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ABSTRACT

ZrO, and HfO, powder samples were prepared by using the chemical precipitation method and subsequent annealing. Crystal
structure, local electronic structure and dielectric constant of amorphous and crystalline powders of ZrO, and HfO, have been
examined using the synchrotron X-ray diffraction, O K-edge X-ray absorption spectroscopy, Zr 3d and Hf 4f core-level X-ray
photoelectron spectroscopy and temperature dependent dielectric measurements, respectively. Amorphous ZrO, and HfO,
powders exhibit a local tetragonal structure, with mixed +3 and +4 valence states of Zr and Hf ions, and demonstrated the high
dielectric performance. After the heat treatment, the tetragonal phase transforms into the monoclinic phase with dominant +4
valence state of Zr and Hf ions and the larger sized ZrO, and HfO, nanoparticles exhibited low dielectric constant. The
manifestation of high dielectric constants in the amorphous ZrO, and HfO, samples is because of the hopping of electrons

between the Zr*3-zr* and Hf"*-Hf* networks. Copyright © 2016 VBRI Press.
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Introduction

Zirconia (ZrO,) and Hafnia (HfO,) are known as ‘twins’
oxide materials with their outstanding electrochemical and
dielectric properties [1, 2]. The ‘fwin’ nature of these two
oxides arises because of the (i) similar outer shell
configuration (d?, s%), (ii) quasi-identical nature of the
atomic/ionic radii, and (iii) very close electronegativities
(~1.3) of their metal atoms. Under the normal conditions of
temperature and pressure both of the oxides exhibit
monoclinic crystal structure (space group P2;/c) and,
practically, the same atomic density. When these
components were annealed, they are known to transform
first to the tetragonal phase and then cubic phase [3]. In
terms of prevention of current leakage through the gate
oxide layers, such as in metal-oxide-semiconductor field
effect transistor (MOSFET) devices, nanocrystalline ZrO,
and HfO, have shown their superiority over the commercial
SiO, oxide layer because of their suitable band offsets,
barrier heights, energy band gap and dielectric constants [2,
3]. The dielectric constant of tetragonal ZrO, was found to
be two times larger than that of monoclinic ZrO, [2].
Hence, it is advantageous to achieve the tetragonal
polymorphous of ZrO, or HfO, for their practical
applications.

Efforts have been made to stabilize the tetragonal or
cubic phase of ZrO, and HfO, at room temperature. In this
context, trivalent dopants [4] and tetravalent dopants [5]
have been incorporated into the host monoclinic ZrO,. The
stabilizers, nevertheless, stabilize the tetragonal or cubic
phase of ZrO, but create oxygen vacancies and other small-
sized secondary phases [6]. Such secondary phases and
oxygen vacancies can degrade the
structural/electrical/optical properties of the compound.
Therefore alternative methods, such as ‘athermal’
annealing by ion-irradiation, have also been employed to
stabilize the tetragonal or cubic phases of HfO,/ZrO, in the
thin films and powders [7, 8]. Partial phase transformation
has been achieved by ion-irradiation but the high energy
ion-irradiation induced defects have resulted in degradation
of the crystalline quality and electrical properties of the
samples. More recently, the phase stabilization by
maneuvering the size of material has attracted considerable
interest, introducing large surface area, extraordinary
surface energy and unusual adsorptive properties of the
small sized NPs [9, 10]. The surface energy of tetragonal
phase is lower than that of monoclinic phase for the similar
crystallite size, and the reduction of crystalline size up to a
few nanometers (5-10 nm) has resulted in stabilization of
the tetragonal phase of ZrO, at room temperature [9].
Interestingly, the amorphous gate oxides (ZrO, and HfO,)
are often required in the MOSFET devices because of their
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isotropic and homogeneous electrical characteristics
[10, 11]. In previous reports, the local monoclinic phase of
ZrO, could be achieved in the amorphous thin films and the
k value of the amorphous thin film was close to that of
crystalline monoclinic structured thin film [10]. There are
only few studies on the stabilization of tetragonal/cubic
phase in amorphous or nanocrystalline of HfO, with their
dielectric performance [11].

Therefore, control synthesis and atomic level
understanding of the amorphous ZrO, and HfO, systems
along with their dielectric performance would be valuable
for the exploration of their functionalities in the futuristic
devices.

