JOURNAL OF MATERIALS SCIENCE 32 (1997) 1861-1865

Optical and structural characterization of r.f.
sputtered CeO, thin films

R. M. BUENO*, J. M. MARTINEZ-DUART
Dpto. Fisica Aplicada, Facultad de Ciencias, C-XlII, Universidad Autonoma de Madrid,
Cantoblanco, 28049 Madrid, Spain

MANUEL HERNANDEZ-VELEZ
Dpto. de Fisica, 1.S.P. “E.J. Varona”, C. Libertad, Marianao, C. de la Habana, Cuba

L. VAZQUEZ
Instituto de Ciencia de Materiales, C.S.1.C., Madrid, Spain

The optical and structural properties of r.f. sputtered CeO, thin films deposited on Pyrex
substrates have been studied as a function of substrate temperature during deposition. The
refractive index, n, extinction coefficient, k, and bandgap of the films were calculated from
reflectance, R, and transmittance, 7, spectra in the wavelength range 340-900 nm. The
refractive index of CeO, films at 550 nm comprises values from about 2.25-2.4 depending on
the substrate temperature during deposition. The extinction coefficient was negligible for
wavelength values higher than 400 nm. The value obtained for the bandgap was 3.1 eV. The
X-ray diffraction patterns showed the same (f ¢ ¢) cubic structure with preferential orientation
depending on substrate temperature during deposition. The scanning force microscope
measurements showed that the roughness and grain size of the CeO, films increase with

increasing substrate temperature.

1. Introduction

In recent years, the deposition techniques and physical
properties of cerium dioxide (CeO,) thin films on
different substrates have been increasingly investi-
gated due to its applications in optical devices as
a high refractive index material in single and multi-
layer coatings [1]. On the other hand, CeO, is also
used in silicon-on-insulator structures (SOI), buffer
layers and capacitor devices [2, 3].

Cerium dioxide films show high transmission in the
visible and infrared regions, good adhesion and a very
sharp optical absorption edge. Singh et al. [4] investi-
gated the properties of vacuum-evaporated films con-
taining a Group IV oxide co-evaporated with CeO,
for microelectronic devices. Other authors [5, 6], have
performed investigations on the properties of CeO,
thin films prepared by ion-assisted deposition tech-
niques.

In the present work, we report optical and struc-
tural properties as well as the surface morphology of
r.f. sputtered CeO, thin films on Pyrex substrates,
prepared under various experimental conditions. The
refractive index, extinction coefficient and bandgap
of the films were calculated from transmittance, T,
and reflectance, R, spectra. There exist several
methods to extract the optical constants from R-T
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measurements [7]. In this work we have used a
method recently developed by us [8] whose advantages
are described in the next section. X-ray diffraction and
scanning force microscope (SFM) measurements were
used to determine the structural properties and sur-
face morphology of the films, respectively.

2. Experimental procedure

Cerium dioxide films were deposited on Pyrex sub-
strates by r.f. sputtering (Ion Tech B315 planar mag-
netron) from a CeO, target (CERAC Inc, 99.9%
nominal purity, diameter 4.4 x 10”?m) in a highly
pure argon atmosphere. The deposition pressure was
2x 1073 torr (1 torr = 133.322 Pa) and the r.f. power
40 W. Before each deposition, the substrates were
placed in a pure acetone solution and stirred for
10 min. The samples labelled A, B and C, were depos-
ited at 25, 140 and 250°C substrate temperatures,
respectively.

The spectral transmittance and reflectance were
measured using a Hitachi 150-20 spectrophotometer,
provided with an intregrating sphere, in the
wavelength interval 300-900 nm. The R-T method
used in this work is based in a technique recently
developed [8] which provided a reliable and accurate

1861



representation of the optical constants, because it does
not make use of the usual approximations such as
homogeneous layers, semi-infinite substrate, normal
incidence angle for reflectance measurements, etc. The
method is based on the criteria of continuity and
smoothness of the optical constants.

Stylus profilimeter measurements (Dektak 3030)
were made to obtain the film thickness. The values
obtained were 310, 370 and 340 nm for A, B and C,
respectively.

