: for abbreviations please see Table 1. If grain sizes were not reported, crystallite sizes are listed.
SnO, refers to non-stoichiometric phases, such as SnO, Sn;O,, SnO,_,. Dopant: In(acac): In-acetylacetonate, ITO:

Crystal phase: am: amorphous,
indium tin oxide. Analyte: Act:

acetone, Ben: benzene, EtOH: ethanol, Gaso: gasoline, LPG: liquefied petroleum gas, MeOH: methanol, PrOH: propanol, Tol: toluene.
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Figure 16. XRD spectra of SnO, films deposited by SP on substrates
maintained at 300-500°C. Films deposited at >350°C are polycrystal-
line and of cassiterite tetragonal structure. The peak intensities,
especially those of (110) and (211), increase with increasing temper-
ature as the crystallites grow (12-48 nm).""

Phase transformations of tungsten oxides are even more
complex as they go through a series of phases from mono-
clinic ¢, triclinic 8, monoclinic y, orthorhombic 3, and tetra-
gonal a-WO,."¥2 Annealing temperatures for tungsten
oxides are typically in the range of 350-600 °C.[!7%154188.205.206]

For heterogeneous nucleation processes (Figure 7), crys-
talline films are rarely obtained directly during deposition,
unless the substrates are heated as described for PLD and
SP.1%141 However, in processes where the particle- and film-
formation zones are decoupled in the reactor (gas-phase
nucleation: Figure 7), crystalline films can form directly and
post-synthesis annealing is not required. For example, in
HWLP, tin oxide particles are formed in an evaporation
furnace and further sintered and crystallized in a second
furnace at 650°C prior to deposition on substrates.”” The
deposited SnO, g nanoparticles are 20 nm in size and can be
doped with Ag. Deposition of titania clusters by SCBD can
also produce crystalline films in situ without any recrystalli-
zation processes after film growth.” Brookite and anatase
TiO, along with substoichiometric (rutile) crystal phases have
been detected in as-deposited SCBD films,“*2” however
formation of amorphous layers has also been reported.”!
Crystalline particles are also synthesized by FSP as high
temperatures are prevailing during particle formation in the
flame.”! Thus, cassiterite SnO,,*! anatase TiO,,”?"” or - and
y-WO,! are obtained by flame synthesis and are directly
deposited to form particulate films (Figure 4) on substrates
(Figure 15). An example of SnO, crystallites 16 nm in size
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made by FSP is shown in Figure 18a.”?! Often flame-made
particles are captured in their metastable phases because of
the rapid cooling of the aerosol, as seen for example, for the
synthesis of anatase TiO, rather than the thermodynamically
favorable rutile phase.’™ Further enhancing the cooling of
the aerosol by flame quenching also gives access to sub-
stoichiometric phases, such as TiO,_,, which exhibit high
conductivity.®

Highly oriented crystalline films can be obtained by
growth on specific substrates, for example, improving the
sensitivity™! or selectivity®™ towards specific gases. For
example, the orientation of TiO, films can be controlled by
RF-SPU growth on sapphire substrates with various orienta-
tions.”® Nearly monocrystalline films are formed by
MBE,"Y for example, heteroepitaxial SnO, grains oriented
along the < 101 > direction.”™ The lattice parameters of thin-
film crystals may not be expected to match those of bulk
materials because of the substrate influence, as pointed out
for WO, films formed by RF-SPU on sapphire.'*”! Thus,
varying the growth conditions in RF-SPU, random polycrys-
talline films appeared in either monoclinic or orthorhombic
phases as expected for bulk WO;. In contrast, locally epitaxial
films exhibited a cubic phase with many lattice defects
(Figure 17).1%7

Figure 17. TEM image of a 600 nm thick, locally epitaxial WO; film
grown by RF-SPU on r-cut sapphire substrate. Edge dislocation defects
are visible.®"]

Grain sizes of porous and particulate films (Figure 7)
obtained with the described dry methods (Table1) are
typically in the range of a few tens of nanometers, but can
vary largely even within the same deposition method
(Table 2) as a broad range of process settings are possible
(Figure 8). Most importantly, an increase in process or
substrate temperature will increase the grain or crystallite
size, as seen for the different substrate temperatures!"!! in
Figure 16. Crystallite sizes of deposited films can be extracted
from X-ray diffraction spectra (Figure 16) unless the films are
very thin and the signals from the substrate material dominate
the spectrum.

