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Abstract

High refractive index TiQ —Si@ thin films were prepared by the sol-gel method and the optical properties were characterized
by spectroscopic ellipsometry. The results of the optical analysis were related with the Ti@ —SiO molar ratio of the porous films.
It was obtained that the higher is the TiO molar ratio, the higher is the refractive index and the lower is the thickness under the
same deposition conditions. In fact, when the JiO —SiO molar ratio varies from 70-30% to 100—0%, the refractive index and
the thickness vary from~1.85 to ~1.95 X =500 nm and from~65 nm to ~40 nm, respectively. The water adsorption in the
pores of the material produces a change in the refractive index of the film. The variation of the optical properties with the
environmental relative humidity was also studied. In addition, information about the size and the shape of the pores was extractec
from the water adsorption isotherms measured by ellipsometry.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction humidity for porous films. This feature should be taken
into account during the design and manufacture phases

The development of optical coatings processed by theOf an optical coating as an anti-reflection coating or an
sol—gel method have been widely investigated during interference filter. However, this characteristic can be
the last yeard1]. The sol—gel process is very suitable Utilized to develop optical humidity sensors.
for optical applications due to the capability to control  In this work, TiG,-SiQ films prepared by the sol—
the optical properties, composition and nanostructure of g€l technique have been studied. The relationship
the final material. In fact, the refractive index can be between the Ti© molar ratio and the optical properties
tailored depending on the specific application. In this Of the layer has been analyzed by spectroscopic ellip-
sense, sol—-gel processing has been successfullypometry. In addition, the optical behavior of the material
employed in the development of optical coatings and under different humidity environmental conditions and
waveguideg2,3]. the correlation with the pores size has been analyzed.

The size gnd shape of the pores of the material also, Experimental details
can be modified. This feature has been exploited exten-
sively using the sol—-gel method to develop host matrixes 2.1. Samples preparation
containing active componenttaser dyes, photochromic
dyes, liquid crystals, photosensitive polymers) t55)].

It is well-know that the material porosity determines
its behavior under different environment conditid6s.

TiO,—SiO, films over glass substratémicroscope
slide9 were prepared using the sol-gel method. Three
samples with different Ti@ —Si© molar ratio were

. . . studied:
Thus, the optical response will depend on the relative 100% TiO,
*Corresponding author. Tel+34-1-520-10-62; fax:+34-91-520- 90% TiO,/10% SiO,
1317.
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In order to obtain these films reverse-micellar solu- isotherms. The adsorption isotherms provide information
tions in cyclohexang CHX) were made by mixing 20  about the pore size distribution and the shape of the
ml CHX, 3 g of igepal and 0.14 ml of distillated water pores.

(DWW) and overnight stirring. To 5 ml of this solution, The Kelvin equatiori6] establishes a relation between
0.3 ml of titanium isopropoxide was added under vig- the environmentaRH and the pore radius where the
orous stirring to the microemulsion for pure TiO films. capillarity condensation occurs and, consequently, the
For TiO,—SiO, thin films preparation, the sol—gel pre- amount of water adsorbed increases:

cursors were added to the microemulsion sequentially:

first, titanium isopropoxide and second TEOS, always 2yV, 1

keeping the required molar ratio. INRH = TRT D

The resulting microemulsion was used at an early "
stage of gelation(10—-20 min, depending of the com-
position to dip coated glass substrates. The dipping
was carried out under ambient conditions at a speed o
15 cmymin. The films were thermal treated at 450
for 20 min (heating ramp: 50 min[7].

where RH: relative humidity,r,,: pore radius minus the
sthickness of adsorbed films on the walls of the pores,
v. water surface tensiori/,: molar volume,R: perfect
gases constanf;: temperature.

The pore size distribution of the material can be
obtained applying the Kelvin equation to the adsorption

2.2. Optical characterization: spectroscopic ellipsometr . . - -
P P P P Y isotherm following the Pierce method described6h

An rotating polarizer spectroscopic ellipsome{eiS- ) i
4G from SOPRA was used to analyze the samples. The 4 Results and discussion
ellipsometer nominal repeatability is 0.005 for ¥amand
COsA. 4.1. Optical characterization of the films

A climatic chamber specially design by us to be
coupled to the ellipsometer was utilized to perform in  The ellipsometric measurements of the sam|gigg.
situ measurements of the change of optical propertiesl) were analyzed by fitting a theoretical model to the
with the relative humidity (RH). Temperature and experimental data. The model utilized was a homoge-
humidity inside the chamber were measured with a neous film with a Sellmeier law dispersion and two
commercial sensofPHM233 with the HMP46 probe Lorentz peaks:
from VAISALA ). The accuracy was 0L and 1%RH,

respectively. Sellmeier law
Firstly, the samples were measured using an achro-

matic compensator at an incidence angle of 75.T8is (A2—1)\2

optical component was utilized in order to improve the &,=1+—————

ellipsometric measurements sensitivity when Xads A

close to 1. cC D E
The water adsorption measurements were carried outg, = — + — + — 2

at an incidence angle of 70.08ithout the achromatic AN NS

compensator in order to couple the climatic chamber

properly. Lorentz peak

3. Theory AN*(N*—Lj)

&E,=
Adsorption of water molecules and capillary conden-
sation occurs in porous materials. 3
A change in the environmem®H produces variations g — %'
in the amount of water adsorbed in the pores of the = (A°—L§)*+vy°\?
film. It causes a variation in the effective refractive
index of the porous material, and, therefore, a change The glass substrate was previously measured and the
in the ellipsometric parametets and A. The relation- optical constants obtained were introduced in the model.
ship between the amount of water adsorbed and theThe regressions were performed on the ellipsometric
variation of the ellipsometric parameters is approximate- parameterse and 8. Low standard deviations were

