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Abstract

This paper reports a detailed structural study on the nucleation of t-HfO, nanocrystals in thin films of 70SiO, —30HfO,
prepared by sol-gel route on v-SiO; substrates. Thermal treatment was performed at different temperatures ranging from
900 to 1200 °C for short (30 min) or long (24 h) time periods. Crystallisation and microstructure evolutions were traced by
X-ray diffraction (XRD). The local structure around hafnium ions was determined from Hf Lj-edge extended X-ray
absorption fine structure (EXAFS) measurements carried out at the BM08-GILDA Beamline of ESRF (France). XRD
shows the nucleation of HfO; nanocrystals in the tetragonal phase after heat treatment at 1000 °C for 30 min, and a partial
phase transformation to the monoclinic phase (m-HfO;) starts after heat treatment at 1200 °C for 30 min. The lattice
parameters as well as the average crystallites size and their distributions were determined as a function of the heat
treatment. EXAFS results are in agreement with the XRD ones, with hafnium ions in the film heat treated at 1100 °C for
24h are present in mixed phases.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction information on their crystallisation history at

different processing temperatures.

For many reasons, SiO,—HfO, binary system is
one of the best replacements for SiO,, as the gate
dielectric material for standard metal-oxide-semi-
conductor field effect transistors (MOSFET) [1].
This is mainly due to the fact that the dielectric
constant k of HfO, is much higher (about six orders
of magnitude) than the one of SiO;. Since thermal
stability is a very important issue for high-k
materials [2], it is important to have detailed
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Pure HfO, can exist in three crystalline phases at
atmospheric pressures: the monoclinic phase (m-HfO,)
is formed at room temperature, the tetragonal phase
(t-HfO,) is formed at 1720 °C, and the cubic phase
(c-HfOy) is formed at 2600 °C. Above 2800 °C, pure
HfO, liquifies. At high pressures (typically
>3.5GPa), several orthorhombic phases (0-HfO,)
may be formed [3].

The addition of certain oxides to amorphous
HfO, and ZrO, alters their phase diagrams: the
main effects are the modification of the crystal-
lisation temperatures and the appearance of
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high-temperature crystallographic phases (such as
cubic or tetragonal) at much lower temperatures. It
is known that SiO, glass rises the crystallisation
temperatures of HfO, and ZrO, oxides when it is
added to them [1]. In Ref. [4], the crystallisation of
(1 — x)Si0,—xHfO, (with x =30, 50, 70, and
90 mol%) powders prepared by sol-gel route has
been studied using differential scanning calorimetry
(DSC), room- and high-temperature X-ray diffrac-
tion (XRD and HTXRD), scanning electron micro-
scopy (SEM), energy dispersive spectroscopy
(EDS), and high-resolution transmission electron
microscopy (HRTEM). In that work, it has been
reported that the system with the composition
70Si0,—30HfO; crystallises into the t-HfO, phase
at 1060 °C, with an average crystallite size of 25 A.
The authors in Ref. [5] have studied the crystal-
lisation of xLa,O3—(1 — x)HfO, (with x =4, 9, 22,
32, and 51 at%) system prepared in bulk format by
precipitation from aqueous solutions. They have
shown that for low La,O3; concentrations (4 and
9at%) the t-HfO, phase was present, while for high
La,O; concentrations (22, 32, and 51at%) the
crystallised phase was c-HfO,. Neumayer et al. [6]
have followed the crystallisation in (100 — x)
SiO,—xHfO, (with x =15%, 25%, 50%, and
75%) thin films prepared by chemical solution
deposition, and deposited on silicon substrates by
spin-coating technique. They have reported the
appearance of the t-HfO, phase in the composition
85S10,—15HfO, after heat treatment at 1000 °C for
30min. This tetragonal phase transforms to the
m-HfO, phase after thermal annealing at 1200 °C
for 60min. Although the formation of tetragonal
phase at relatively low temperatures in the case of
ZrO; has been deeply studied, we have found few
reports in the case of HfO,, where the structure (e.g.
lattice parameters) and microstructure (e.g. crystal-
lite size) were rarely detailed.

In a previous article [7], we have presented
extended X-ray absorption fine structure (EXAFS)
results on Er**-doped SiO,—HfO, thin films with
HfO, concentration ranging from 10 to 50 mol%
and Er** concentration ranging from 0.3 to
0.5mol%. It has been demonstrated that the system
remains amorphous up to heat treatment at 900 °C
for 5min, independently on HfO, and Er** contents
[7.8].