However, mostly the grain size will determine the gas-
sensing properties and in polycrystalline particles, the crys-
tallite size is smaller than the grain size. The characterization
of grain size is challenging in particular for films formed by
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heterogeneous nucleation processes (Figure 7). Grain sizes
can be directly measured in SEM or AFM images, however at
low magnification the sizes can refer to clusters of primary
particles or even particle agglomerates as the individual
grains are difficult to visualize. In processes that decouple
particle formation and film growth (e.g. FSP; Figure 7),
particles can be collected separately (not deposited as a film),
for example, by filtration from the gas stream. Thus, grain size
characterization techniques for nanoparticles, such as nitro-
gen adsorption and TEM analysis, can be employed more
easily, but it has to be assured that these properties are not
altered by the film deposition.”! The effect of grain size
polydispersity on gas-sensing properties still has to be
addressed. Monodisperse Ag and SnO,; particles, each
20 nm in size as determined by TEM, have been deposited
by HWLP, by size-selecting the synthesized aerosols in
differential mobility analyzers.*”)

The grain size will largely govern the gas-sensing proper-
ties of nanostructured particulate or porous films; decreasing
the grain size increases the sensitivity (Figure 3).”! However,
also the agglomerate sizes and their porosity (or that of the
film) will largely influence the sensing characteristics
(Figure 4).%°! Table 2 shows the wide variety of film thick-
nesses that are feasible with most of the aerosol methods,
ranging from a few tens of nanometers (thin) to several
micrometer (thick) films. However, a fair comparison of film
thicknesses is not possible, as information on film porosity is
in most cases lacking. Very thin films, such as the ones
obtained by ALD, are rather dense (Figure 4), epitaxial, and
assumed even to function as a single grain.’” Thus, highest gas
sensitivity is found for film thicknesses comparable to the
Debye length of the sensing material.” In contrast, deposi-
tion of particulate films, for example, by FSP results in high
porosity approximately 98 % (Figure 15).°" Thus, although
these films are rather thick (Table2), the effective film
thickness is low when taking into account the high porosity of
the layer.

5.2. Dopants

Nanoparticles of noble metals (e.g. Pt, Pd, Au, and Ag)
and oxides of other elements (e.g. Fe, Zn, Ti) are often used as
dopants for gas-sensing metal oxides and they can act as
adsorption sites for analytes, surface catalysts, or as elements
that improve the thermal stability of the nanostructures.”
Dopants can be added to sensing films either in situ during
film deposition or by a combination of several processes.
Typically a good dispersion of the dopant particles over the
surface of the base oxide materials is desired (e.g. for noble
metals), however mixed oxides (e.g. solid solutions) and
segregated structures (e.g. oxide multilayers) have also been
investigated. Nobel metals typically act as catalyst on the
particle surface and rarely influence the electronic structure
of the semiconductor, in contrast to elements such as Fe, Zn,
Ti, which may enter the crystal lattice forming a “mixed oxide
semiconductor”.

In sputtering processes, targets can be prepared from a
mixture of elements which allows their simultaneous deposi-
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tion as has been shown for Cu-doped SnO,!"™ or ALO;-,
TiO,-, or V,0s-doped ZnO films by RF-SPU.I"®l Dopants can
also readily be added in situ during FSP synthesis of nano-
particles.[” The vapor pressure of noble metals is often higher
than that of the supporting metal oxide. Thus the metal oxide
particles, such as SnO, or TiO,, form first in the flame and the
noble metal clusters nucleate heterogeneously on the support
surface. This sequence has been shown for example, for Pt,>"
Au,”®! and Cu,”"! and the doped particles can be directly
deposited on sensor substrates.””! Mixed-metal oxides can
also be synthesized by FSP. An example is given in Fig-
ure 18b,c for SiO,-doped SnO, particles produced in one step
by FSP. The sinter neck size can be controlled by addition of
low amounts of silica thus enhancing the sensitivity.®? The
SiO,-doping gives improved thermal stability of the gas-
sensing nanostructures.

