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Abstract

Thin films (50-200 nm) of SnO,-TiO, were deposited on SiO,/(001)Si substrates by RF-sputtering and by molecular beam
before they were annealed in vacuum at 200—-900°C. In-situ TEM, XRD, SEM, Raman and IR-spectroscopy were used to analyze
the structure transformations in the SnO,-TiO, films. In the as-deposited state, the films are amorphous. They crystallize at higher
temperatures (starting at about 500°C) forming nanosized grains. The problem of the spinodal decomposition in the SnO,-TiO,
system observed earlier at high temperatures is discussed also for low-temperature processing. The stoichiometry of the films of
both groups (reactive ion sputtered and high-vacuum e-gun sputtered) is being compared. © 2000 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Metal—oxide semiconductor thin films are promising
for gas sensors due to the dependence of their electrical
conductivity on the environmental gases such as, e.g.
0,, CO, H,0, NO,, etc. [1-3]. Two main mechanisms
are responsible for gas sensing. (A) The bulk diffusion
of oxygen from outside into the oxide, compensating an
original deficiency of oxygen, which is typical of most
metal oxides (occupation of O-vacancies as the donor
centers, in the oxide increases the resistivity). These
oxygen-sensitive devices are working at high tempera-
tures mainly in combustion systems. A material for the
latter is a Ti-oxide in the crystalline form (rutile, ana-
tase) or a ZrO,-oxide. (B) The low-temperature
chemisorption (at 100-500°C) of environmental gases
on the surface of multiple grains, changing the surface
state and charge distribution inside the grains and
therefore governing the resistivity of polycrystalline
films. A material typical of B-type sensors is a Sn-oxide,
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preferentially in the cassiterite form. Area of B-sensors
use is reducing gas (H,, CO, etc.) detection. Metal-ox-
ide sensors produced via sintering, sol-gel processes (in
the case of thick films) or by reactive ion sputtering
(RIS) and e-gun sputtering (EGS) build up the films,
which are thin and porous. The pores serve as channels
for the gas transport to provide the material resistivity
response and, on the other hand, the gas evacuates
through the pores during recovery. The pore fraction
within the metal-oxide structure reaches at least 10—
20%. TiO,-sensors are sufficiently sensitive only at ele-
vated temperatures and stable up to 800—1000°C. The
relatively low-conductive mixture of amorphous/rutile
TiO, films deposited by RIS showed better sensing
properties than that of EGS-TiO, amorphous/anatase
films [4]. Above 400-500°C (oxygen losses), the low-
temperature SnO,-sensors suffer from a structure insta-
bility and poor selectivity. The SnO,-TiO, system
seems to combine the positive features of both sensor
materials, viz. SnO, and TiO,.

The equilibrium phase diagram of the SnO,-TiO,
system, obtained only above 800-900°C, presents a
solid solution with a miscibility gap [5]. Detailed studies
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of the solid solution spinodal decomposition [6—10,16]
showed that the non-decomposed part of the solid
solution diagram occupies only narrow areas of about
0-15% close to the SnO, or TiO, corners, respectively.
The spinodal decomposition process is represented
morphologically in the formation of lamellar multilay-
ers (in monocrystalline bulk SnO,-TiO,).

Recently, SnO,-TiO, ceramics and films with about
5-10% TiO, (out of the high-temperature miscibility
gap) were suggested to be applied as high-temperature
resistors [11] and to sensors for hydrocarbons and
hydrogen gases [12—14], always to increase the upper
temperature limit of the device stability.

The paper presents a comparative analysis of
Sn0,-TiO, films deposited by both RIS and molecular
beam (MB, version of the EGS) techniques, emphasiz-
ing decomposition features in the solid solution, that
govern the temperature stability of the structure of the
sensor.

