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Abstract

A sol-gel process for TeO, thin layers synthesis was developed, including the tailoring of the tellurium alkoxide reactivity, their preparation by
dip-coating and the effects of heat treatments on their structure and microstructure. High quality thin films were made by dipping silica glass
substrates in solutions prepared in the tellurium isopropoxide, isopropanol, citric acid and water system. The structure and microstructure of
the films were characterized by X-ray reflectometry, X-ray diffraction, optical and scanning electron microscopies as a function of the chemical
parameters of the sol, withdrawal speed, temperature and time of annealing. They were found to be highly dependent on the initial thickness and
applied thermal treatment. Indeed, TeO, thin films could be either quite fully dense and amorphous or made of randomly orientated y-TeO, or/and
a-TeO, crystals. Firing at the highest tested temperature (~450-500 °C) promotes grain growth and islanding, so producing a layer of textured but

isolated grains.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Tellurium oxide-based materials have attracted considerable
research interest in recent years due to their high refractive index,
good non-linear optical properties and electrical semiconduc-
tivity appealing for many different applications.! Nevertheless,
the limited success of practical exploitation of tellurite materials
may be attributed to difficulties encountered in the synthesis of
thin films that are required in optical and integrated electronic
devices. Indeed, the processing of TeO,-based glasses is gener-
ally performed by a conventional melting-quenching technique,
which is well suited to produce bulk glasses® but inappropriate,
to date, to produce thin films.

Among all methods of thin film synthesis, chemical or physi-
cal vapour deposition, pulverization, molecular beam epitaxy or
laser ablation, the sol—gel processing offers an attractive route
for the fabrication of such materials into devices. Moreover, its
interest is unquestionable mainly because of its low cost, its eas-
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iness to control the synthesis parameters and the high precision
in mixing different precursors for the fabrication of multicom-
ponents oxides layers.>*

The synthesis of high quality TeO,-based thin films by either
a dipping, spinning or spraying coating process requires the
very high reactivity of tellurium alkoxides towards water to be
solved. In a first step, a wide range of chemical modifiers>® were
investigated and found to be ineffective at retarding hydrolysis
of tellurium alkoxides. Up to now, there have been very few
reports on the successful production of high quality thin films
from these precursors, although a study by Weng and Hodgson’
did demonstrate that precipitation could be avoided by using a
large amount of 1,2-propanediol and very low Te-alkoxide con-
centration and that thin films could be synthesised in a very
limited composition range. More recently, the problems in use
of tellurium(IV) alkoxides have been overcome by using, on
the one hand, a tellurium(VI) complex precursor.® On the other
hand, citric acid® was found to be the most efficient and suit-
able chemical modifier to control hydrolysis and condensation
reactions of tellurium(IV) isopropoxide.

In the present work, we aim to show that citric acid is
a relevant tellurium isopropoxide chemical modifier and par-
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ticularly promising for sol-gel thin films realisation. Tellu-
rite thin layers are deposited on silica glass substrates by
a dip-coating technique from sols prepared in the tellurium
isopropoxide—isopropanol—citric acid and water system. Their
structural and microstructural evolutions are investigated by
X-ray reflectivity, X-ray diffraction, optical and scanning elec-
tron microscopies as a function of the chemical parameters of
the sol, withdrawal speed, temperature and time of annealing.
Corresponding gels and xerogels are also considered in a com-
plementary way.

2. Experimental details
2.1. Sols, gels and films synthesis

All syntheses were performed in a glove box under
dry air atmosphere. First, the tellurium isopropoxide
(Te(OCH(CH3)32)4, purity >99.9%, Alfa-Aesar) was diluted
in anhydrous isopropanol (purity >99%, Prolabo) to give a
1 mol/L solution. Second, citric acid was dissolved in a mixture
of this solution and anhydrous isopropanol with appropriate
amounts in order to reach the desired alkoxide concentration
C and modification ratio R = [citric acid]/[Te-alkoxide] at the
end of the synthesis. Finally, a solution of water diluted in
isopropanol was added drop-wise under vigorous mechanical
stirring. Each precursor sol was identified by its alkoxide
concentration, C, modification ratio, R, and hydrolysis ratio
W=[water]/[alkoxide]. In this work, W was generally kept
equal to 4, the stoichiometric quantity to fully hydrolyse the
Te-isopropoxide. These homogeneous, clear and transparent
sols were used either for gels or thin films synthesis.