Often a combination of techniques is applied to deposit
dopant particles, for example, by sputtering of gold nano-
particles onto a SnO, film formed by RGTO (Figure 12b).14
Figure 19a shows an annealed (at 500°C) TiO, film synthe-
sized by ALD on a Si/SiO, substrate and subsequent
sputtering of Pd, where the Pd nanoparticles act as catalysts
for hydrogen sensing at room temperature.’* Palladium

a) Pure SnO; b) 1—4 wt% SiO, C) 4-15wi% Si0,

. - - - E . £ 3 £
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Figure 18. Control of the sintering neck size and shape and thus of the
sensing mechanisms of FSP-made SnO, nanoparticles by co-synthesis of
SiO,. a) Pure SnO, particles form large sinter necks between the crystallites
and thereby have only limited sensor response. b) Co-synthesis of SiO,
decreases and stabilizes the neck size leading to ultrahigh sensitivity.

c) Increasing further the SiO,-content isolates the sensitive SnO, and
thereby drastically reduces the sensor response. For more details see

Ref. [32].

Figure 19. a) Cross-sectional HRTEM image of a compact, polycrystal-
line TiO, film, 5 nm thick, grown by ALD. The lattice planes corre-
sponding to anatase (101) are parallel to the Si/SiO, substrate. Well
isolated Pd nanoparticles about 20 nm in size are on the underlying
TiO, film.'*¥ b) HRTEM image of Pd-doped SnO, nanorods .k The
SnO, nanorod film was obtained by PECVD, while the Pd nanoparticles
were deposited by electron beam evaporation.
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nanoparticles have also been deposited by electron beam
evaporation on SnQO, nanorods formed by PECVD.[! Fig-
ure 19b shows the well-dispersed Pd nanoparticles with an
average size of 3 nm that exhibited an improved sensitivity
towards H, compared to undoped SnO, nanorods. Improved
sensitivity has also been reported for composite materials
where layers of different oxides are applied by several
processes in multiple steps. Sandwich structures of SnO, and
CuO have been developed by wet impregnating a CuO layer
on top of a SnO, layer formed by PECVD.['? Double-layer
thin films of SnO, and Fe,O; have also been manufactured

A. Tricoli, A. Teleki, and M. Righettoni

with PECVD and subsequently doped with Pd in the wet
phase.l'*!

6. Applications of Semiconductor Gas Sensors
Prepared by Dry Synthesis

Semiconductor gas sensors have been tested in a plethora
of applications including environmental monitoring, work-
place safety, process control, and medical diagnostics. Exam-
ples of analytes and their targeted detection limits in several
applications are given in Table 3. These are correlated with

Table 3: Analytes and approximate detection threshold in various applications.”