The X-ray diffraction patterns were obtained from
a Siemens D5000 diffractometer using CukK, radiation
from 24°-63°.

Roughness measurements were made with a com-
mercial SFM microscope from Digital Instruments
(Nanoscope III) operating in the contact mode (force
used ~10 nNw) and using silicon nitride cantilevers.

3. Results and discussion

3.1. Optical properties

Fig. 1 shows the experimental reflectance, R, and
transmittance, T, spectra of CeO, thin films on Pyrex
substrates. The optical behaviour of the samples is
shown in Fig. 2. As can be observed, the refractive
index is clearly dependent on the substrate temper-
ature during deposition. The increase of the refractive
index is related to a higher density of the film as the
deposition temperature increases. Table I gives the
refractive index of CeQO, films at 550 nm as a function
of substrate temperature. Other authors observed sim-
ilar behaviour for CeO, thin films deposited by differ-
ent techniques [1,5]. However, the values of the
refractive index of the films deposited by sputtering
are somewhat higher compared with the case of elec-
tron-beam evaporation. For instance, Al-Robaee et al.
[1] obtained values for the refractive index of CeO,
thin films by electron-beam evaporation from
1.90-2.29 as the substrate temperature increased from
ambient to 300 °C. The extinction coefficient (Fig. 2)
for all substrate temperatures showed the same values
in the strong absorption region (360—-320 nm). This is
in agreement with the behaviour of the optical bandgap

1.0
Transmittance

0.8
0.6
0.4

02}

0.0 / Il 1 " L L
300 400 500 600 700 800 900
Wavelength (nm)

Reflectance/transmittance

Figure I Reflectance and transmittance of CeO, thin films depos-
ited on Pyrex substrates at different temperatures. (———) Sample A,
T =25°C; (---)sample B, T = 140 °C; (—) sample C, T = 250°C.
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Figure 2 (a) Refractive index, n, and (b) extinction coefficient, k, of
CeO, thin films as a function of substrate temperature. (—) Sample
A, T=25°C; (——-) sample B, T =140°C; (---) sample C,
T =250°C.

TABLE I Refractive index and bandgap of CeO, films as a func-
tion of substrate temperature

Sample Temperature (°C)  Refractive index Bandgap (eV)
(at 550 nm)

A 25 2.276 3.14

B 140 2.319 3.16

C 250 2.358 3.12

calculated for these films as can be observed in Table 1.
These values for the bandgap were obtained from the
relation given by Davis and Mott [9] for non-direct
transitions

oF = A(E — Eg, ) (1)

where o is the absorption coefficient, E the photon
energy, E,,, the optical bandgap and A is a constant.
Representing (oE)'/? as a function of E leads to a lin-
ear behaviour and the extrapolation to the values of
(aE)'? = 0 gives E,,,. However, in the low absorption
region (360—400 nm), the extinction coefficient, k, de-
creases when the films are deposited at higher substrate
temperatures. This is probably due to the lower den-
sity of the films deposited at room temperature as
a consequence of the larger portion of voids incorpor-
ated during the deposition process. The presence of
these voids can broaden the energy bands leading to
an increase of the interband transitions, and conse-
quently to an increase of the extinction coefficient in
the low absorption region. For wavelengths above



TABLE II XRD parameters of the samples

Sample Temp. (°C) (hkl) 26 (deg) FMWH Intensity (Arb. units)
A 25 111 27.84 1.11 554.3
220 46.33 1.77 486.39
B 140 111 27.939 2.188 69.23
200 32.686 0.642 376.36
220 46.375 2.158 323.88
C 250 111 27.991 3.149 177.8
200 32.647 1.015 93.697
220 46.407 1.411 900.79

(220)

Sample C

Intensity (Arb. units)

Sample B
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Figure 3 X-ray diffraction patterns of the samples. Sample A,
T =25°C; sample B, T = 140 °C; sample C, T = 250°C.

400 nm, the extinction coefficient remains negligible
(<107 3) for the different CeO, films.