In the former case, the glass vessel was hermetically closed
and kept at room temperature or 60 °C until gelation occurred.
The gelation time was defined by observing the gel surface
stiffness after tilting the sol container from time to time, the
interval between two observations being obviously related to
the expected gel time. We assume that the sol is gelled when the
surface remains absolutely flat during tilting, i.e., with no defor-
mation. According to the drastic changes of the gel time with
the citric acid ratio as well as the alkoxide concentration, such
simple method is accurate enough for gel time determination.

In the latter case, the coating of tellurium oxide precursor
films was carried out just after the sol synthesis using a dipping-
withdrawing method under ambient conditions. Polish mirror
silica-based glass (Vycor: 96 mol% SiO2—4% B,03, Goodfel-
low, France) was used as coating substrates. The withdrawal
speed was ranging from 1 to 200 mm/min.

The xerogels as well as the dried films were then fired in
an electric furnace at a rate of 5 °C/min up to the desired tem-
perature and for the chosen annealing time. The first steps of
thermal evolution of the films were analysed from a single thin
film undergoing a “cumulative heat treatment”, i.e., the firing of
the sample was stopped in step of 50 °C from 20 up to 550 °C,
the sample was air quenched and then successively characterized
by X-ray reflectivity, X-ray diffraction and microscopy before
being reintroduced into the furnace at the same temperature for
the continuation of the annealing. Xerogels were also investi-

gated by using differential scanning calorimetry (DSC) coupled
with thermogravimetry (TG) and performed from 20 to 550 °C
with a heating rate of 10 °C/min under air atmosphere using a
Netzch STA 409 instrument.

2.2. X-ray experimental set-ups

The tellurium oxide thin films were examined by X-ray reflec-
tivity (XRR). The data were collected by using an original angu-
lar dispersive reflectometer! initially developed by Naudon et
al.'! All reflected beams were simultaneously recorded by using
a linear position sensitive detector (INEL LPS 50). As no move-
ment of both the sample and the detector was necessary during
the measurement, the exposure time necessary to data recording
was obviously considerably reduced, typically about 4h. The
microstructural parameters such as thickness, X-ray refractive
index and both surface and interface roughness (rms), as defined
by Nevot et al.,'> were obtained by fitting the experimental data
by using the well-known Parratt formalism. '3 In the range of the
X-ray radiation, we recall that the index of refraction is complex
and commonly written'4:
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where re is the classical electron radius, re =2.818 x 10~ m
N, the Avogadro number, A the wavelength of X-rays and p is the
material density. Z;, f/, f/’, n; and A; are respectively the atomic
charge, the real and imaginary parts of the anomalous dispersion
terms,!> the atomic fraction and the atomic mass of species i
composing the material. The real part of the refractive index
is characteristic of the refraction whereas the imaginary part is
characteristic of the absorption. The values § and 8 are very
small and typically of the order of 10~ to 10~8. Consequently,
the real part of the refractive index being smaller than 1, the
total reflection of X-rays is observed for incidence angles below
a critical angle a., which is defined by e = +/28 if absorption
is negligible.

X-ray diffraction was used to determine the crystalline
phases after heat treatment. The diffractometer consists in a
Debye—Scherrer-like set-up, operating on flat samples, fitted
with a forward quartz monochromator (Cu K, radiation) and
a curve position sensitive detector (CPSD INEL, 120° angu-
lar aperture) allowing the diffracted peaks to be simultane-
ously recorded.'® This asymmetric geometry under controlled
and fixed incidence is particularly suitable for surface char-
acterization and thin film structure analysis. The incidence
angle w was fixed to about 3-7° in order to favour the irra-
diated volume of the layer without impairing the resolution,
i.e., without an excessive broadening of the X-ray diffraction
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line profile. To evidence preferred crystallographic orientations,
XRD patterns were also performed in symmetric configura-
tion, i.e., by setting the incidence beam angle w exactly to the
Bragg angle 6y; of the Bragg peak of the TeO; phase under
consideration.