2. Experimental

We used two types of SnO,-TiO, films: (a) rf reactive
ion sputtered (RIS) from Ti—Sn metallic mosaic targets
(see [14]), and (b) deposited by means of electron gun
molecular beam (MB) sputtering from SnO, and TiO,
targets. During deposition the substrates were kept at a
temperature of 200°C. The films were deposited on
Si0,/(001)Si, glass and on cleaved NaCl crystals (for
TEM). The film thickness ranged from 50-200 nm.
Rutherford backscattering and electron probe micro-
analysis (EPMA) were used for compositional analysis.
Both the RIS and MB SnO,-TiO, films, usually amor-
phous in the as-deposited state, were annealed in a
hot-wall furnace at a vacuum of ~ 10~° Pa at temper-
atures between 200 and 850°C or in situ in a JEM-1000
microscope (1 MeV acceleration voltage) in the same
temperature range. The film morphology was studies by
high-resolution SEM. For the XRD analysis, we used
the grazing beam geometry. The optical properties were
determined by optical spectroscopy.

With respect to their composition, the plasma-de-
posited RIS-films were more stoichiometric than the
MB ones deposited in high vacuum. The latter ones
were characterized by some deficiency of oxygen (5—
20%), especially the SnO,-rich films.

3. Results and discussion

3.1. Film morphology

A smooth relief of RIS and MB-films is typical after
the films deposition and after their annealing in vacuum
up to 500°C. It is interesting that further annealing
SnO,-rich SnO,-TiO, MB films at higher temperatures
(Fig. 1a, 700°C, 1 h) leads in the case of the SnO, phase
separation (white snowflakes-like hillocks, the composi-
tion of which is analyzed by EPMA). With annealing
temperature increasing the hillocks vanish and the film
relief sharpens (Fig. 1b, 800°C, 1 h). After annealing
Sn0O,/TiO, = 50/50 for 1 h at 500°C the MB films show
morphology of large grains.

3.2. XRD analysis of thick (~ 200 nm) films deposited
on Si0,/Si substrates

The phase analysis of the RIS SnO,-TiO, films per-
formed earlier [14,15,17] show that in the as-deposited
state and after annealing, the SnO, films display a
cassiterite phase, the TiO, films are rutile/anatase mix-
tures and the intermediate compositions are predomi-
nantly mixtures of solid solutions based on SnO, and
TiO, compounds as it was shown for bulk ceramic
samples annealed at T > 800°C [5-10]. In this study,
the structure of the pure SnO, and TiO, samples was
comparable to that of cassiterite and rutile/anatase,
respectively. The XRD features of titania films were
typical of anatase similarly to the e-gun films deposited
in high vacuum [4]. The tin-oxide MB-films in the
as-deposited state were partially reduced showing XRD
spectra typical of SnO, phases (mixtures of cassiterite
Sn0O,, Sn;0, and SnO). In the SnO,-TiO, film con-
tained 30% SnO,, the structure of the non-decomposed

Fig. 1. SEM of molecular-beam deposited SnO,-TiO, films (70%Sn0,) after vacuum annealing for 1 h at 700 (a) and 800°C (b).
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Fig. 2. Raman spectra of TiO,-SnO, (Ti, _ .Sn,O,) MB-films with
x=0.1to 0.9.

solid solution remained unchanged (with the corre-
sponding XRD peak position fixed) from the as-de-
posited state up to 850°C. Only the crystalline phase
and the crystals were increasing in size with rising
annealing temperature. For the SnO,-TiO, 50/50 alloy,
after annealing at 700—850°C we obtained the non-de-
composed solid solution with a lattice spacing between
cassiterite and rutile. However, in the tin-oxide rich
films (70% SnQO,) the typical structure was a mixture of
rutile, cassiterite, tin and titanium suboxides (Magneli
phases [18], Ti,O,,; and Ti,,0,,).