Experimental
Material synthesis

Pure ZrO, and HfO, powders were synthesized using
chemical precipitation method. This method has been
proven its applicability to synthesize the pure and doped
oxide NPs (size ~5 nm) [12-14]. All the reagents used were
of analytical grade without further purification. To
synthesize the ZrO, and HfO, powder samples, the clear
solutions were prepared by dissolving the 5 gram of
ZrCl4.5H,0 and HfCl;.5H,0 chemicals, separately, in the
200 mL double distilled (DI) water, under the constant
stirring for 1 hr. When the precursor had been totally
dissolved, the diluted NH4OH solution was, drop-wise,
added into the precursors. The reaction was done at 3 pH
and 6 pH values of the solutions under constant stirring.
The resultant precipitates were washed several times with
DI water and then dried at 80 °C in air for 30 hours to
obtain fine powdered samples. Further, to achieve larger
grain sized HfO, and ZrO, samples, a part of the as-
synthesized powders was annealed in air at 250 °C and 500
°C, respectively.

Characterization

The structural properties were examined by using the
synchrotron X-ray diffraction (XRD) with A = 1.240 A at
X-ray scattering beam line (3D beam line of Pohang Light
Source (PLS), South Korea). Local electronic structure of
the samples was investigated by using the near edge X-ray
absorption fine structure (NEXAFS) spectroscopy at the O
K-edge and the core-level X-ray photoelectron
spectroscopy (XPS) at Zr 3d and Hf 4f edges. The O K-
edge NEXAFS and Zr 3d and Hf 4f core-level XPS spectra
were collected at the 8A beam line of the PLS. To measure
the dielectric constant of the so-formed samples typical
parallel plate capacitors were designed by coating the silver
paste on the pellet surfaces. The dielectric response of such
capacitors was measured using two electrode configuration
with an Agilent 4285A precision LCR meter. These
measurements were performed in the temperature range
from room temperature to 500 °C, using a Lakeshore
temperature controller. The real part of the complex
dielectric function (k;) was determined by considering the
geometry of the parallel plate capacitor, k; = Cd/(Ak),
where C is the measured capacitance, d is the thickness of
pellet, A is the area of pellet and k; is the vacuum dielectric
constant.
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Fig. 1. (color online) XRD patterns of (a) ZrO, and (b) HfO, powders.

Results and discussion

Fig. 1(a) & (b) show the XRD patterns of ZrO, and HfO,
powder samples, respectively. It is clear from the Fig. 1
that the 3 pH and 6 pH grown powders show a broad hump
like feature at ~ 25° and do not exhibit any diffraction peak
and, hence, represent the amorphous nature. The clear
diffraction peaks are appeared in the XRD patterns of
250 °C and 500 °C annealed powders, indicating the
polycrystalline nature of the samples. The peak
identification and calculations of lattice parameters were
done using the Powder-X software package. The XRD
patterns (Fig. 1 (a)) were fairly resemble to the monoclinic
ZrO, phase (lattice parameters; a = 5.142, b = 5.20, ¢
=5.311, angles; a = y =90°, B = 99.205°, space group
P21/c). Similarly the (Fig. 1 (b)) resembled to the
monoclinic HfO, phase (lattice parameters; a = 5.117, b =
5.175, ¢ = 5.291, angles; o =y = 90°, B = 99.216°, space
group P21/c). The lattice parameters of ZrO, and HfO,
powder samples closely match with the slandered
JCPDF#830944 and JCPDF#780050 files, respectively.
The noticeable observation in the XRD patterns of 250 °C
annealed ZrO, and HfO, samples is the presence of extra
peak (marked by asterisk) at ~ 24.2° which does not
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matched with the monoclinic phase of HfO,/ZrO,. This
peak resembles to the (111) peak of tetragonal phase (space
group P42/nmc) of ZrO,/HfO,. Presence of this peak
signifies the formation of mixed monoclinic and tetragonal
phases in the 250 °C annealed samples. The 500 °C
annealed samples show improvement in the intensity of the
XRD peaks, and the (111) peak from the tetragonal phase is
disappeared, indicating formation of highly crystalline
monoclinic ZrO, and HfO, samples at this temperature. The
average grain size (calculated by using the Scherrer
relation) of 250 °C and 500 °C annealed ZrO, samples was
~ 15 nm and ~35 nm, respectively. For the HfO, samples,
the size was estimated to be ~ 9 nm and ~34 nm,
respectively. To further probe the morphology and particle
size of the as grown and annealed samples, systematic,
TEM images and selected area electron diffraction (SAED)
patterns were collected.

