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ABSTRACT

We have prepared the Hafnium Oxide (HfO;) nanoparticles (NPs) doped with 5% at. of silicon (Si) using the sol-
gel chemical method. Nuclear quadrupole interactions at Hf sites were investigated by perturbed y—y angular
correlations (PAC) spectroscopy using '$!Ta as probe nuclei. This method is based on the hyperfine interactions
between the nuclear moments of the probe nuclei with extra-nuclear magnetic fields or electric field gradients
(EFGs). In the case of quadrupolar electric interactions, experimental measurements give the quadrupole
frequency vq with respective distribution (8) as well as the asymmetry parameter n of the EFG. The hyperfine
parameters were measured within the range from 200°C to 900°C. The structural and morphological
characterization of the samples were carried out by X-ray diffraction and scanning electron microscopy (SEM)
with electron back scattering diffraction (EBSD). PAC results show a major site fraction of probe nuclei, that was
assigned to the monoclinic phase of HfO2, with approximately 60% population, which increases when the
temperature of heat treatment increases. The XRD results showed a single phase with the expected monoclinic
structure for the as-prepared samples indicating that Si atoms are at substitutional Hf sites.

1. INTRODUCTION

Nanostructured materials have a huge potential for new applications by exploring the
significantly different properties when compared to those for bulk [!! that nanoparticles (NPs)
and thin film exhibit. NPs can then be applied in areas as different as electrics [/, medicine 1%/,
solar cell ™ and microelectronic circuits ). Due to continuing miniaturization in
microelectronics, new materials with good electronic, structural and thermal properties are
necessary. The hafnium oxide (HfO») also called hafnia, due to its physical properties and
chemical stability, have attracted considerable attention in the nanostructured form, due to its
great potential for applications in microelectronics [¢. Besides being refractory materials with
large refractive index (~2.00) /) it also has high dielectric constant (~25), and high melting
point (3085 K) 1. Due to the high dielectric constant and good thermal stability HfO2 can be
one an alternative to replace the SiO2, mainly because of the thickness limitation for SiO- to be
used as gate oxide layers *1%. The properties of HfO, nanoparticles can be enhanced if it is
doped with another cation !4l Therefore, a detailed investigation of properties of doped
HfO; is important to understand the physics of these systems and can be achieved only by
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atomic scale studies with direct measurements of the local structure and electronic
environment 1,

Perturbed Angular Correlation (PAC) technique provides information about the hyperfine
interaction between extra nuclear fields and nuclear moments of the probe nuclei at a certain
atomic site in the crystalline structure, and consequently allows extracting information about
the involved hyperfine parameters as well as characterization of structural and the magnetic
transitions of the crystal. PAC is based on the emission of two gamma radiations in a cascade
as a result from the decay of the excited states of the probe nucleus '3'Hf ('*1Ta) 1'%, However,
properties of nanoparticles depend largely on their synthesis procedures. Sol-gel processing is
a versatile method, and simple, and entails a low fabrication cost, and low temperatures of the
synthetized, and control of the oxide stoichiometry is easy "', This method allows control of
the chemical composition and particle size and it is based on a polymeric precursor that uses
citric acid to chelate the cations and together with ethylene glycol reacts with these chelates,
forming one a mixture of the ester with water. Heating the mixture leads to polyesterification
forming a gel. The powder is obtained after thermal calcination of the gel. Sol-gel is a suitable
method to synthesize and doping nanoparticles, because it exhibits homogeneous mixing.

In this work, we have synthesized doped hafnium oxide nanoparticles with 5% Si using a sol-
gel method, and reported a local investigation on the temperature dependence of the electric
quadrupole interaction of the Si doped HfO; nanoparticles measured by PAC technique in the
temperature range from 200°C to 900°C. Synthesized samples had their structural and
morphological properties investigated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) with electron back scattering diffraction (EBSD).