(\2—L3)+y2\2

3

ly linear [8,9]. obtained (o <0.0003 and the experimental data were
The curves of the ellipsometric parameters variations properly fitted along all the spectrum.
(proportional to the amount of water adsorbedjainst The results of the regressidifable 1) are in agree-

the RH at a controlled temperature are called adsorption ment with the analysis carried out by the inversion
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Fig. 1. Ellipsometric measurements of the JiO —§iO samples vs. the Fig. 2. Complex refractive index of the TIO —SiO samples vs. the

molar ratio.

method. Firstlyx=0 was assumed from=500 nm to
A=800 nm in order to obtain the film thickness. The
resulting thickness was utilized to extract theand
values of the film fromA =300 nm toA =800 nm.

Table 1 shows that the higher is the TiO molar ratio,

the lower is the thickness of the film. As it can be

molar ratio.

es for the sample with 70% TiO molar ratio. In the
case of the 90% Ti© film, this downward trend can be
appreciated(see UV rangg but the small difference

with the 100% TiQ sample is lower than the experi-

observed in Fig. 2, the complex refractive index decreas- mental errors.

Table 1
Regression results for the sol-gel TiO —$iO films

Sample 100% TiO, 90% TiO,—10% SiQ 70% TiO,—30% SiQ
Thickness 4@-2 nm 54+3 nm 64.4-0.7 nm
Sellmeier law A 1.80640.009 1.840.02 1.828:0.003
B 0.009+0.002 0.0140.003 0.005%0.0009
Lorentz peak 1 A 1 (fixed) 1 (fixed) 1 (fixed)
Lo 0.278+0.003 0.295-0.009 0.3149-0.0008
y 0.071+0.005 0.102%:0.008 0.0630.003
Lorentz peak 2 A —0.60+0.08 —-0.8+0.1 —0.98+0.01
Lo 0.299+0.008 0.310.01 0.3118-0.0008
v 0.116+0.004 0.1-0.01 0.063:0.003
S.D. 0.00014 0.0002 0.00013
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Fig. 3. Changes of the ellipsometric parametersitand cod with
environmental relative humidity100% TiO, sampleT=22.0+0.3
°C).

4.2. Water adsorption
The behavior of the 100% TiO sample was studied

under different relative humidity environmental condi-
tions (T=22.0+0.3 °C). Fig. 3 shows that the ellipso-

metric parameters change strongly for relative humidity

higher than 45%.

A new ellipsometric model has been developed to
explain this optical response. This model considers a
H,O layer of a few nanometers of thickness over the

TiO, film and an interface layer. This model fit to the
experimental data measured at 7@&. The thickness

of the H,O and the interface layers obtained from the

regression increase for the measurement at 83%

Hence, it can be concluded that a H O layer is adsorbed

over the film external surface for high relative humidity
(=75% RH). Also, the water is adsorbed inside the
pores of the film, but the effect of the adsorption over
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Fig. 4. Water adsorption isotherm of 100% TiO sample measured by
ellipsometry(T=24.5+0.2°C, A=340 nm.

film has the same order of magnitude than the thickness
of the external adsorbed water film.

Simulations assuming films with identical complex
refractive index but different thickness support the fol-
lowing statement: the effect on the ellipsometric meas-
urements of the adsorption over the external surface is
higher for thin films (approx. 40 nm and the effect of
adsorption inside the films is higher for thick layers
(approx. 1pm).

Nevertheless, an estimation of the size of the pores
can be extracted from the variations of the ellipsometric
parameters withRH at A=340 nm and7=24.5+0.2
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Fig. 5. Pore size distribution calculated with the Pierce method apply-

the external surface is higher due to the low thickness ing the Kelvin equation to the water adsorption isotherm correspond-

of the TiO, films. Note that the thickness of the TiO

ing to the 100% TiQ sample.
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Fig. 6. TEM micrograph of the 100% TiO sample.

°C (Fig. 4). The Kelvin equation has been applied to
the relative humidity rang€20-80% RH) where the
capillary condensation inside the film mainly occurs.
The resulting pore size distributiofFig. 5 is in
concordance with the TEM micrograph obtained from
the sample(Fig. 6): the most probably pore radius of
the TiOQ, is ~1.5-2.0 nm.

5. Conclusions

The refractive index of sol—gel TiO films can be
tailored selecting the Ti© molar ratio. The thickness of

A. Alvarez-Herrero et al. / Thin Solid Films 455-456 (2004) 356-360

the layer will depend on the TiKO concentration as well.
The higher is the TiQ molar ratio, the higher is the
refractive index and the lower is the film thickness.

A layer of water is adsorbed on the external surface
of the film and capillary condensation occurs in the
pores of the film. The radius of the poréapprox. 1.5—

2.0 nm can be extracted from the adsorption isotherms
measured by ellipsometry. These results are in concor-
dance with the TEM micrograph obtained.
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