In the present paper, we report detailed results on
the hafnium local structure, and on the crystal-
lisation as well as the microstructure of HfO, in
70S10,—30HfO, thin films heat treated at different

temperatures for short and long time periods.
Crystallisation and microstructure have been fol-
lowed by XRD; local structure around hafnium ions
has been investigated by EXAFS.

2. Experimental details

SiO,-HfO, solution was prepared by sol-gel
route, and deposited on v-SiO, substrates using
the dip-coating method. The starting solution was
obtained by mixing tetraethylorthosilicate (TEOS),
ethanol (EtOH), deionised water (H,0), and hydro-
chloric acid (HCI) as a catalyst. The TEOS:
HCI:H,O molar ratio was of 1:0.01:2.0. This
solution was prehydrolysed for 1h at 65°C. An
ethanolic colloidal suspension was prepared using
hafnium oxychloride (HfOCI, - 8H,0) as a precur-
sor for hafnium. The two solutions were mixed in
the molar ratio 70:30, respectively, so to have a
solution with 30mol% HfO, and 70 mol% SiO,.
The resulting mixture was left under stirring for 16 h
at room temperature. This solution was then dip-
coated on many clean v-SiO, substrates, with a
dipping rate of 40 mm/min [9]. After each dipping
cycle, heat treatment at 900 °C for 55s in air was
carried out. After each 10 dips, the film was heat
treated at 900 °C for 2min. Finally, the thin films
were further thermally treated in air at 900 °C for
Smin, so as to achieve a full densification of the
films, as it was verified by Raman spectroscopy. In
this way, a set of many identical thin films were
obtained. Each film was successively heat treated for
one time only at a temperature between 900 and
1200°C. At each temperature two films were
treated: one for short (30min) and the second for
long (24 h) time periods. The final thickness of the
70810, —30HfO, films resulted as less than 1pm
(the total number of dips for each film was 20). The
films were cracks-free and of high optical quality.
The investigated samples are here named as follows:
9008, 900L, 1000S, 1000L, 1100S, 1100L, and 1200S
(number and letter stand for heat treatment
temperature and time period, respectively (S and L
mean 30 min and 24 h, respectively)).

XRD experiments were carried out using X’Pert
PRO diffractometer equipped with Cu target as a
radiation source. Since the thickness of the mea-
sured thin films was small, the grazing incidence
X-ray diffraction (GIXRD) set-up, with an inci-
dence angle of 1.5°, was employed. The Rietveld
refinement [10,11] was carried out using the general
structure analysis system (GSAS) code [12]. The
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average crystallites size and their distributions were
determined from XRD data, assuming log-normal
distributions of spherical crystallites [13].

EXAFS measurements were carried out at the
BMO08-GILDA Beamline of ESRF (France), where
also our previous experiments on rare-ecarths-doped
SiO, glasses were done [14,15]. Hf Ls-edge EXAFS
spectra were collected at room temperature in
fluorescence mode. Due to time limitation, EXAFS
measurements were carried out only on the two
samples 900S and 1100L. Polycrystalline m-HfO,
was measured in transmission mode, as a reference
compound for EXAFS data modelling. The X-ray
absorption spectra were analysed using the EXTRA
code [16] to obtain the local structure-dependent
part y(k). To extract structural parameters (coordi-
nation number N, average interatomic distance R,
and Debye-Waller disorder factor ¢2), the k?y(k)
EXAFS signals were modelled using the EDA code
[17,18]. The backscattering functions, required for
EXAFS data fitting, were theoretically calculated
using the FEFF8 code [19,20], starting from the
crystal structure of m-HfO,. The calculated func-
tions were tested and optimised against the experi-
mentally measured reference compound.

3. Results and discussion

XRD patterns of the different samples are
reported in Fig. la (dotted lines). All the spectra
contain a contribution from the amorphous film. In
particular, the hump centred at 20 ~ 21° is present

1045

for all samples, as a typical feature of SiO, glass
(70mol% of the film). The sample 900L is fully
amorphous, as it is seen by XRD. It is evident that
the crystallisation of 70SiO,—30HfO, film starts
after heat treatment at about 1000 °C for 30 min
(sample 1000S). The observed Bragg peaks however
are very broad, revealing the nanosize nature of the
formed crystallites.

To attribute the crystalline phase(s), the positions
of Bragg peaks were compared to the Inorganic
Crystal Structure Database (ICSD). These peaks
correspond to those calculated from the ICSD card
No. 85322 (shown by blue lines in Fig. 1a). This
card belongs to the metastable t-ZrO, phase (the
card for the metastable t-HfO, phase is not yet
present in database). Since HfO, and ZrO, have the
same structures [21], it turns out that the
70S810,-30HfO; film crystallises into the metastable
t-HfO, phase. After heat treating of the thin film at
1200 °C for 30 min, a new crystalline phase starts to
appear, the main peak of which is centred at 20 ~
28.5° (indicated by the * sign in Fig. 1a). This phase
corresponds to the m-HfO, symmetry (ICSD card
No. 27313).