3. Results and discussion

From the standpoint of gelation study, the alkoxide con-
centration C was varied between 0.05 and 0.9 mol/L while the
modification ratio R was ranging from 0 to 2, W being kept equal
to 4. The precursor sols evolution at room temperature (about
20°C) was so low that the gelation study was then systemat-
ically conducted at 60 °C. The final state of the gels was first
assessed according to homogeneity, transparency and mechani-
cal rigidity.

For 0<R<0.3 and whatever the value of C, precipita-
tion always occurred as soon as the water—isopropanol mix-
ture was added. For large modification ratios, R>1.2, gela-
tion did not occur and precipitation was also observed after
an incubation time depending on C. For 0.3<R<1.2, the
final products were gels that differed according to C. Near
the precipitation boundaries or for the highest concentrations,
C>0.7mol/L, the gels were inhomogeneous and became tur-
bid. For 0.1 < C<0.7 mol/L, very homogeneous and transparent
gels were synthesised with a very good rigidity. When the alkox-
ide concentration was decreased to about C=0.1 mol/L, the gels
turned soft. Below this limit, a phase separation was noticed and
the samples were composed of a very soft gel surrounded with a
liquid phase. As generally observed for sol-gel chemistry,® the
gelling time ¢, for a given concentration, increases drastically
when the modification ratio increases. In the same way, for a
given R, t decreases when C is increased. For example, with
C=0.5mol/L and W=4, this gelling time ranges from 0.25 to
200 h for R=0.4 and 1, respectively.

From these macroscopic observations, a major finding was
that citric acid is a relevant Te-isopropoxide chemical modifier.
For a better understanding of the basic reactions involved in
the gelation process, a complementary study® by using Fourier
transform infra red spectroscopy (FTIR) and small angle X-
ray scattering (SAXS) has been carried out. The FTIR inves-
tigation has evidenced that citric acid is strongly bonded to
Te-isopropoxide, slowing down the hydrolysis and condensa-
tion reactions. From the standpoint of SAXS measurements, the
gelling network is always made of interconnected fractal aggre-
gates, constituted of very small Te-rich elementary particles
of 2-3nm in diameter. The elementary particles are instanta-
neously formed when the water is added and their size and
number do not evolve during the gelation. The fractal aggre-
gates result from their hierarchical aggregation according to a
reaction limited cluster aggregation mechanism. Whatever the
citric acid ratio, the fractal dimension of the aggregates remains
constant at about 2.1 in spite of the sticking probability variation.
Consequently, the microstructure of the gels is self-similar for
a wide range of alkoxide concentrations and only differs from
their fractal aggregate size which decreases when the tellurium
isopropoxide concentration increases. These results as well as
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Fig. 1. DSC and TG results of citric acid, a mixture of citric acid and isopropanol
and xerogels synthesized from precursor sols which chemical parameters are
C=0.5mol/L, W=4 and various complexing ratio R.

the phase diagram previously summarized have been described
in details elsewhere.”

The xerogels are obtained by drying these gels at 60 °C
and then 100 °C for 24 h, an intermediate grinding being pro-
cessed. Their decomposition process, under air atmosphere,
was investigated by DSC, TG and XRD. In Figs. 1 and 2 are
respectively displayed the thermal analysis and X-ray diffrac-
tion results of the xerogels synthesised with a fixed concen-
tration, C=0.5 mol/L, located in the centre of the transparent,
homogeneous and mechanically rigid gels domain, and various
complexing ratios R. After drying, all xerogels are amorphous.