Fig. 2. (color online) TEM images of (a) 3pH grown (b) 250 °C annealed
and (c) 500 °C annealed ZrO powders (lower insets in TEM images show
SAED patterns and upper insets show magnified view of a single
particle).

Since the structural properties/phases and grain size of
the ZrO, set of samples were very similar to that of HfO,
set of samples, therefore, we collected the TEM and SAED
investigations on the ZrO, set of samples only. Fig. 2 (a),
(b) and (c) present the TEM images of 3 pH grown, 250 °C
annealed and 500 °C annealed ZrO, powders, respectively.
It is clear from the Fig. 2 (a) that 3 pH grown samples
show some powder grains with no crystalline fringes and
the SAED patterns also exhibited very less intense rings
which are an indication of the amorphous nature of the
sample. On the other hand, 250 °C annealed powder
sample show (see Fig. 2 (b)) organized particles and high
intense SAED patterns, thus verify the crystalline nature.
Furthermore, severe aggregation of particles can be seen in
the 500 °C annealed samples (Fig. 2 (c)). In the annealed
samples, the grain growth is expected due to the
sintering/ripening process of particles [15] and thus fairly
polycrystalline samples are formed after the heat treatment
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(evidenced by high intense SAED patterns and XRD
diffraction results). The estimated particle size from the
250 °C and 500 °C annealed samples was ~ 12 nm and ~ 40
nm, respectively, and comparable with the findings of XRD

data.
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Fig. 3. (color online) O K-edge spectra of (a) ZrO, and (b) HfO, powders.

In the previous reports, it was difficult to probe the
crystal structure of polymorphous samples of narrow size
using the conventional techniques [9]. Local structure
determination by using the synchrotron based X-ray
absorption techniques is advantageous to probe the
different phases of parent compound in the low dimensional
NPs or even in the amorphous samples [10]. In this regard
the soft X-ray NEXAFS spectra have been collected at the
O K-edge from the ZrO, and HfO, powders and shall be
discussed in the following sections. In the electronic
structure of ZrO,/HfO, the d bands of Zr/Hf metals are
entirely empty (i.e., d° configuration) and O 2p bands are
fully occupied. The crystal field effects, because of the
electrostatic field associated with the O atoms and
alignment of d orbitals with respect to O ligands, are
responsible to rise the t,q orbitals (group of d,y, d,,, and d;)
and lower the e, orbitals (group of d;’.,* and d,?) in energy
[16, 17]. In case of tetragonal polymorphous the MOg
polyhedron remains, fundamentally, cubic but there is some
distortion in the crystal field [16]. Therefore, the 10 Dq
values (separation of e, and tyg orbitals) will be the same to
that of cubic polymorphous but some broadening or
splitting of peaks (nondegeneracy in the orbitals) is
expected [16-18]. On the other hand, there is no center of
symmetry in the MO; polyhedra of monoclinic
polymorphous, and therefore the individual d orbitals
potentially interact with the crystal field of O atoms with
unusual manner [16]. Previous reports have shown that
orbital degeneracies have been removed in monoclinic
ZrO, and there is a complex splitting of the d orbitals [19].
Moreover, it has been observed that the tetragonal
polymorphous exhibits sharp e, and splitted t,, peaks and
the monoclinic polymorphous exhibits splitted ey and sharp
t,g peaks in the O K edge spectra [8, 10, 18]. Fig. 3 (a) and
(b) show the normalized O K-edge spectra of ZrO, and
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HfO, powders, respectively. The spectral features of 3 pH
grown ZrO, sample enclose the sharp e, peak (~ 532.50
eV) and broad/splitted t,; peak (~535.53 eV), marked by
the down arrows. Similarly, the 3 pH grown HfO, sample
also exhibit sharp ey peak at ~533.16 eV and a broad ty
peak at ~537.82 eV.