3.3. Raman spectroscopy
The Raman spectra of nanocrystalline tin-dioxide

[19,20] and titanium-dioxide [21,22] as two tetragonal
compounds of the rutile type are well-known and have
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Fig. 3. IR-spectra of the MB-film of 50%Sn0,/50%TiO, in the

as-deposited state (amorphous, curve 1) and annealed at 500°C for 15
min in vacuum (amorphous + anatase + Sn-suboxides, curve 2).

been characterized in detail. Recently, the Raman spec-
troscopy technique was applied to the SnO,-TiO, sys-
tem to reveal the spinodal decomposition features in the
ceramic (bulk) state [23] and in the form of the sol—gel
films [24]. Coherent (001) spinodals manifesting the
decomposition effect were detected in ceramic samples,
but no decomposition was observed in Ti, _ . Sn O, film
samples with x = 0.3 to 0.6, the lattice of which, never-
theless, showed strong octahedral distortion.

Fig. 2 shows Raman spectra of our ‘thick’ Ti, _
xSn, O, MB-films with x = 0.1 to 0.9 after annealing at
500°C for 1 h (spectra area range between ~ 420 and
570 cm~! were excluded due to a strong parasitic
Si-substrate signal at ~ 520 cm ~!). The regular shift of
the E,-peaks from the TiO, position to the SnO, one, is
probably typical of suboxidic mixtures, is remarkable.
We believe that the small peak at 840 cm ', the
intensity of which slightly increases with x as a specific
characteristic to the SnO,-component, proves that some
SnO, clusters are stable throughout the film. A strong
peak A, (~650 cm ') at x = 0.7 surely belongs to the
separated SnO, phase. Therefore, Raman spectra can
be considered to favor the model of mixed solid solu-
tions (decomposition).

3.4. Optical absorption spectroscopy

The optical gap obtained by using the FT-spectra of
the ‘thick’ MB-films (on glass) can be separated into
three groups for Ti, . Sn O, with x =0 to 1 (we use this
simple complex formula notwithstanding of some of
oxygen film nonstoichiometry ‘y’, more accurate would
beTi; . Sn O, ,):

1. x=1-0.7, W(opt.) =2.22.4 eV for the films crystal-
lized at 500°C, and for the as-deposited films that
are amorphous or semi-crystalline, respectively;

2. x=0-0.3, W(opt.) =3.2-3.37 eV for the films crys-
tallized at 500°C, and for the as-deposited films that
are amorphous or semi-crystalline at 500°C,
respectively;

3. x=0.4-0.6 representing the very interesting case of
the ‘two-gap state’ with a two-shoulder optical ab-
sorption slope, one-typical of SnO,, another one-
typical of TiO,. Fig. 3 shows the film of
Sn0O,/Ti0, = 50/50, in the as-deposited state (curve
1: the slopes correspond to 2.4 and 3.1 eV for SnO,
and TiO, component, respectively) and after anneal-
ing at 7= 500°C (curve 2: the slopes correspond to
2.4 and 2.95 eV, for SnO, and TiO, component,
respectively).

Compared with the data of Raman spectroscopy, the
optical absorption data show a better agreement with
the two-phase mixture mode of the TiO,—SnO, system
not only in the crystallized state but also in the as-de-
posited amorphous or semi-crystalline state.
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Fig. 4. Plane-view TEM micrographs of SnO, and TiO, films during in situ annealing: (a) RIS-SnO,, 600°C, 15 min, cassiterite; (b) RIS-TiO,,
500°C, 1 h, rutile (r) and anatase (a) mixture (the ‘7’ and ‘@’ reflections are shown in corresponding selected area diffraction (SAD) images); (c)
MB-TiO,, 550°C, 15 min, anatase, and (d) MB-SnO, film crystallized on NaCl substrate in the as-deposited state showing a layered structure of
cassiterite and Sn-suboxides. Figures (a), (b) and (c) are dark-field images, (d) is bright-field one.
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Fig. 5. Plane-view TEM micrographs (dark-field) of SnO,-TiO, RIS films during in situ annealing: (a) 10%Sn0,/90%TiO,, 550°C, 15 min; (b)
diffraction features in as in Fig. 5a but here for the film with 35% SnO,; (c) layered decomposition of the 10%Sn0O,/90%TiO, MB-film into the
Sn-suboxides and anatase TiO, crystals.