2. EXPERIMENTAL PROCEDURE

2.1. Sample preparation

The preparation of HfO2> NPs doped with Si were synthesizes by sol-gel method, using metallic
Hf (99.99 % purity), metallic silicon (99.99 % purity), citric acid and ethylene glycol were
taken in stoichiometric proportion to produce initial colloid. The reaction was obtained from
mixture of the metal:citric acid by 1:2 and citric acid:ethylene glycol by 40:60 proportions.
Metallic Hf was dissolved in hydrofluoric acid (HF) and the metallic Si was dissolved in nitric
acid (HNOs3). Both solutions were mixed in a single becker with citric acid under magnetic
stirring, heated at 60°C and followed by addition of ethylene glycol. The resulting solution was
continuously mixed with magnetic-stirring during 24h at room temperature for
homogenization. The sol was heated to ~ 100°C until gel aggregation. After that, the solution
was calcined in air at 550°C for 14 hours in order to stimulate the evaporation of organic
material. The resulting NPs powder was characterized by XDR, and SEM, and parameters
nuclear by PAC. For PAC measurements it is necessary the incorporation of probe nuclei by
the samples. This was obtained by the irradiation the sample with neutrons in the IEA-R1
reactor with a neutron flux around 4.0 10 n/cmz2-s for a period of 30 minutes since ®Hf
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isotopes presenting in the samples capture neutrons and form the radioisotope 181Hf which
decays to the probe nuclei 81 Ta.

2.2. Characterization techniques

The crystal structure of samples was investigated by X-ray diffraction (XRD) with the resulting
patterns being analyzed with the Rietveld refinement method through Rietica software. The
crystal shape and distribution of nanoparticle samples were characterized with scanning
electron microscopy (SEM) with electron back scattering diffraction (EBSD), and parameters
unclears by PAC.

2.2.1. Spectroscopy PAC

The PAC measurements were carried out using a conventional fast-slow coincidence set-up
using four conical BaF, detectors scintillators Fig.1 with a time resolution of 0.6 ns.
Measurements were taken in the temperature range of 200°C—900°C using ®!Ta as probe
nuclei with samples sealed in an evacuated quartz tube positioned in a compact furnace. The
gamma cascade of 133-482 keV, populated in the B~ decay of '8'Hf, was used to measure the
quadrupole interaction of the 482 keV (5/2*) state of ®1Ta. The analysis of the experimental
perturbation function R(t) contains information about the probe by the fitted hyperfine
interaction parameters, shown in equation 1.

R(t) = A22G22(t) = A22 Z 1:iG;2 (t) . (1)

Where Az is the angular correlation coefficient, f, are the site fractions occupied by probe

nuclei. The perturbation factor G,,(t) of correlation function contains detailed information
about the hyperfine interaction. In the case of an electric quadrupole interaction, measurements
of Gao(t) alloy to determine the quadrupole frequency, vo = eQVzz/h and the asymmetry

parameter, 1 = (VXX — Vyy)/Vzz, where vq is quadrupole moment of the 482 keV state and
Vxx, Vyy, and Vzz are the components of the electric field gradient at the probe nuclei sites.

Figure 1: Spectrometer
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3. RESULTS AND DISSCUSION

Fig. 2 displays images resulting from the characterization with SEM and EBSD techniques.
The results show an agglomeration of particles that adhere together and grow with triangular
orientation, as can be seen 2.left. This shape is a result of the synthesis method. The right side
of Fig. 2.rith shows a complete picture mapping of the spatial correlation of Si and Hf atoms
present in the sample.

Figure 2: Scanning electron microscopy show the growth (left) and electron
backscattering diffraction showing the spatial distribution of Si and Hf doped (right).

Figure 3 shows the X-ray diffraction patterns for HfO2 doped with 5% Si. The results for
samples after annealing at 550°C for 14 h exhibit a single phase with the monoclinic structure
of HfO2 corresponding to the P21/c space group. Results obtained for the lattice parameters of
the sample by a fit based on Rietveld method are shown in table 1. The values are consistent
with those found in the literature for pure HfO2, which shows that the expected monoclinic
phase was achieved.
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Figure 3: X-ray powder diffraction pattern along with Rietveld refinement (solid curve)
for HfO2 doped with 5%Si.
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Table 1:

Lattice parameters obtained from the fit of the XRD patterns shown in figure
3 using the Rietica software. Values are given in angstroms.

