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The pure, 2 at.%, and 20 at.% Gd-doped HfO2 ceramics were
prepared by the standard solid-state reaction technique. Dielec-

tric properties of these ceramics were investigated in the

temperature range 300–1050 K and frequency range 20–
5 3 10

6
Hz. Our results revealed an intrinsic dielectric

constant around 20 in the temperature below 450 K for all

tested ceramics. Two oxygen-vacancy-related relaxations R1

and R2 were observed at temperatures higher than 450 K,

which were identified to be a dipolar relaxation due to grain
response and a Maxwell–Wagner relaxation due to grain-

boundary response, respectively. The dielectric properties of

the pure and slightly doped (2 at.%,) samples are dominated
by the grain-boundary response, which results in a colossal

dielectric behavior similar to that found in CaCu3Ti4O12. The

doping level of 20 at.% leads to the structural transformation

from monoclinic phase to cubic phase. The dielectric properties
of the heavily doped HfO2 are dominated by the grain response

without any colossal dielectric behavior.

I. Introduction

HAFNIUM oxide (HfO2) is known as a promising high-j
insulator playing an increasing important role in micro-

electric devices.1 From the view point of application, the
knowledge of the dielectric properties of HfO2 in both thin
film and ceramic cases is of vital importance. Most of the
existing reports on the dielectric properties of HfO2 were per-
formed theoretically.2–5 It was revealed that oxygen vacancies
are the decisive fact in controlling the electric and dielectric
properties of HfO2.

6–8 In contrast to the abundant theoretical
results, experimental investigations were solely focused on
the thin film case.9–15 Ferroelectricity had been widely
reported recently in HfO2 thin films via slightly doping with
different cations such as Gd, Al, Y, and Si.16–20 This result is
quite astonishing because ferroelectricity is physically prohib-
ited in bulk HfO2 as it exhibits a centrosymmetrically mono-
clinic structure at room temperature. The capping material
was reported to be crucial for ferroelectricity in HfO2 thin
films.20 Very recently, Sang et al.21 confirmed that a noncen-
trosimmetric Pca21 orthorhmbic phase exists in Gd:HfO2

thin films, which provides a structural origin for ferroelectric-
ity in the doped films.

The above results indicate that the dielectric properties of
HfO2 are far from well characterized and motivate our
research interesting on the dielectric properties of the bulk
counterpart. We, herein, present a study on the dielectric
properties of both pure and Gd-doped HfO2 ceramics in the
temperature range 300–1050 K and frequency range 20–
5 9 106 Hz. Our results showed that the dielectric properties
of these samples are strongly related to the oxygen vacan-
cies.

II. Experimental Details

The pure, 2 at.%, and 20 at.% Gd-doped HfO2 ceramics,
referred to as samples 1, 2, and 3, respectively, were prepared
by the standard solid-state reaction technique. High-purity
(99.99%) starting powders of HfO2 and Gd2O3 powders were
thoroughly mixed using a mortar and calcined at 1200°C for
10 h and 1400°C for 10 h with intermediate grinding. The
resultant powders were reground and pressed into pellets with
size of 12.3 mm in diameter and about 0.76 mm in thickness
and finally sintered at 1400°C for 24 h followed by furnace
cooling to room temperature. The crystal structure was char-
acterized by X-ray diffraction (XRD) performed on a
MXP18AHF diffractometer (MARK, Mac Science Co. Ltd.,
Yokohama, Japan) with Cu Ka radiation. The morphology
and microstructure of the sintered samples were characterized
by a field-emission scanning electron microscopy (SEM)
(Model S-4800; Hitachi Co., Tokyo, Japan). The temperature-
dependent dielectric and electric properties were obtained
using a Wayne Kerr 6500B precise impedance analyzer
(Wayne Kerr Electronic Instrument Co., Shenzhen, China)
with the sample mounted in a holder placed inside a PST-
2000HL dielectric measuring system (Partulab Co., Wuhan,
China). The temperature variations were automatically con-
trolled by a Stanford temperature controller with a heating
rate of 2 K/min. The amplitude of the ac measuring signal was
100 mV rms. Annealing treatments were performed in flowing
(200 mL/min) O2 and N2 (both with purity >99.999%). Before
measuring, electrodes were made by printing silver paste on
both sides of the disk-shaped samples and then fired at 600°C
for 1 h to remove the polymeric component.