Whatever the complexing ratio R, the DSC and TG curves as
well as the crystallisation sequence of the TeO, phases exhibit
the same feature except for a slight temperature shift. At heat
treatment temperatures between 200 and 280 °C, DSC and TG
results show an exothermic peak which height decreases when R
increases. This process associated to a large weight loss, from 30
to 47%, may be attributed to the combination of evaporation and
combustion of un-reacted citric acid and organic components.
This organic groups decomposition leads to the occurrence of
a partial reduction of the hydrolysis products to form metallic
tellurium as revealed by XRD. As the temperature is increased,
several exothermic processes overlap leading to their unambigu-
ous attribution rather difficult. Nevertheless, accordingly to the
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Fig. 2. X-ray diffraction patterns of xerogels synthesized from a precursor sol
which chemical parameters are C=0.5mol/L, W=4, R=0.7 and fired at vari-
ous temperatures from 100 up to 400 °C for 1h. In the inset, phases existence
domains as a function of the annealing temperature and complexing ratio R.

XRD patterns, they may be successively attributed to the crys-
tallisation of y-TeO;, to the combustion of organic components
as suggested by a lower continuous weight loss, about 10-15%,
then to the progressive transformation of y-TeO» into the o-
TeO, phase and finally to the a-TeO» crystallisation. Finally, a
slight increase of weight for the highest temperatures is due to
the oxidation of metallic tellurium since XRD patterns exhibit
its disappearance.

The visual observations of the xerogel powders treated at
various temperatures between 100 and 550 °C have finely cor-
roborated the DSC and XRD results. They have shown that the
powders underwent three distinct changes on heating. The xero-
gel colour changed from being initially white powders to more or
less dark brown/black for moderate temperature heat treatments,
followed by a progressive brightening after further increase of
the annealing temperature and finally leading to recover white
colour powders. These features were similar in each xerogel
powder, although the temperatures and occurrence of the dark-
ening and brightening were dependent upon the xerogel compo-
sition, i.e., upon the citric acid ratio and alkoxide concentration.
Therefore, these colour changes correspond respectively to the
initial amorphous state prior to heat treatment, followed by the
formation of crystalline Te metal with subsequent crystallisation
of TeO, polymorphs at higher temperatures.

The formation of metallic tellurium as dark precipitates on
heating sol gel precursors has been previously reported in a num-
ber of studies.” 2% The ensuing development of y-TeO, crys-
tals, which may act as nucleation sites for the subsequent growth
of a-TeO; crystals, has been suggested to occur from the oxida-

tion of previously formed rich metallic tellurium domains.?’

However, the appearance of y-TeO, phase directly from the
amorphous precursor cannot be totally ignored. Such low tem-
perature crystallisation as well as the well-known poor glass
former ability of tellurium oxide in its pure form prevent the
amorphous xerogel to TeO, glass conversion which will be more
or less detrimental or beneficial depending upon the aimed mate-
rial application.

The thin films synthesis conditions have been deduced from
the FTIR, SAXS, XRD, xerogels thermal analysis and gelation
studies. In the one hand, the complexing ratio R has to be high
enough to avoid precipitation during substrate withdrawal. In
the other hand and in combination with water content, it has
to be as low as possible to prevent metallic tellurium crystalli-
sation. Thus, the complexing ratio R of the precursor sol was
kept in a rather limited range from 0.5 to 0.7 and W being gen-
erally equal to 4. Then, the coatings deposited on vycor glass
wafers have been synthesised from various Te-isopropoxide sol
concentrations C ranging from 0.1 to 0.5 mol/L and withdrawal
speeds. After a drying at 100 °C, the films are transparent, con-
tinuous, homogeneous and crack free as observed by optical
microscopy.

The experimental X-ray reflectivity curves recorded for the
uncovered vycor substrate and for the as prepared coatings are
plotted in Fig. 3, the solid lines corresponding to the best fit of
the Parratt model function. The intensity of the reflected beam
by the vycor substrate shows a classical evolution of the reflected
intensity versus the incidence angle o for a dioptre separating
two media of different electronic densities. The measured critical
angle corresponding to total reflection, o, =0.21°, is in very
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Fig. 3. Withdrawal speed dependence of the X-ray reflectivity curves for as
prepared thin films coated on silica glass wafer (a) from a precursor sol with
C=0.1mol/L, R=0.5, W=4 and at withdrawal speed of 10 mm/min (b) and
100 mm/min (c). Curves are arbitrary vertically shifted for clarity. Experimental
points (symbols) are well fitted by using the recursive Parratt formalism (lines).