The 10 Dq value of HfO, (4.66 eV) is quite higher than
that of ZrO, (3.03 eV). This is because of the fact that the
5d orbitals of Hf are more extended than the 4d orbitals of
Zr. As a consequence of this, more extensive overlap with
the O 2p orbitals takes place with the 5d orbitals of Hf, and
thus a larger 10 Dq value is expected in case of HfO, [17].
The spectral features and 10 Dq values of these samples
tally with those of the reported tetragonal phase of ZrO,
and HfO, [10, 18-20] and therefore reinforce the view of
the existence of local tetragonal structure in the amorphous
ZrO, and HfO, powders. The splitting of e, peak is seen in
the 250 °C annealed powder (marked by up-arrows). These
results indicate the mixture of both tetragonal and
monoclinic phases in the 250 °C annealed ZrO,/HfO,
samples. In the XRD patterns, mixture of tetragonal and
monoclinic phase was observed in the 250 °C annealed
ZrO, and HfO, powders. Thus the O K-edge spectra tally
our XRD data. Furthermore, the 500 °C annealed HfO, and
ZrO, powders show dominant splitting in the e, peaks and
sharp t,y peaks and resemble to those of bulk monoclinic
local structure of ZrO, and HfO, [18-20].
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Fig. 4. (color online) XPS survey spectra of (a) HfO, and (b) ZrO;
powders.

The elemental analysis of the samples was done by
collecting the XPS survey spectra. Fig. 4 (a) and (b)
represent the XPS survey spectra of HfO, and ZrO,
samples, respectively. It is visible from the Fig. 4 (a) and
(b) that the HfO, and ZrO, samples exhibit peaks mainly
from the Hf and O (in HfO, samples) and Zr and O (in
ZrO, samples) indicating substantial presence of the
constituent elements in their parent compounds. However,
peaks at 137 eV, 155.7 eV, 285.1 eV and 375 eV were
present in all of the samples. The peaks at 137 eV and
155.7 eV are due to the Auger peaks of O, peak at 285.1 is
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due to the C 1s transition and the peak at 357 eV is due to
the Auger transition of C.
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Fig. 5. (color online) Zr (3d) core-level XPS spectra of (a) 3pH grown and
(b) 500 °C annealed ZrO, powders. Hf (4f) core-level XPS spectra of (c)
3pH grown and (d) 500 °C annealed HfO, powders.

To determine the valence state of Zr and Hf, systematic,
Zr 3d and Hf 4f core-level XPS spectra were also collected
from the 3 pH and 500 °C annealed samples. Fig. 5 (a) and
(b) show the Zr 3d core-level XPS spectra of 3 pH and
500 °C annealed ZrO, powders, respectively. It is visible
from the Fig. 5 that Zr 3d core level spectra consist of two
main peaks associated with the Zr 3ds, at binding energy
182.2 eV and 3ds, at binding energy 184.5 eV. XPS
spectra were deconvoluted by using the spin-orbit splitting
energy 2.3 eV and the intensity ratio of 3ds, and 3ds;
peaks was 2:3. The Lorentzian and Gaussian line widths
were taken to be 0.2 eV and 1.3 eV, respectively. The fitted
curves suggest that the Zr exists in the mixed valence states
(e, zr** and Zr*). Peaks at 181 eV and 183.3 eV
contribute to the Zr*® and peaks at 182.3 eV and 184.55 eV
are corresponding to the Zr**. The energy position of Zr™
and Zr*® peaks is in good agreement with the previous
reports [21, 22]. Closer look of the spectra revealed that the
contribution from the Zr*? is comparable to that of Zr™ in
case of 3 pH grown sample; however, Zr*® contribution
decreased in the 500 °C annealed sample. Fig. 5 (c) and (d)
show the Hf 4f core-level spectra of 3 ph grown and 500 °C
annealed HfO, samples, respectively. Peaks at binding
energy of 17.1 eV and 19.4 eV are the transitions from the
Hf 4f;, and 4fs;, states, respectively. Energy position of
these peaks fairly resembles to those of reported HfO,
powders [23]. Further, the deconvolution of the peaks
indicates that the 3 pH grown sample contains higher Hf*?
component, but Hf"* component is dominant in the 500 °C
annealed sample. The small shoulders at the right-side of
spectra, present in all (ZrO, and HfO,) samples, may arise
either from the charging artifacts in such dielectric powder
samples or from the Zr/Hf-carbides (C contaminants may
present in the samples during the sample preparation using
the chemical synthesis and annealing). However, these
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shoulders did not affect the structural and/or electronic
structure investigations because the Zr 3d & Hf 4f XPS
main peak positions did not change and the XRD data also
unaffected by the C contaminations.
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Fig. 6. (color online) Temperature dependent dielectric constant of; (a)
3pH grown ZrO,, (b) 500 °C annealed ZrO,, (c) 3pH grown HfO, and (d)
500 °C annealed HfO, powders.

