Optical refractive index and static permittivity of mixed Zr—Si oxide thin
films prepared by ion beam induced CVD
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1. Introduction

Mixed Zr—Si oxide thin films are very interesting materials
because of their use as optical coatings of tailored refractive
index [1] and also because they are candidates to replace SiO,
as gate oxide in MOS devices [2] due to their high permittivity
and electrical insulation properties. For these applications,
obtaining flat, compact and amorphous films at room
temperature is specially indicated.

Permittivity is a physical quantity that is determined by the
ability of a material to polarize in response to an external field.
The permittivity of a material is usually referred to that of
vacuum, as a relative permittivity (also called dielectric con-
stant). In general, the relative permittivity or dielectric constant
is a function of the frequency of the electromagnetic field used in
its evaluation. Within the microelectronic scientific community
the dielectric constant, calculated from the C—V measurements
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at 0.1-1 MHz is usually called permittivity or static dielectric
constant and takes the symbol &. On the other hand, the dielectric
constant obtained from optical methods as ellipsometry,
reflection or transmission spectroscopies in the visible range
(frequencies 10'*~10"° Hz) is usually presented as the refractive
index n evaluated at a given wavelength (the refractive index is
equal to the square root of the dielectric constant for non-
absorbing materials). In the former case, ionic, dipolar and
electronic relaxations are responsible for the variation of the
permittivity, while in the latter case, changes in the electronic
relaxation processes show up in the optical dielectric constant of
a given material.

The study of static permittivity and optical dielectric
constants of zirconium silicates thin films have been attempted
before theoretically [3,4]. A general good agreement has been
found between theory and experiments regarding the relation
between optical dielectric constants (and refractive index) and
stoichiometry in Zr—Si—O mixed oxides thin films. However,
there is controversy on the relation between the static
permittivity and the Zr content in the silicates [3,4].

In this paper we report on the optical refractive index and
static permittivity of mixed Zr,Si;_,O, oxide films produced by



means of ion beam induced chemical vapour deposition
(IBICVD) [5,6]. It is known that the use of ion beams to assist
the deposition of this kind of films leads to the formation of
compact and smooth thin films [5]. This method has been
previously used to produce the single SiO, [10,11] and ZrO,
[12] oxides and other mixed oxide as titanium aluminates [7,8]
or titanium silicates [9].

2. Experimental

Mixed oxides Zr,Si;—_,O, (0<x<1) thin films have been
prepared at room temperature by decomposition of triethox-
ysilane (CH3CH,0);SiH (TrEOS) and zirconium tetra-tert-
butoxide Zr[OC(CHs)3]4 (ZTB) volatile precursors induced by
ion bombardment. The choice of these precursors for this study
is justified by the fact that ZTB and TrEOS are extensively used
in the literature to grow pure silicon oxide, zirconium oxide and
zirconium silicates due to their high vapour pressure and
general low temperature for synthesis of the mentioned oxides
[9,13—15]. The precursors were dosed into the reactor (base
pressure ~ 1 x 10~ Pa) using leak valves with partial pressures
in the range between 5x 10 % and 2x 10> Pa. A broad beam
ion source (HFQ 1303-3), excited by a RF discharge of Ar/O,
mixtures (80% Ar and 20% O, regarding relative partial
pressures) at about 1 x 10~ ! Pa, was used to supply bombarding
ions with 400 eV. The ionization efficiency of O, gas in a RF
plasma is less than that of a mixture of Ar/O, gasses, so it is
expected that the relative amount of bombarding Ar'/O, ion
ratio is enhanced with respect to the Ar/O, partial pressure ratio
in the reactor. The ion beam current density measured at the
sample position was about 5—10 pA/cm?. In these conditions,
the deposition rate was ~ 1 nm/min. Thin films with thicknesses
in the range of 50 to 400 nm were produced. More experimental
details regarding the deposition technique can be found
elsewhere [5,6].

Polished Si(100) wafers were used as substrates. For
electrical measurements the Si wafers were doped and had an
electrical conductivity between 1 and 5 Qcm. For Infrared
analysis the Si was intrinsic in order to avoid absorption in the
infrared region.