A. Lecomte et al. / Journal of the European Ceramic Society 27 (2007) 1151-1158 1155

good agreement with the theoretical value of 0.216° and the
root means square roughness is about 0.8 nm.

The reflected intensity curves obtained from the as prepared
layers present oscillations (Kiessig fringes) which are significant
of continuous, homogeneous and uniform layers.!” From the
simulations, the layer microstructural parameters, its thickness,
refractive index and roughness have been deduced.

For a Te-alkoxide concentration C fixed at 0.1 mol/L, the
thickness of the dried layers increases, accordingly to the
Landau-Levich law,3 from about 26 to 97 nm when the with-
drawal speed is varied from 10 to 100 mm/min, respectively.
The rather weak depth of the Kiessig fringes collected for these
raw coatings is due to their refractive index which is quite close
to the substrate one. The root means square roughness param-
eters, measured for each interface, are lower than 1 nm and in
the same range than the one of the substrate, such low values
attest of the good quality of the sol-gel TeO,-based layers. In
the same way, their thickness has been also varied by managing
the alkoxide concentration. For example, it evolves from 26 to
105 nm for C=0.1 and 0.5 mol/L, respectively, the withdrawal
speed being fixed at 10 mm/min.

We turn now to the thermal evolution of these layers. The
thermal evolution of the thin films microstructure has been
investigated on a single thin film coated at a withdrawal rate
of 100 mm/min from a sol with the following composition:
C=0.1 mol/L, R=0.5 and W=4. Then, the resulting sample has
been fired with the “cumulative heat treatment” up to 500 °C, as
described in the experimental part.

The experimental X-ray reflectivity curves recorded after
each thermal treatment are plotted in Fig. 4. As the temperature
increases, the position of the critical angle as well as the period of
the interference fringes continuously increase. The correspond-
ing thicknesses, § and B values of the refractive index deduced
from the simulations with the Parratt model are displayed in
Fig. 5.
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Fig. 4. X-ray reflectivity curves for a TeO,-based thin film coated at a with-
drawal speed of 100 mm/min on silica glass wafer from a precursor sol with
C=0.1mol/L, R=0.5, W=4 and fired using a cumulative thermal heat treat-
ment up to 400 °C. Curves are arbitrary vertically shifted for clarity.

60
[ ]
50
[
40
)
=
=30 |
g ]
v
2
20
E [
[}
10 0
O 1 1 1
L X10%®
15 .
*
P
E de
5 10F *
2
g | .
2 &
S
(=]
W —
§ 5
sg
= p
]
S o le &« w%x  * %
[Ze) O " 1 ' 1 N | L | '
0 100 200 300 400 500

Temperature (°C)

Fig. 5. Firing temperature dependence of the thickness,  and B parameters of
the layer refractive index as deduced from the X-ray reflectivity curves for a
TeO,-based thin film coated on silica glass wafer from a precursor sol with
C=0.1 mol/L, R=0.5, W=4 and at withdrawal speed of 100 mm/min.

The layer thickness continuously decreases from 52 to 12 nm
for the as prepared film and for the 400°C point, respec-
tively. Concomitantly, the 6 and B parameters of the layer
refractive index increase and reach respectively 1.45 x 107>
and 1.44 x 107 values at 400°C. The relative density of
the film can be deduced from the XRR curves by compar-
ing the 8 and g values to the theoretical ones' for dense
v-TeO> (8=1.567 x 107> and B=1.570 x 107%) and a-TeO,
(6=1.641 x 107 and B =1.644 x 107°) phases.