Application Analyte  Detection threshold ~ Process Material Response [-]to gas  LOD Process T Operating T Ref.
[ppm] [ppm] lppm]  [°C] [°Cl
Environmental NO, 0.1 ACVD WO, 79.6 (0.2) 0.2 350 150 [219]
cVvD C-Sn 5 (1) 1 500 200 [220]
CVD CeO, 38 (1) 1 400 200 227
EVP WO, 7.1(1) 1 600 200 [222]
RF-SPU  SnO, 43 (0.1) 0.05 375 150 [214]
0O, 0.02 EVP WO, 17 (0.08) 0.08 600 400 [222)
RF-SPU WO, 15 (0.03) 0.03 450 523 [179]
RGTO  Fe:ln,O, 100 (0.06) at50%rh.  0.06 600 400 [223]
RGTO  SnO, 10 (0.05) 0.05 600 350 [224)
Process Control and ~ CH, 100 EVP Bi:SnO, 0.03 (100) 100 600 450 [225]
Safety RGTO  Ti:SnO, 0.9 (150) 150 260 400 g
CH,0 0.01 RF-SPU  NiO 0.105 (0.75) 0.75 450 150 [226]
co 10 FSP Pt:SnO, 3.4 (10) at 25% r.h. 1 220 450 [57]
OMCVD SnO, 0.53 (10) 1 250 350 [95]
RF-SPU  Fe:TiO, 30 (15) at 30% r.h. 15 300 300 [163]
RF-SPU  MoO, 1 (10) 1 500 400 [227]
EtOH 100 ACVD WO, 7 (20) 20 625 400 [228]
CCvD SnO, 279 (100) 100 850 300 [74]
FSP Si:SnO, 318 (50) 10 220 320 132]
MBE SnO, 1.8 (100) at 40% r.h. 100 550 400 [73]
OMCVD SnO, 8 (100) 100 600 500 [87]
PECVD Pd:SnO, 14 (50) 50 600 300 [86]
PECVD SnO, 14 (50) 10 80 450 [94]
PLD SnO, 6 (60) 60 500 450 [75]
RF-SPU  SnO, 1.5 (100) 10 400 350 [113]
H, 1000 EVP Bi:SnO, 20 (1000) 100 200 450 [229]
IAD SnO, 0.99 (1000) 100 500 250 [108]
MBE  SnO, 3.5 (1000) 1000 550 400 [73]
RF-SPU  MoO;, 18 (1000) 1000 500 300 [230]
RF-SPU  SnO, 40 (1000) 500 600 550 6]
H,S 10 cvD Cu:Sn0, 10° (10) 5 550 140 [231]
EVP Cu:SnO, 500 (10) 0.02 600 200 [232)
RF-SPU  Pt:WO; 300 (10) 1 650 220 [233]
RGTO  SnO, 208 (10) 01 527 500 [234]
NH, 10 EVP In:iZnO 1.7 (10) 1 500 400 [235]
RF-SPU  CuBr 78 (10) 1 350 RT [236]
RF-SPU WO, 1(10) 10 400 350 [237]
SO, 10 DC-SPU SnO, 120 (100) 2 520 150 [238]
OMCVD SnO, 14.8 (10) 10 RT 268 [239]
RF-SPU  Bi:WO, 1 (10) 1 400 180 [240]
Medical Act 0.1
Ethane 0.01
Isoprene 0.01
NO 0.01

[a] Response to reducing gas: R,,/R,s—1. Response to oxidizing gas: Rg./R,,—1. Analyte concentrations given in parenthesis. LOD: Limit of

detection.
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different production processes to make sensing films with
different materials, mainly SnO,, TiO,, and WO;. The
responses in the range of the detection threshold needed for
the specific application are described along with the lowest
limit of detection (LOD). Information about the process
maximum temperature and operating temperature are listed
in Table 3. Dry methods are capable of producing semi-
conductor films for gas sensors with a wide spectrum of
materials exhibiting good long-term stability and high sensi-
tivity towards a range of analytes (Tables 1 and 2). However,
only a few of the developed gas-sensing films have been
integrated in ready-to-use devices and tested in target
applications. The operation of such gas-sensing devices is
challenging as the “real” test environment is complex
(variations in temperature, relative humidity, interfering
gases etc.) and the processing of collected data requires
sophisticated electronics and algorithms. Very high sensitivity,
rapid response and recovery times (for low molecular weight
compounds), portability, and low cost are often regarded as
the benefits of devices operating with metal oxide semi-
conducting gas sensors.”!!l However, disadvantages include
the required high operation temperature, high power con-
sumption, sulfur and weak acid poisoning, and sensitivity to
humidity.*") A major drawback is also the lack of selectivity
in the presence of interfering gases. This problem has been
resolved partly by careful materials’ engineering (e.g. control
of crystal phases, addition of dopants), use of filters in the
devices (e.g. to control the relative humidity) and the
arrangement of several sensors in arrays (e.g. electronic
noses). In the following Sections, examples of gas sensors
applied in environmental monitoring, process control, and
medical diagnostics will be given.

6.1. Environmental Monitoring

Gas sensing is important for a number of environmental
applications,'? both outdoor and indoor. Polluting gases
typically have to be detected well below the maximum
authorized threshold concentration set by federal agencies so
as to assure accurate and continuous monitoring of pollution
episodes.”*"!