3.2. Structural characterization

All the CeO, films investigated in this work show the
cubic (fcc) crystalline structure as can be deduced
from Fig. 3. These patterns show that the texture of
the CeO, films changed as the temperature increased
from 25°C to 250°C. Table II shows the results ob-
tained from the XRD analysis of the peaks after ad-
justment to Lorentzian curves. The most important
reflection was obtained from the (220) crystallo-
graphic planes in sample C which was deposited at the
highest substrate temperature. From the figure, it is
clear that the texture of the films deposited at room
temperature, faced (111) and (220) with ap-
proximately the same proportion, evolves to a strong-
ly textured (2 2 0) film when the substrate temperature
was 250 °C. This feature is in accordance with those

TABLE III Lattice constant, calculated from Table II, of CeO,
films as a function of substrate temperature

Sample Temperature (°C) Lattice
constant (nm)

A 25 0.554

B 140 0.551

C 250 0.550

reported by other authors who have deposited this
kind of material by other techniques using higher
substrate temperatures and different atmospheres
[1, 3]. However, a singular behaviour was found in the
main reflections of film B, which could be attributed to
a recrystallization process during deposition [1]. The
feature observed in sample B for (2 0 0) reflection prob-
ably indicates that the films can be grown with this
preferential orientation in a shorter substrate temper-
ature range between 50 and 250 °C. From Table 111, it
is also noticeable that the lattice constant decreases as
the substrate temperature increases. Consistently, for
the film deposited at the highest substrate temperature
(250°C), we obtained both the highest crystal den-
sity and refractive index, as mentioned above. This
fact also suggests an increase in the grain size
with substrate temperature, which agrees with the
results from the SFM micrographs, which are shown
below.

3.3. Surface morphology

In order to characterize the surface morphology of
CeO, films, SFM images were obtained in different
regions of the samples and different areas (0.25, 1 and
4 ym?). Fig. 4 corresponds to various typical 1 um?
three-dimensional images of the samples (the z-scale is
the same in the three micrographs). All the images
show a granular structure with the mean grain size
increasing with the deposition temperature. This is
confirmed after obtaining the grain-size distribution of
the surface by a statistical analysis of the images with
the SFM software. Fig. 5 shows the mean and grain-
size distribution for the three samples. The average
grain size increases from 67.7 nm for sample A to
89.1 nm for sample C. This is in agreement with the
XRD measurements that showed the lowest value of
the full-width at half-maximum in the [22 0] orienta-
tion for the sample C deposited at the highest substra-
te temperature.
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TABLE IV Roughness of CeO, films as a function of substrate
temperature

SFM Average
roughness (nm)

Temperature (°C)

25 2.9
140 6.5
250 7.5

It is observed from Fig. 4 that the film surface
roughness increases with the deposition temperature.
SFM software also allows the surface roughness to be
quantified directly from the SFM images. Thus, by
averaging the root mean square (rms) roughness of
several 1pm? images, we obtain the results for the
three films reported in Table IV. The surface rough-
ness of the uncoated Pyrex substrate was previously
measured and the average value was 0.3 nm. As a
result of the SFM observations, the increase of
rms surface roughness can be related to a larger
grain which results when the substrate temperature
increases.

4. Conclusion
Cerium dioxide CeQO, thin films deposited by r.f. sput-
tering on Pyrex substrates have been characterized as
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Figure 4 1 pum? three-dimensional SFM images of samples: (a) A, (b)
B and (c) C. Note that the z-scale is the same in all images
(50 nmdiv™1).
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Figure 5 Grain-size distribution for samples (a) A, (b) B and (c) C.
The mean grain size is marked by a vertical line. Sample A,
T =25°C; sample B, T = 140°C; sample C, T = 250°C.



a function of substrate temperature. The refractive
index, n, has been observed to be strongly dependent
on substrate temperature, whereas similar values of
the extinction coefficient, k, and bandgap were ob-
tained for all the films. The obtained thin films showed
high n values along with very low k values.

From the XRD analysis, the main observed effect is
the increase in the (220) reflections for the highest
substrate deposition temperature, suggesting an in-
crease of the texture of the films in that direction by
the temperature effect. On the other hand, SFM
measurements indicated the increment of surface
roughness and grain size with substrate temperature
increase.
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