3.5. TEM in situ analysis of thin (~ 50 nm) films
deposited on rock salt

Fig. 4 and Fig. 5 show the RIS and MB SnO,-TiO,
after their in situ crystallization. The main results of the
TEM investigations are:

1.

In the as-deposited state RIS SnO, films are amor-
phous and crystallize at temperatures above 700°C
forming mainly cassiterite crystals with probably a
small amount of Sn-suboxides (that manifests in
diffraction rings broadering in the area of ~ 2.5 to

3.5 A, which is typical of strong suboxide reflec-
tions). Crystallization occurs via an extraordinary
high nucleation rate but the crystal growth rate is
low. The resulting structure is nanocrystalline with
an average grain size of 10-50 nm (Fig. 4a).

. RIS TiO, films start to crystallize at ~ 500°C, oc-

curing as mixtures of anatase and rutile with the
rutile fraction increasing with the temperature in-
crease. The film morphology presents nanocrys-
talline conglomerates. The amorphous phase exists
in the structure up to ~ 700°C (Fig. 4b).



F. Edelman et al. /| Materials Science and Engineering B69—70 (2000) 386—391 391

3. MB TiO, films demonstrate the crystallization pro-
cess with a low nucleation rate and a large grain
growth rate starting (and finishing after 1 to 2 h) at
~ 500°C and resulting in large grain (up to 5-10
pm in size) structure.

4. MB SnO, films show large-area monocrystalline
growth over the NaCl substrate during their deposi-
tion. The crystallized phases are cassiterite and Sn-
suboxides, often in mutually oriented multilayered
structures (Fig. 4d).

5. The dominant structure of the SnO,-TiO, films
crystallized at 500—600°C is a mixture of rutile with
cassiterite (in the case of RIS films, with a low SnO,
content, Fig. 5a,b) or with Sn-suboxides (in the case
of MB films, with a high SnO, concentration). In
some large grains of the MB-films we have detected
the lamellar growth originating possibly from the
spinodal decomposition process (Fig. 5c). The crys-
tallization of the MB-films often results in the pre-
cipitation of low-oxygen Sn-suboxides.

XRD and TEM analysis of the SnO,-TiO, films both
in the as-deposited state and after ex-situ and in-situ
vacuum annealing show an obvious structural differ-
ence between films deposited by RIS or by MB-sputter-
ing. In the last case (MB, high-temperature sputtering
from initially molten state in vacuum), no stoichiomet-
ric SnO, (cassiterite) phase is observed and furthermore
the titania phases were found also in the suboxide form.
The films produced by RIS-processing in oxidation
environment did not suffer of oxygen non-stoichiome-
try and show predominantly the cassiterite-anatase/ru-
tile mixtures, at least in the as-deposited state and after
low-temperature annealings in vacuum.

4. Summary

1. The crystallization processes of SnO,-TiO, films
deposited by means of RF-sputtering and molecular
beam on SiO, and NaCl substrates have been inves-
tigated by means of electron microscopy, X-ray
diffraction, Raman and IR spectroscopy to prove
the model of the spinodal decomposition into the
Sn0O,-TiO, system at temperatures below 800°C.

2. The RIS films annealed in vacuum had decomposed
into SnO, and TiO, (anatase, rutile) mixtures at
~ 500 to 600°C. In the MB-films the decomposition
is clearly expressed in the case of high SnO, (=
50%) concentrations.

3. Further application of the molecular beam process
(and, in general, the e-beam deposition in vacuum)

of creating sensor structures needs the control of the
oxygen stoichiometry by adding in situ atomic oxy-
gen to the growing material or via the thin film
oxidation after deposition.
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