6.1.1. Outdoor Air Quality

Urban pollution has become a serious issue for public
health, evoking strict emission regulations and a need for
more accurate air-quality monitoring.**¥! The most common
air pollutants include nitrous oxide (NO,), fine suspended
particulate matter (PM), carbon monoxide (CO), volatile
organic compounds (VOCs), and ozone (Os), with the latter
evoking the most widespread and acute environmental
concern.”™ Ozone and NO, are taken as examples in
Table 3. It appears that the detection threshold required for
the specific application is barely reached by aerosol methods.
However, for example, RF-SPU SnO, reached 0.1 ppm NO,
detection with a relatively high response (43) while RGTO-
made SnO, was able to detect down to 0.05 ppm O;. Typically
air-pollutant measurements are carried out with rather

Angew. Chem. Int. Ed. 2010, 49, 7632-7659

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationaldiion. CEMI@

expensive and time-consuming analytical instruments, such
as gas chromatography (GC), chemiluminescence measure-
ment, mass spectrometry (MS), optical and infrared spectros-
copy.?™ These instruments are precise, however difficult to
apply for real-time monitoring in the field and thus mobile
and cheap complimentary devices are sought.

Prototypes of mobile microstations based on SnO, sensors
can detect O; and NO, concentrations down to 15 and 50 ppb,
respectively, and CO concentrations down to 3 ppm in air,
which fulfills the requirements for the lower threshold
detection limits (Table 3).?'® Operating temperature of
these prototypes were rather low (120-140°C) with fast
response times (1 min) and electronics that allow measure-
ments every 10-20s.2"%1 The final device could operate at
relative humidity and temperature ranging from 10-100%
and 5-60°C, respectively. A device based on a ZnO sensor has
also been developed to receive and transmit (through a
wireless geographic information system (GIS) network) data
as a rapid air-pollution monitoring tool to the general
public.’! A portable environmental monitoring system
with micro-sensor arrays based on pure and Pd-doped SnO,
thin films (100-140 nm) has been assembled and tested for
detection of ethanol and CH,.2'¥!

6.1.2. Indoor Air Quality

Indoor air quality monitoring is often facilitated by a more
constant environment (e.g. temperature, humidity, interfering
gases) compared to outdoor measurements. Formaldehyde is
one of the most common indoor air pollutants as formalde-
hyde resins are often used in construction materials and it is
considered a carcinogen. Micro gas sensors with sensitive
SnO,-NiO films have been developed that can detect
0.06 ppm of formaldehyde even in the presence of interfer-
ence gases, such as alcohol, acetone, toluene, and a-pinene.”*!!
Sensor data collected with a MEMS (microelectromechanical
system) metal oxide array (pure, Pd- and Pt-doped SnO,)
have been combined with human sensory data to assess the
effect of cigarette smoke, fast-food odor, manure and bio-
effluents, on the air quality in a car cabin for the design of
demand-controlled ventilation systems.**?!

6.2. Process Control and Safety

Gas-monitoring systems are essential constituents of
process control to ensure product quality. Metal oxide gas
sensors have been tested for some applications to replace or
complement more bulky and expensive analysis equipment
such as gas chromatographs (GC), with most studies focused
on monitoring the freshness of food.**! Storage life of food is
often limited by changes in flavor during spoilage. Different
volatile aroma compounds are present during each phase of
spoilage and characterize the aroma. The changes of aroma
(including compounds such as propanone, butanol, and
trimethylamine as determined by GC) during deterioration
of fish has been measured with SnO, sensors.?*!

Metal oxide semiconductors are often found in electronic-
noses (systems that include an array of sensing elements
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coupled with suitable statistical methods). This set up enables
the distinction of different gases by the pattern of response of
individual sensors and thus the recognition of complex
odors.?*2%] Electronic noses have been applied to several
food matrices, such as milk,["® tomatoes,* olive oils?*2#!
and meat.?! Sensor arrays, including films of copper, zinc,
and tin oxide, coupled with a neural network can classify fish
species and day of degradation with a resolution of a single
day.”" The applicability of SCBD-made TiO, thin films in
electronic-nose gas-sensor arrays has been demonstrated and
tested in discrimination and recognition of volatile organic
compounds (VOCs).>!

Solid-state gas sensors are mostly needed for safety
control as toxic and explosive gases have caused many
accidents. CO is one of the most important examples, and
the detection of CO by a simple device is an important area of
research.”? Some methods used to produce detectors
sensitive to low concentrations of CO are listed in Table 3.
Safety on the roads can be improved by new simple and
precise ethanol sensors that can be incorporated in alcohol
breath analyzers. In fact, many methods are suitable for
producing ethanol sensors, mainly based on SnO,. Further-
more, gases such as H, are highly explosive and the monitor-
ing of eventual leakage is important. Exhaust gases from
metallurgical industries, such as SO,, are acutely toxic and
cause problems such acid rain, photochemical smog, and
corrosion. Sensor materials prepared by different dry meth-
ods, such as sputtering or CVD (Table 3) fulfill the required
detection threshold for the process application to monitor
industrial emissions.