III. Results and Discussion

The XRD patterns of the three samples were shown in Fig. 1
recorded at room temperature. It is seen that the low doping
concentration of 2 at.% Gd2O3 has no evident influence on
the crystal structure. Both samples 1 and 2 exhibit mono-
clinic phase. The patterns can be indexed according to
JCPDS No. 74-1506. The lattice parameter calculated by
MDI Jade 5.0 software (Materials Data Inc., Livermore,
CA) are listed in Table I. When Gd2O3 concentration reaches
20 at.%, the crystal structure transfers to the cubic phase
with the lattice parameter a = 5.263 �A. This finding agrees
well with that reported in literature.22

The insets (a), (b), and (c) are the surface images of samples
1, 2, and 3, respectively. As observed, samples 1 and 2 show
condensed morphology composed of larger grains coexisting
with smaller ones. The grains are separated by distinct grain
boundaries. Their density is ~ 90% of the theoretical density,
as determined by an Archimedes method. Slight doping of
Gd2O3 leads to the reduction in the fraction of smaller grains.
The average grain size was estimated to be 9.6 and 12.6 lm for
samples 1 and 2, respectively. However, when the doping level
was elevated to 20 at.%, great changes were observed: the
grains become much smaller but more uniform and the mor-
phology contains a large number of pores. The density reduces
to 85% of the theoretical value. The average grain size is about
3.47 lm. These changes can be ascribed to the structural phase
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transition. Because no Gd2O3 phases were observed in sample
3 indicating that Gd2O3 could be accommodated in solid solu-
tion in the HfO2 matrix. The replacement of Hf4+ ions
(0.086 nm) by Gd3+ ions (0.093 nm) leads to obvious lattice
distortion, thereby limiting the cubic grain growth.23

Figures 2(a) and (b) present, respectively, the temperature
(T) dependence of the dielectric constant e0 (the real part of
the complex permittivity e*) and dielectric loss tangent (tan
d = e″/e0, where e″ is the imaginary part of the complex per-
mittivity) of pure HfO2 measured under various frequencies.
It is seen that the sample shows colossal dielectric constant
(CDC) behavior similar to that found in CaCu3Ti4O12

(CCTO).24 The CDC behavior of HfO2 takes place in the
temperature higher than 450 K. It is composed of two fre-
quency dispersion sigmoidal steps occurring around 500 and
800 K in the dielectric constant. The steps are accompanied
by two sets of peaks in the corresponding curve of dielectric
loss tangent. The peak position shifts to high temperature as
the measuring frequency (ƒ) increases, indicating that there
are two thermally activated relaxation processes in the sam-
ple. For brevity, these relaxations are named as R1 and R2
in the order of ascending temperature (descending fre-
quency). In the temperature range below 450 K, both e0(T)
and tan d(T) become flat curve independent of frequency and
temperature. This signals the intrinsic dielectric response
resulting from the electronic and/or ionic polarization. This
point was further confirmed by impedance analysis. The inset
of Fig. 2 shows the spectroscopic plots of the impedance, Z″
(f), at selected temperatures. One notes that the curves
recorded below 450 K overlap leading to a master linear
straight line with a slope of �1 in the double logarithmic
coordinate frame. This finding reveals that the tested cell is
an ideal capacitor with the HfO2 being the ideal insulator,
because the capacitance of an ideal capacitor is described by

Z� ¼ 1=ðjxCÞ or Z00 ¼ �1=ðxCÞ (1)

where C is the capacitance of the measured cell, j is the
imaginary unit, and x = 2pf is the angular frequency. When

the measuring temperature is higher than 500 K, the low-fre-
quency data points in the spectroscopic plot deviate from the
linear line, indicating that leaky current due to relaxation
occurs in the tested cell. The cell can no longer be considered
as an ideal capacitor. This finding confirms the intrinsic
dielectric response below 450 K. The intrinsic dielectric con-
stant is found to be 18.06 and the loss tangent value in the
intrinsic range is 0.025. Such features of low dielectric loss,
high (with respect to the dielectric constant of 8.9 for Si3N4)
and both temperature and frequency independent dielectric
constant over a wide temperature up to 450 K, make HfO2

very desirable for gat dielectric material.
Sample 2 shows similar dielectric behavior to that of sam-