Thus, at400 °C, the layer appears quite dense with about 90%
of the theoretical density of a-TeO; phase. On the one hand, the
densification of the layer has to be related to the removal of resid-
ual organics initially contained in the coating in agreement with
the xerogels thermogravimetry analysis. On the other hand, this
densification occurs by a one dimensional shrinkage, i.e., by
a strong reduction of the thickness in a similar way as previ-
ously mentioned for other layer systems with various chemical
compositions.'®1? Once again, the root means square roughness
parameters, measured for each interface, are in the same range
than the roughness of the silica glass substrate and attest to the
quality of the sol—gel layers even after a thermal treatment. From
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the standpoint of XRD, no diffraction peaks are detected accord-
ingly to the very low layer thickness and the scattering by the
amorphous substrate.

With a further increase of the temperature of heat treatment
up to 500 °C, the coating breaks up into isolated islands leading
to the disappearance of the Kiessig fringes from the XRR curves.
Two families of islands are distinguished on optical microscopy
micrographs (Fig. 6). The islands of the first family exhibit acic-
ular shape whereas the second ones have puck-like profile. When
the annealing time at 500 °C is increased up to 3 h, the islands
thicken up and reduce their size in the plane to result in a sugar
loaf shape as observed on SEM micrographs (Fig. 6).

During this break-up process, the crystallisation of the thin
films has shown some differences to the bulk xerogels. In fact,
XRD patterns have evidenced the development of highly pre-
ferred orientation which could be identify by performing the
XRD patterns in symmetric configuration, i.e., by setting the
incident X-ray beam angle w exactly equal to the Bragg angle
O of the Bragg peak of the TeO, phase under considera-
tion.

(b)

Since 450 °C, the first and unique diffracted peak that appears
is located at an angle 20 about 28.8° (Fig. 7). This Bragg
peak is unambiguously assigned to the (1 1 1) a-TeO; crystallo-
graphic planes which are lying parallel to the substrate surface.
With the further increasing of annealing temperature or time,
a second diffracted peak, located at an angle 26 about 19.2°,
is revealed (Fig. 7). In previous reports,”?? it was assigned to
the paratellurite (1 00) planes which have a calculated diffrac-
tion angle of 18.4° in 26. Unfortunately, this reflection does
not exist for the P41212 space group of a-TeO; as mentioned
in the 42-1365 JCPDS file. We may explain this Bragg peak
by assuming that the low layer thickness and the large discrep-
ancy between the thermal dilatation coefficients of silica glass
substrate and TeO, phases may induce constraints in islands.
Such constraints could change the cell parameters as well as
the crystalline symmetry. Three space groups with a quadratic
symmetry are then conceivable: the P422, P4,22 and P222. Nev-
ertheless, in regards with the very low number of diffraction
peaks, it is rather difficult to solve the problem. Such islanding
and highly preferred orientation are in good agreement with the

Fig. 6. Optical and SEM micrographs of the thin film coated on silica glass wafer from a precursor sol with C=0.1 mol/L, R=0.5, W=4 and at withdrawal speed of
100 mm/min after heat treatment at 500 °C for 0.5 h (a) and 3 h (b) of annealing time.
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Fig. 7. Symmetric and asymmetric XRD patterns of the thin film coated on silica
glass wafer from a precursor sol with C=0.1 mol/L, R=0.5, W=4, at withdrawal
speed of 100 mm/min and after heat treatment at 500 °C for 0.5 h.

observations carried out on similar’-?
systems.?!?2

Thicker layers were also investigated. They were synthesised
by increasing the Te-alkoxide concentration in the precursor
sol. Thus, a new thin film was coated at a withdrawal rate
of 100 mm/min from a sol with the following composition:
C=0.5mol/L, R=0.7 and W=4. The resulting layer thickness
was about 450 nm as estimated by the Landau-Levich law. To
avoid islanding, the firing temperature was adjusted to 400 °C
and the annealing time was varied from 0 to several hours.