To further understand the dielectric performance of the
amorphous and crystalline  powders,  systematic,
temperature dependent dielectric measurements were
performed at different frequencies. Fig. 6 shows the
temperature dependency of ki; (@) amorphous ZrO,, (b)
500 °C annealed ZrO,, (c) amorphous HfO, and (d) 500 °C
annealed HfO,, respectively. The common observation of
the spectra is that the k; decreases with increasing the
operating frequency and enhances with increasing the
temperature. This observation is in accordance with the
Debye model. At the frequency less than 1/z, where 7 is the
Debye relaxation time, the charge carriers contribute fully
to the polarization process but the charge carriers do not
follow the field reversal for the frequency larger than 1/z
and thus the k; decreases with increasing of frequency [21,
24]. Further, the k; increases with temperature because the
dipoles become free to respond with the applied field and
thus favor the polarization process [24].

The most significant observation from the Fig. 6 is that
the k, is high (~10%-10% for the amorphous samples and
decreased about an order of magnitude in the annealed
samples. Furthermore, the features of dielectric spectra are
quite different in amorphous and annealed samples. In the
low temperature range, 50-200 °C, the k, of amorphous
ZrO, and HfO, is ~ 70 which is almost two times larger (at
this temperature range) than that of annealed ZrO,/HfO,
and reported values [2]. In the mid temperature range, 200-
375 °C, the k, of amorphous samples show step like feature
and then again increase with temperature. However, the k;
of annealed samples is ~ 22 and remains constant up to
~400 °C and then increase with temperature. The step like
feature in the spectra of amorphous samples is ambiguous
and not seen in the other reported
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monoclinic/tetragonal/cubic  polymorphs of ZrO,/HfO,.
Here, we believed that this behavior of k; is related with the
structural and electronic structure properties of the samples.
XRD and O K-edge spectra exhibited the mixed tetragonal
and monoclinic phases in 250 °C annealed samples which
further convert into monoclinic phase at 500 °C. During
the dielectric measurements of amorphous samples, as soon
as the temperature rise up to 200 °C, the mixed tetragonal-
monoclinic phase may form in the samples and thermally
activate dipoles of mixed phases, in the presence of
external field, contribute to the dielectric properties up to
375 °C. After this temperature, the dipoles of tetragonal
phase get vanished and the dominating dipoles of
monoclinic phase contribute to the dielectric properties of
the material. The observed high k; in the present case may
be understood on the electronic structure properties of the
compounds. It is known that the oxygen ions and electrons
contribute to the electrical property of ZrO, and HfO, [21,
24]. It is also observed that the ionic conductions dominate
in these compounds because of the small perturbation in
their stoichiometry [18, 25]. Nevertheless, large surface
area of small sized NPs helps to stabilize the
cubic/tetragonal phase of ZrO,/HfO, but also creates
oxygen vacancies which indeed favor the mixed valence
state of cations [21, 25].

In the present case the mixed valence state of Zr and Hf
has been observed from the XPS spectra. Significant
electrical conduction is expected by the hopping of
electrons between Zr™-zr*® and Hf**-Hf*® cation networks,
as previously observed in the cubic ZrO, NPs [21].
Therefore, mixed valence state of cations and considerable
ionic and electronic conduction seems to play a significant
contribution to the observed high k; in the amorphous/local
tetragonal structured samples.

Further, our XPS results inferred that the +3 valence
state of cations is significantly decreased, in the 500 °C
annealed samples, which may reduce the conduction
processes and thus degradation in the dielectric
performance of the annealed/monoclinic structured HfO,
and ZrO, samples has been observed.

Conclusion

In summary, ZrO, and HfO, powder samples were
synthesized by chemical precipitation method at different
pH values of solutions. Air annealing was employed to
investigate the annealing induced structural, electronic
structure, particle size and dielectric constant variations in
the samples. It was observed that 3 pH grown amorphous
ZrO, and HfO, samples have a local tetragonal structure
which first converts into mixed tetragonal-monoclinic
phases at low temperature (250 °C) and then transformed
into dominant monoclinic phase at high temperature
(500 °C). The amorphous ZrO, and HfO, samples exhibit
mixed +3 and +4 valence states of Zr and Hf; however, +4
valence state of cations dominates in the annealed samples.
High k; has been observed in the amorphous samples which
decreased (almost one order of magnitude) in the 500 °C
annealed samples. The hopping of electrons between +3
valence state and +4 valence states of cations, which
provide sufficient ionic and electrical conduction processes,
are responsible for high dielectric properties of the
amorphous samples.
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