Surface composition and chemical analysis of the thin films
was performed by means of X-ray photoelectron spectroscopy
(XPS) using a PHOIBOS100 electron spectrometer.

Thin film composition was obtained by combined lon Beam
Analysis techniques using the 3 MV tandem accelerator of
National Centre for Accelerators (Seville, Spain) [16]. Ruther-
ford Backscattering Spectrometry (RBS) was used for absolute
Zr, Si and Ar quantification using *He** or *He" beams
with energies from 1.0 to 3.0 MeV with a surface barrier
detector set at 165°. The absolute amount of carbon and oxy-
gen was determined by Nuclear Reaction Analysis (NRA) using
°0(d,p;)'"0 and '*C(d,p)"*C, with energies 890 and 980 keV
respectively, with the surface barrier detector set at 150°. For the
H quantification we used Elastic Recoil Detection Analysis
(ERDA) using a 3.0 MeV “He*" beam, with the surface barrier
detector set at 35° and a 13-um Mylar filter to stop the scattered
alpha particles.

Fourier Transform Infrared (FTIR) spectra were collected in
transmission at normal geometry under dry nitrogen atmosphere
in a Nicolet 510 spectrometer. The microstructure of the films
was examined by Scanning Electron Microscopy (Hitachi
FESEM S-5200) for specimen deposited on the silicon wafer
substrates.

Optical characterization was performed by reflectance
measurements in the 400—1000 nm range. A Fourier Transform
microspectrometer Bruker IF66/S was used.

The static permittivity of the films was obtained from
measurements of capacitance at 100 kHz using a ESI2150-LCR
apparatus The electrical contacts were made of Al evaporated at
10~" Pa over a mask with 0.19 mm? area holes.

3. Results
3.1. Microstructure and chemical composition

The mixed Zr—Si oxide thin films were flat as previously
observed by AFM and SEM images for the single oxides [10—
12]. Standard diffraction Bragg—Brentano measurements did
not show any defined structure in the films. In addition, the
samples were featureless in cross-sectional SEM analysis.

Fig. 1 shows the correlation between the partial pressure ratio
between the TrEOS and ZTB volatile precursors and the relative
atomic concentration (i.e., x in Zr,Si;_,0,) in the films
determined by RBS. Note that for the same partial pressure of
Si and Zr precursors, the films are enriched in Zr content. This is
consistent with a higher deposition rate observed for ZrO, with
respect to SiO, for similar experimental conditions.

XPS analysis indicated the presence of C, O, Si, and Zr
atoms at the sample surfaces. This C signal diminish to levels
below ~5% after sputter cleaning with 400 eV O; ions during
few minutes (sputtered thickness of 1-2 nm). Binding energies
of Si 2p and Zr 3d photoelectron peaks and modified Auger
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Fig. 1. Correlation between the relative partial pressures of the TrEOS and ZTB
precursors and the composition x in Zr,Si;—,O, thin films prepared by IBICVD
(see text).
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Fig. 2. H and C content as a function of the Si/Zr ratio for mixed oxides
Zr,S1,-,0, (0<x<1) thin films prepared by IBICVD (see text).

parameters for SiO, and ZrO, thin films were consistent with
reported values for these single oxide materials [17]. In the case
of mixed oxides, an increase of the modified Auger parameter
of both Si and Zr atoms for increasing relative Zr content in the
films is observed (not shown).

Fig. 2 shows the content of H and C contaminants in the
mixed oxide Zr,Si;— O, (0<x<1) thin films prepared by
IBICVD as described in the experimental section. We observe
that the percentage of C atoms increases by increasing relative
Zr content in the films from about 1% for pure SiO, to 5% for
pure ZrO,. The percentage of H atoms incorporated in the
films also increases with the relative Zr content, from about
10% atomic for pure SiO, to ~15% for pure ZrO,, with a
maximum (23%) for x=0.6. The relative oxygen concentration
(i.e., [O]/([Zr] +[Si]) was about 2.1 for SiO, and 2.2 for ZrO, .
For intermediate stoichiometries, the relative oxygen concen-
tration may even rise to 2.3—2.4 as for x=0.6—0.8 (errorbars of
5—10%). Despite these large errorbars, we have found always an
excess of oxygen in the samples. It is also worth mentioning that
about 1-3 at.% of Ar is incorporated in the films, disregarding
the Zr/Si stoichiometry.