The XRD patterns calculated from the Rietveld
best-fit results are reported in Fig. la (continuous
lines). All spectra were fitted to a single phase
(t-HfO,), except for the sample 1200S, where the
m-HfO, phase was also included. For the t-HfO,
phase, the lattice parameters a and ¢, and the
tetragonality c¢/a are reported in Fig. 1b. The lattice
parameter error bars are the numerical values given
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Fig. 1. X-ray diffraction results on 70SiO,—30HfO, thin film at different heat treatments: (a) experimental (dotted lines) and Rietveld-
refined (continuous lines) X-ray diffraction patterns. The vertical blue lines represent the unbroadened X-ray diffraction peaks calculated
from t-ZrO; structure (ICSD card No. 85322). The * sign indicates the major peak of the m-HfO, phase. (b) Lattice parameters a () and
¢ (M), and tetragonality c/a (A), and (c) average crystallites diameter () and log-normal distribution width (O) of the t-HfO, phase.

The dotted lines in panels (b) and (c) are plotted to guide the eye.
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by GSAS code correlation matrix. The effect of heat
treatment is illustrated in Fig. 1b as unit cell
contraction in the a direction, and expansion in
the ¢ direction. This deformation of the unit cell is a
typical behaviour of the metastable tetragonal phase
[22], which is seen as a distortion from the ideal
fluorite structure (i.e. c-HfO;) [23]. More significant
is the tetragonality c¢/a trend. It increases on heat
treatment, indicating an increasing stability of the
t-HfO, phase. For tetragonal symmetry, the tetra-
gonality ratio should lie between 1.0 and 1.02 [22].
For the sample 1200S, it appears that ¢/a > 1.02,
which is higher than the upper limit [23]. This
explains the initiation of transformation to the
m-HfO, phase. For the sample 1000S, the tetra-
gonality is less than 1.0. This result may be due to
large uncertainties on the lattice parameters,
because the Bragg peaks of this sample are severely
broad. However, we should mention that in
Ref. [23], a t-HfO, phase with ¢/a equalling 1.0
has been reported. Moreover, our EXAFS
results on the same sample, but doped with
1mol% Er’*t [24] and whose XRD pattern is
identical to the one shown by the sample 10008,
have shown that the HfO, phase in this case is also
tetragonal.

Fig. lc reports another important result: the
mean crystallites diameter and their log-normal
distribution width, as functions in heat treatment.
From this figure, it can be seen that the mean
crystallites size systematically increases on heat
treatment, with an abrupt change between the
samples 1100L and 1200S. From this analysis, the
critical crystallites size, above which the t - m
phase transformation starts [22], is determined at
about 50 A.

It is also important to compare the crystallites
size distribution widths for samples heat treated at
the same temperatures but for different time
periods. From Fig. lc, it appears that heat treat-
ment for short time period (30 min) gives rise to
narrower distribution of crystallites size, and there-
fore more homogenous media of nanocrystals.

Fig. 2 reports the experimental (dotted lines) and
best-fit calculated (continuous lines) Fourier trans-
forms of K%y (k) EXAFS signals of the samples 900S
and 1100L. The coordination numbers N, average
interatomic distances R, and Debye—Waller disorder
factors ¢ of the first and second coordination shells
around hafnium ions, as were obtained from the
EXAFS data modelling, are complied in Table 1. In
both figure and table, the corresponding results for
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Fig. 2. Experimental (dotted lines) and best-fit calculated
(continuous lines) Fourier transforms of k?y(k) EXAFS signals
of 70Si0,—30HfO, thin film heat treated at 900 °C for 30 min
(sample 900S) and 1100 °C for 24 h (sample 1100L), compared to
the ones of m-HfO, reference compound.

the m-HfO, reference material are also present for
comparison.