6.3. Medical Diagnostics

Breath analysis is a non-invasive, painless diagnostic
method that has the potential to complement classical
methods such as biopsy, blood and urine sampling.*>2"]
The Ancient Greeks had already recognized that the sweet
smell of acetone in breath accompanies uncontrolled diabe-
tes, a fishy smell is a result of liver disease, and a urine-like
smell is related to kidney failure. Modern breath analysis
developed in the 1970s when Linus Pauling detected around
200 different VOCs in exhaled air by GC. The main
components of breath are N,, O,, CO,, H,O, and inert gases.
The remaining small fraction consists of more than 1000 trace
volatile organic compounds (VOCs) with concentrations in
the range of parts per million (ppm) to parts per trillion (ppt)
by volume.***%2%I Compounds with relatively high concen-
trations in exhaled breath include ammonia (median concen-
tration: 833 ppb), acetone (477 ppb), isoprene (106 ppb),
methanol (461 ppb), ethanol (112 ppb), propanol (18 ppb)
and acetaldehyde (22 ppb).”* Analysis of human breath
samples by various analytical methods has shown a cor-
relation between the concentration patterns of VOCs and
the occurrence of certain diseases. For example, ethane and
pentane concentrations in breath were elevated in inflam-
matory diseases.”***!) Acetone was linked to dextrose
metabolism and lipolysis®? and isoprene to cholesterol
biosynthesis. Liver failure and allograft rejection result in
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elevated concentration of exhaled sulphur-containing com-
pounds.”®! Atopic asthma and lung inflammation increase
the concentration of exhaled NO/NO,.?%? 1 ooking at a
set of volatile markers may even enable recognition and
diagnosis of complex diseases, such as lung and breast
cancer.?%]

Techniques for breath analysis have progressed consid-
erably the recent years,*” however the devices have to fulfill
the requirements of high sensitivity, high selectivity, and fast
response to the analyte; low cross sensitivity to humidity;
small size and simplicity; and low production and mainte-
nance costs. Owing to technical problems of sampling or
analysis and a lack of standardization, huge variations exist
between results of different studies®™ and thus breath
analysis has not yet been introduced to clinical practice.*!
One possibility is the use of sensor arrays (electronic noses)
that bear the advantage of low fabrication cost and near-
patient diagnostics compared to MS-based analytical instru-
mentation.”®) Such arrays can contain up to 40 sensor
elements based on RF-sputtered WO; and SnO, films for
the sensitive detection of several breath components with
small cross sensitivity to ethanol or humidity.”” Sensor arrays
of SnO, have been optimized to detect acetone and tested to
discriminate diabetic from non-diabetic volunteers."*”) Nano-
sized y-Fe,O; sensors can also selectively detect 1 ppm of
acetone in the background of human breath.?”!l Epitaxially
oriented polycrystalline WO;-based thin films made by RF
magnetron sputtering are highly sensitive to nitrogen diox-
ide.””?! Monitoring of NO (0-100 ppb) in human breath with
such sensors is achieved by oxidation of NO with an oxidizing
agent and removal of interfering compounds (such as
isoprene) by a non-polar molecular sieve filter.”’? Although
chemoresistive gas sensors synthesized by aerosol routes are
sensitive to many gases and VOCs, to date they do not reach
the required low-concentration sensitivities for an application
such as breath analysis for medical diagnostics (Table 3).
Nevertheless, such detectors have already been produced for
some analytes by wet methods. For example, low concen-
trations of acetone (0.2 ppm) have already been selectively
detected by flame-made WO; deposited by drop-coating onto
sensor substrates.’!