Fig. 3 shows FT-IR characterization for several Zr,Si;_,O,
films. SiO, films are characterized by the principal transverse-

Intensity (arb. u.)

2.2 T T T B T N T T T B T

1.8 o

n(550 nm)
\
\
s
.

1.6

L] M L] M L] b L l L v L]

0.0 0.2 0.4 0.6 0.8 1.0
X in ZrgSiy,0o

Fig. 4. Optical refractive index evaluated at 550 nm of Zr,Si; O, (0<x<1) thin
films prepared by IBICVD.

optical (TO) modes of the Si—O—Si group identified as a rocking
mode (TO; at ~460 cm '), a bending mode (TO, at
~800 cm '), and the asymmetric stretching mode (TO, at
~1070 cm™ "), [10,11]. For pure ZrO, films a broad band
appears between 300 and 500 cm™ '. This band is attributed to
badly order cubic and/or tetragonal zirconia phase [12]. For the
zirconium silicates, a new broad band appears at 800-—
1100 cm™ ' that is due to the formation of Zr—O—Si bonds.
Besides, a clear signal from carboxylic groups is present in the
films containing Zr (the —OH contribution appears at 2600—
3500 cm™ ', the C=0 bond at 1700 cm™ ' and C-O at 1300~
1400 cm™'). Note how the carboxylic contribution increases
with the zirconium content in the films and how only a negligible
—OH contribution is detected in the pure SiO, films. The
presence of carboxylic groups is enhanced when mixed oxides
are produced, i.e., when both precursors are dosed simulta-
neously in the reactor. Besides, they are minimised when the O,/
Ar partial pressure ratio in the bombarding gas is decreased.

3.2. Optical characterization

Fig. 4 shows the optical refractive index evaluated at a
wavelength of 550 nm (i.e., n(550 nm)) of a series of Zr,Si; O,
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Fig. 3. FT-IR of several mixed oxide Zr,Si;—,O, thin films prepared by IBICVD

(see text).
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Fig. 5. Static permittivity and optical dielectric constant evaluated at 550 nm of
Zr,Si;—, 0, (0<x<1) thin films prepared by IBICVD.



(0<x<1) thin films prepared by IBICVD with 400 eV with a
mixture of O3 and Ar' ions. We observe that n(550 nm)
increases from 1.45 to 2.10 with the Zr content in the films. For
zirconium silicates with x<0.4 and pure ZrO, (x=1), the values
were close to those reported for compact materials, while for
other stoichiometries (0.6<x<0.8) they were slightly below
their linear interpolation.

3.3. Electrical characterization

The static permittivity k& of Zr,Si;_,O, (0<x<1) thin films
prepared by IBICVD using mixtures of O; and Ar' ions is
represented in Fig. 5. It varies from ~4 for pure SiO, to 8—10
for x=0.2. Then, £ remains approximately constant within the
uncertainties of the measurements up to x=0.6. For higher Zr
concentration in the films, & increases again to achieve values
up to ~ 15 for pure ZrO,. In this figure, the optical dielectric
constant, obtained from the data in Fig. 4, is included for
comparison. It is evident that the static and optical dielectric
constants behave in a different manner.

4. Discussion

The Zr,Si;—, O, (0<x<1) thin films prepared by IBICVD
with the conditions described in the experimental section are
predominantly amorphous without phase segregation for
intermediate Zr/Si compositions as deduced from FT-IR
characterization. The presence of the new Zr—O-Si band, the
strong diminishing of the Si—O-Si band in the spectra of
intermediate stoichiometry zirconium silicates and the broad
Zr—-O-Zr band at 300-500 cm ™' support this idea [18].
Ballistic effects at the surface of the growing films as well as the
incorporation of Ar atoms within the film for any Zr/Si
composition contribute to increase the disorder during growth
and therefore to the formation of amorphous structures.
Although a systematic study of the stability of the films is not
performed, note that the incorporated Ar in the Zr—O-Si
network of the films is not released after thin film annealing at
300 °C for any x composition. Besides, it has been previously
observed that the crystallization of ZrO, films prepared with Ar
is strongly influenced by the presence of the Ar within the initial
amorphous structure, and that this Ar does not disappear after
heavy annealing at 800°C as reported in zirconium and iron
oxides prepared with a similar methodology [12,19].