As it is expected, the Fourier transform for the
sample m-HfO, is more structured, due to the
crystalline (ordered) environment around hafnium
ions. In this sample, three coordination shells are
detected around hafnium by EXAFS: Hf-O, Hf-Hf,
and another Hf-Hf at farther distances. The Fourier
transform for the sample 900S is typical for an
amorphous material. In fact, beyond the first
coordination shell, only a little broad contribution
from the external shells can be seen. This agrees
with XRD data, which have demonstrated the pure
amorphous nature of HfO, in this sample. Accord-
ing to EXAFS data modelling, only two coordina-
tion shells are detected around hafnium ions in this
case. The first is related to oxygen, and the second is
related to hafnium atoms. The effect of crystallinity
on the hafnium local environment is documented in
Fig. 2 for the sample 1100L: the contributions from
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Table 1

Structural parameters of the first (Hf~O) and second (Hf-Hf) coordination shells around hafnium in the samples 900S, 1100L, and

m-HfO,, as were obtained from EXAFS data modelling

Sample 900S 1100L m-HfO,
First coordination shell (Hf-O) N (autom) 5.4 (3) 6.1 (1) 7 (fixed)
R (A) 2.087 (2) 2.126 (2) 2.129 (1)
&2 (A2) 0.015 (1) 0.010 (4) 0.01047 (2)
Second coordination shell (Hf~Hf) N (e}tom) 8.2 (2) 4 (1) 7 (fixed)
R (A) 3.361 (1) 3.46 (1) 3.435 (1)
o2 (Az) 0.0227 (1) 0.006 (1) 0.0064 (1)

N, R, and ¢? are the coordination numbers, average interatomic distances, and Debye-Waller disorder factors respectively. Numbers in
parenthesis are the estimated uncertainty on last digit taking into account different best-fit parameters.

external shells are more structured in comparison
with those in the sample 900S, revealing the
evolution towards a more ordered local environ-
ment around hafnium. As in the samples 900S and
m-HfO,, the second coordination shell around
hafnium was attributed to Hf atoms.

Now we discuss the EXAFS quantitative results
(see Table 1). For the sample m-HfO,, the
coordination number of the second coordination
shell has been fixed during the fit, to avoid a
correlation with the coordination number of the
third coordination shell, which is also composed of
hafnium atoms (not reported in the table). The
EXAFS first and second coordination shell dis-
tances (2.129 and 3.435 A) are generally in agree-
ment with those (2.144 and 3.437 A) derived from
the Rietveld refinement results carried out by the
present authors on XRD data from the same sample
[24]. The EXAFS distance for the first coordination
shell is shorter than the XRD one. This difference,
however, may be due to the approximation of seven
oxygen atoms, that are crystallographically located
at seven different distances, to a single Gaussian
distribution of distances in EXAFS data fitting. The
EXAFS structural parameters for the sample 900S
are in agreement with those obtained on densified
ZrO, glass prepared by sol-gel route [22], which
once again confirms the amorphous nature of this
sample, as it has been already shown by XRD data.
As for the sample 1100L, it might be seen in Table 1
that the interatomic distances are longer than those
of the sample 900S with a tendency towards typical
distances of m-HfO,. However, this should not be
interpreted as a simple presence of HfO, in the
monoclinic structure. In fact, taking EXAFS results
on a full set of heat treatments (but the samples
were containing 1 mol% Er**) [24] into account, the

structural parameters of the sample 1100L lie
somewhere between those of the amorphous sample
and those of a sample crystallised mainly in the
t-HfO, phase. Anyway, for this sample EXAFS seces
an average local structure around hafnium in both
amorphous, tetragonal as well as possible traces of
monoclinic HfO, phases.

4. Conclusions

In this paper, crystallisation and microstructure
of HfO, in 70SiO, —30HfO, thin films, prepared by
sol-gel route and deposited by dip-coating method,
have been described by XRD and EXAFS techni-
ques. It has been shown that it is possible to
maintain the film fully amorphous at least up to
900 °C, even after long heat treatment. A short
thermal treatment at 1000 °C is sufficient to start the
partial crystallisation of HfO; in tetragonal phase.
The dimension of the obtained nanocrystals in-
creases with temperature and time of heat treat-
ment. The homogeneity of nanocrystals size can be
controlled by reducing the time of heat treatment.
Partial transformation to the m-HfO, phase starts
after heat treatment at about 1200 °C for 30 min.
EXAFS data, being sensitive to both amorphous
and crystalline regions, indicate for the film heat
treated at 1100 °C for 24 h that a part of HfO, is still
in amorphous phase.

It is widely accepted that, for high-k applications
it is better to have the material amorphous at
different processing temperatures. Density func-
tional theory (DFT) calculations on crystalline
HfO, showed strong dependencies of the dielectric
properties on the type of crystalline phase, and
proposed the tetragonal phase as the most useful
one [21]. In the present work, we have shown the
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possibility of obtaining the nanocrystalline t-HfO,
phase with a controlled microstructure up to heat
treatment of 1100 °C for 24 h. It turns out that some
experimental work on the dielectric properties of
such nanocrystalline SiO,—HfO, films at different
processing temperatures is required, in order to
explore their potential as high-k gate materials.
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