Si concentration a b c Volume

Literature (0%)™ | 5,1187(4) | 5,1693(1) | 5,2970(4) | 138,36

5% 5,1216(1) | 5,1655(1) | 5,2934(1) | 140.04

From the results in Table 1, one can observe a slight variation in the crystalline parameters,
probably due to the introduction of dopant atoms.

Figure 2 displays the spin rotation spectra (—A22Gz2(t)) along with the fit of the theoretical
perturbation function G»(t) that describes the electric quadrupole interaction. Spectra were
acquired at temperature ranges of 200°C—900°C for HfO> sample doped with concentrations

of 5% Si.
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Figure 4: Pac spectra for (111Ta) probe in Hf doped with 5%Si at different
temperatures. The solid lines are the least square fit of the theoretical function to the

experimental data.
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The results of the hyperfine interaction parameters obtained by best fit to the experimental data
obtained in the temperature ranges of 200°C—-900°C are shown in table 2.

Table 2: Temperature dependence of hyperfine parameters for Si-doped HfO2

HfO; v (MHZ) n Fraction (%)
785 (9) 0.30 (3) 16 (4)
200 1163 (7) 0.59 (2) 22 (3)
874 (12) 0.21 (3) 62 (3)
775 (3) 0.33(2) 32 (4)
400 971(23) 1.00 25 (5)
928 (17) 0 43 (5)
748 (3) 0.39 (1) 42 (4)
600 886 (8) 1.00 6 (1)
888 (9) 0 52 (5)
733 (1) 0.42 (1) 63 (7)
800 878 (5) 1.00 9(2)
509 (3) 1.00 27 (2)
727 (1) 0.44 (1) 71 (6)
900 318 (9) 1.00 3()
496 (5) 1.00 26 (1)

All the spectra measured at different temperatures for Si-doped HfO were fitted with a model
considering probe nuclei occupying three site fractions.

The values of the quadrupole frequency and the asymmetry parameter obtained for one of these
fractions correspond to those expected for the quadrupole interactions of 8'Ta in the
monoclinic phase of hafnium oxide: vo ~ 750 MHz and n ~ 0.36, initially with population of
16% at 200 °C that increases to 71% at 900 °C becoming majority, as reported in reference 15.
This result is an indication that the local structure around probe nuclei becomes more regular
and the crystallinity of samples increases. The decrease in vq and the increase in n with the
increase of temperature, reaching the values of vqo = 727 MHz and 1 = 0.44 at 900 °C (the usual
values are vqo = 790 MHz and n = 0.35-0.38) can be ascribed to the presence of Si atoms in the
crystal lattice of the HfO>. This distortion is probably an indication of the change in electronic
and structural arrangement around the 8 Ta probe nuclei caused by the addition of Si dopants
that have ionic radius different from that of Hf.

The second fraction site characterized initially by a large vq that drops fast when temperature
increases and large n can be assigned to probe nuclei at surface region. The population of this
fraction shows a decrease due to the heat treatment causing the grain to increase in size
diminishing the surface area by volume ratio (18191,

The third site is also from the 81Ta probe substituting Hf, this site may be related with a

transition to a tetragonal structure in range of the temperature 400°C at 600°C. This can be
verified by n = 0 which is the result a tetragonal structure, i.e. without distortion. As show
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reference by 20, the doping HfO2 with another cation such as Si can induce the tetragonal
phase.

4. CONCLUSION

The initial conclusion we could extract from the results is that the PAC technique is capable to
study the doping in oxides and can be a powerful tool to investigate the characteristics of a
particular atomic site and its surroundings. The results of HfO2 showed that the sol-gel method
for nanoparticle preparation is appropriate. Besides, of the producing in quality doped samples
with the expected structure. Moreover, the introduction of the dopant in the HfO2 sample causes
a slight perturbation in the crystal lattice.
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