X-ray diffraction measurements show that the thermal treat-
ment induces first the crystallisation of the metallic tellurium.
This phase totally disappears due to its oxidation for anneal-
ing time as short as 30 min (Fig. 8). Increasing the annealing

and chemically diverse
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Fig. 8. X-ray diffraction patterns of a thick layer synthesized from a precursor

sol which chemical parameters are C=0.5 mol/L, W=4, R=0.7, at withdrawal
speed of 100 mm/min and fired at 400 °C for various annealing times.

time results in a rapid apparition of y-TeO, phase and then to
the progressive apparition of a-TeO; phase. During the thermal
treatment, the amorphous filmis transformed in a polycrystalline
layer with a random orientation of either metallic tellurium, ~y-
TeO; or a-TeO; crystals, the relative intensities of the metallic
tellurium, y-TeO> and a-TeO, peaks being in good agreement
with JCPDS files, respectively. As the different TeO, phases
appear successively and without coexistence, we can choose the
crystalline phase in which the film could be transformed by opti-
mising the thermal treatment.

At this stage, the film—substrate interface does not seem
to influence the layer microstructural evolution and the layer
evolves as a bulk xerogel. Indeed, during the dipping, the lig-
uid film runs out on the substrate, adheres to its surface and
the evaporation of solvents leads to its rapid solidification. The
as prepared layer could be considered as a xerogel obtained
by a concentration effect. The visual observations of the thin
films annealed at various temperatures between 100 and 550 °C
have been also corroborated by this conclusion as well as the
bulk xerogel colour evolution on heating and thin films XRD
results. The thin film appearance changed from being initially
transparent to appear with a metallic brilliance like a mirror
for low temperature heat treatments, followed by a progressive
brightening of the dark brown colour after further increase of
the annealing temperature and finally leading to recover their
transparency as long as the islanding stage is not reached.

These features were similar in each thin film, although the
temperatures, the occurrence of the darkening and the speed of
brightening were mainly dependent upon the thin film thick-
ness in agreement with previous studies.>”-? Therefore, these
thin film colour changes correspond respectively to the initial
amorphous state prior to heat treatment, followed by the for-
mation of crystalline Te metal with subsequent crystallisation
of TeO, polymorphs at higher temperatures due to the metal-
lic tellurium oxidation. The thin film darkening is a short-lived
transient stage and appears as a minor drawback. Indeed, the
optical transparency is easily and rapidly recovered concomi-
tantly to the oxidation of metallic tellurium by optimizing the
temperature and time of annealing.

With regard to all these results, the sol—gel thin film syn-
thesis appears to be a valuable alternative route to the physical
processed layers.?3%*

4. Conclusion

Citric acid has been evidenced to be a relevant tellurium
isopropoxide chemical modifier leading to the successful man-
agement of hydrolysis-condensation reactions and thin films
synthesis by a sol—gel route. The layers, synthesized on silica
glass substrate by a dip-coating process, are continuous, homo-
geneous, crack free and exhibit good quality of both surface and
interface states. Their nanometric thicknesses are easily man-
aged through the Te-alkoxide sol concentration as well as the
withdrawal speed.

The structure and microstructure of the films were found to
be highly dependent on the initial thickness and applied ther-
mal treatment. Indeed, the thinner TeO; films are quite fully
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dense and amorphous. Their firing at the highest tested temper-
ature (~450-500 °C) promotes islanding, so producing a layer
of textured but isolated grains. The microstructure of the thicker
TeO; coatings evolves as the one of the corresponding bulk xero-
gel. At this stage, the layer—substrate interface does not seem to
influence the microstructure of the amorphous thin film which is
transformed in a polycrystalline layer with a random orientation
of either metallic tellurium, y-TeO, or a-TeO, crystals.

Although these results strongly suggest that sol-gel process-
ing is a very interesting and potential process route to synthesize
TeO;-based materials and thin films and may offer a lower
cost alternative to the evaporation and sputtering techniques,
its recurrent drawbacks, i.e., precursor crystallization prior to
glass formation and short-lived darkening due to metal tellurium
crystallization, have to be solved. As the high Te-isopropoxide
reactivity toward water is fixed by using citric acid, the future
required work to improve the thermal stability and optical prop-
erties of the resultant thin films will be aimed at appropriate
composition changes in the precursor sols, like addition of oxi-
dizing agents, as well as by varying the atmosphere, temperature
and time of annealing.
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