A significant amount of carboxylic groups is incorporated
into the zirconium silicate thin films, as reported by the FT-IR
characterization. Incorporation of carboxylates in the films is
less favoured when Ar percentage in the bombardment gas is
increased. Since the momentum transferred by 400 eV Ar" ions
to the atoms at the film surface is more than twice that of 400 eV
05 ions [20], a possible explanation for this effect might be that
there is a threshold momentum that prevents the incorporation
of these groups to the films. Another explanation might be the
fact that the relative amount of atomic O" with respect to O;
increase in a O,/Ar plasma with respect to O, plasma alone [21].
This way the chemical reactivity of the bombarding gas would
be increased, producing more complete oxidation of the ZTB

precursor. Carboxylic groups are not reported in zirconia and
zirconium silicates thin films prepared by thermal decomposi-
tion of the ZTB precursor [4,18], but the presence of C=0
species is found in films prepared by the decomposition of ZTB
by microwave plasma [14]. In fact, we have observed that the
carboxylic groups are weakly linked to the film structure
because they can be easily released after annealing at 300 °C.

In general low values of refractive index and permittivity for
high zirconium containing silicates are justified by the presence
of impurities in the form of hydroxyl and carboxylic groups in
the films. Note for example that the refractive index of compact
71O, thin films reported in the literature is 2.1 [22].

The smooth steady variation of the optical dielectric constant
or refractive index with the Zr content in the films is justified by
the reported variation of the polarizability between the ZrO,
(low Zr content) and ZrOg units (high Zr content) present in the
structure of amorphous zirconium silicates [3]. In practice, this
represents a change from more covalent to more ionic bonding
character as x is increased in Zr,Si;_,O, films. Note that the
optical refractive index is linked to the microscopic polariz-
ability through the Lorentz—Lorenz relation [3]. This justifies
the variation of the optical refractive index with the stoichiom-
etry of the films.

The non-linear correlation observed between stoichiometry
and permittivity for zirconium silicates with x<0.5 has been
reported previously [2,23]. It has been related to the change in
coordination of Zr*' cations between 4 for x<0.1 to 8 for
x>0.5 [4]. Tt is well established that the contribution of infrared
active modes to the static permittivity & is proportional to the
square of its transverse infrared effective charge €% [4]. On the
other hand, e%* is proportional to the bond order, that for Zr-O
bond is defined as the ratio of number of valence electrons
available from each Zr atom to the number of O-atoms nearest
neighbours. In the case of amorphous Zr—Si—O system, bond
order varies between 1 for Zr diluted in a SiO, matrix and 0.5
present in ZrSiO4 and ZrO,. This change of coordination in
amorphous Zr silicates has been confirmed by EXAFS studies
[4]. Changes in the ionic and polar contributions to the static
permittivity are very sensitive to local order, and therefore, this
would justify the different behaviour of the static permittivity
and the optical dielectric constant with the stoichiometry of the
films.

5. Conclusions

We have reported on Zr,Si;_,O, thin films prepared by
IBICVD at room temperature using 400 eV ions from a RF At/
O, discharge. The films were amorphous and flat. The content
of H (10-23 at.%) and C (1-5 at.%) in the films increased with
the amount of Zr in the films. An important contribution of the
H and C impurities in the films was in the form of carboxylic
and hydroxyl groups. A 1-3 at.% of Ar atoms is incorporated in
the films disregarding the Zr/Si content. No phase segregation
of the pure single oxides is observed.

The refractive index at 550 nm of the films increases from 1.45
to 2.10 with the Zr content in the films. For zirconium silicates
with x<0.4 and pure ZrO, (x=1), the values were close to those



reported for compact materials, while for other stoichiometries
(0.6<x<0.8) they were slightly below their linear interpolation.
In the case of the permittivity measurements in the static limit, a
rapid increase of the permittivity for small amount of Zr in the
films (x<0.2) is justified by the change in coordination of the Zr
ions when diluted in a SiO, matrix, in agreement to a previously
reported model [4].
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