6.4. Alternative Applications of Metal Oxide Films

Films deposited by dry methods can be used in a wide
variety of applications apart from gas sensors, as these
techniques enable rather fast and cheap processing and
precise control of material and structural properties, as has
been shown for example, for ALD.[%! Material properties for
a specific application can be optimized by growing functional
oxides in a particular direction as has been demonstrated by
MBE and PLD to synthesize ferroelectrics, ferromagnets, and
combinations thereof.* Dilute ferromagnetic semiconduct-
ing oxides are obtained by doping materials, such as ZnO,
TiO,, and SnO, with transition metals by PLD, MBE, and RF-
SPU.?" Transparent ZnO films formed by RF-SPU or PLD
are suitable as thin-film transistors for large area, flexible
electronics.’™ Films of LiMn,O, for electrodes in lithium-ion
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batteries have been deposited by FSP and stabilized by in situ
annealing.?”

Photocatalytic films of ZnO, SnO,, WO;, and Fe,O; are
applied in a range of environmental applications for the
degradation of organic pollutants.”® Films of photoactive
TiO,*" are commonly used for purification of indoor VOCs
and can be deposited by CVD, MOCVD, or DC/RF-SPU.!"*
Flame-made TiO, films have also been applied in water-
splitting photocells achieving a UV-light to hydrogen con-
version efficiency of 11 % .

An opportunity is in the field of dye-sensitized solar cells
(DSSCs) that could replace conventional solar cells based on
photovoltaic devices.””” The main drawback of DSSCs is their
low efficiency, however, this could be improved by novel
processing techniques, that facilitate manufacturing and allow
the production of flexible, solid-state solar cells.”””! Deposi-
tion of a nanometer-thick coating of an insulating oxide over
the semiconducting film in these solar cells may reduce
recombination losses.?®"! Titania films deposited by flame
aerosol reactors have already been tested as DSSCs and gave
a maximum efficiency of 6.0 %.[5%

7. Summary and Outlook

Dry processes allow the rapid and scalable synthesis of
metal oxide, nanostructured films for application as semi-
conductor gas sensors. A great variety of pure and doped,
single and mixed oxides are feasible, and allow control over
the growth of their crystal phase and planes. Furthermore, dry
processes offer a superior control than wet methods over film
morphology in terms of thickness and porosity which has
important implications for the modulation of the sensor
properties. The control of both material characteristics as well
as film structural parameters is feasible.

Completely dense films are obtained by controlling the
deposition rate to the substrate on the atomic or molecular
scale with accurate ALD or MBE methods. The thickness and
roughness of these gas-tight films can be optimized to provide
sufficient sensitivity in agreement with the theoretically
calculated space-charge thickness (Debye length).

Porous films can be deposited by several methods includ-
ing spray pyrolysis, sputtering, PLD, CCVD, and RGTO.
Although they are characterized by an inhomogeneous
morphology consisting of particulate and dense regions,
their total porosity is controllable by varying standard
operation parameters, such as temperature, pressure, and
precursor feed rate. A correct choice of these parameters
leads to sufficient penetration of the gas into the film, while
preserving small grains, and thereby the high sensitivity
observed for CCVD-made films. Furthermore, these methods
allow tailoring of the crystal-plane orientation during film
growth, which could be an important parameter to improve
the poor selectivity of metal oxide sensors.

Deposition of airborne nanoparticles from aerosol sour-
ces such as HWLP, FSP, and SCBD leads to the synthesis of
particulate films, where grain and crystal size, porosity and
thickness are freely adjustable parameters. This novel cat-
egory of deposition methods combines the good control over
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the grain properties typical of (thick film) wet methods with
the precise control over film thickness of (thin film) aerosol
processes. The sensor response obtained by these aerosol
methods is often higher than that by classical dry methods.
Furthermore, film morphologies that are more homogenous
than in wet or classical dry methods are obtained. Never-
theless, the role of grain size polydispersity, sinter neck size,
and agglomeration on the performance requires further
research. The mechanical stability of such particulate films
is generally poor but could be increased by appropriate post-
synthesis treatment.

In conclusion, a wide spectrum of analytes can be detected
already with metal oxide gas sensors made by dry-synthesis
methods, however few of the synthesized films have been
tested in target applications under “real” measurement
conditions (e.g. presence of interference gases, variation in
temperature and relative humidity). Future research should
address gas-sensor selectivity and the construction of smart
devices for the target applications. Incorporation of these
sensing films in ready-to-use devices, might pose further
requirements on the sensors, such as deposition on heat-
sensitive substrates and high selectivity even at the cost of
lower sensitivity.
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