ple 1 (not shown). No trance of ferroelectricity was found. It
is worth pointing out that the stress/strain induced due to
the different lattices and/or crystallographic symmetries
between the film and substrate plays a very active role on the
properties of the thin film system. It had been reported that
the electric field induced by strain can enhance the ferroelec-
tric polarization,25 and can even transform a paraelectric
material such as SrTiO3 to a ferroelectric phase.26 The
absence of ferroelectricity in sample 2 may be attributed to
the strain. We, therefore, turn our attention to the dielectric
properties of the heavily doped sample. Figure 3 shows the
temperature dependence of dielectric constant of sample 3.
When compared with sample 1, two features can be
extracted: (1) The heavily doped sample shows a higher
dielectric constant plateau of 22 in the same temperature
range below 450 K. (2) The first stepwise increase becomes
much weaker and instead of the second stepwise increase, a
nearly exponential increase in e0(T) appears when tempera-
ture is higher than 800 K. This leads to the disappearance of
the CDC behavior. The rapid increase in e0(T) strongly sig-
nals that the conductivity dominates the dielectric response
and implies that Gd doping can improve the conductivity.
The inset is the temperature dependence of the dielectric loss
tangent of sample 3. The two relaxations behave as humps
further confirming the pronounced conductivity that creates
remarkable background.

Relaxation parameters are important for understanding
the mechanisms of R1 and R2. To obtain the relaxation
parameters, accurate peak positions (TP) of the relaxations
are needed. In doing so, nonlinear fittings with two Debye
peaks were applied to fit the tan d(T) curves. As an illustra-
tion, the resultant fitting curve and relaxations R1 and R2
(solid lines) as well as the background (dashed line) to the
experimental data points (open circles) recorded at 300 Hz

(a) (b) (c)

Fig. 1. X-ray diffraction patterns for the pure and Gd-doped HfO2

ceramics. Insets (a), (b), and (c) are the SEM micrographs of
samples 1, 2, and 3, respectively.

Table I. Lattice Parameters for Samples 1, 2, and 3

Sample no.

Lattice parameter (�A)

a b c

1 5.172 5.201 5.389
2 5.119 5.171 5.306
3 5.263

(a)

(b)

Fig. 2. Temperature dependence of the dielectric constant e
0
(a) and

dielectric loss tangent tan d (b) for the pure HfO2 sample measured
under different frequencies. Inset shows the frequency dependence of
the imaginary part of impedance Z″ for sample recorded at several
temperatures.
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for sample 1 were displayed in Fig. 4. The fitting curve
matches the experimental data very well, indicating perfect
fitting result was achieved. The net peak intensity of R2 is
much higher than that of R1, indicating that R2 is the pre-
dominant contributor to the CCTO-like dielectric behavior
of pure HfO2. The relaxation parameters for R1 and R2 can
be deduced in terms of the Arrhenius law:

f ¼ f0 exp ð�Ea=kBTpÞ (2)

where f0 is the pre-exponential factor, Ea is the activation
energy of relaxation, and kB is the Boltzmann constant. The
inset of Fig. 4 shows the Arrhenius plots of R1 and R2 for
sample 1. The calculated values of Ea and f0 for the three
tested samples are tabulated in Table II. The activation
energy for R1 and R2 was found to be around 0.7 and
1.2 eV, respectively. It was widely reported that relaxations
in oxides with the activation energy around 0.7 and 1.2 eV
are oxygen-vacancy-related relaxations.27–29 Our recent work
pointed out that the relaxation caused by the electromigra-
tion of oxygen vacancies at high temperatures is a kind of
conduction relaxation rather than the conventional dielectric
relaxation in high-resistive materials.30,31 The electrical
response due to the electromigration of oxygen vacancies can

be described by the well-known power law, that is, the uni-
versal dielectric response (UDR).32

e00 ¼ BðTÞxs�1 (3)

e00 ¼ e1 þ CðTÞxs�1 (4)

where e∞ is the dielectric constant at high-frequency limit,
B(T), C(T), and s (with the value between 0 and 1) are
temperature-dependent constants.

Contrary to the dielectric relaxation, which shows a semi-
circle in the Cole–Cole plot (i.e., e″is plotted against e0), the
conduction relaxation as described by Eqs. (3) and (4)
behaves as a straight line at a given temperature. Figures 5
(a) and (b) shows such plots for samples 1 and 3, respec-
tively. For sample 1, perfect straight lines can be seen at
temperatures lower than 800 K. However, the corresponding
slope changes when increasing the temperature up to 825 K.
The data points at the lowest frequencies obviously deviate
from the linear relation leading to two linear segments. This
finding implies that conductive mechanism changes in the
temperature range 800–825 K. A new conductive mechanism
comes into action at higher temperatures. The temperature
range that the conductive mechanism changes matches well
with the temperature range where R2 occurs as seen in
Fig. 1(a). This finding indicates that the observed relax-
ations are closely related to the conductive processes. The
hoping motions of oxygen vacancies can create reorienta-
tional dipole relaxation.27 Our recent report revealed that
when the hoping vacancies were blocked by grain bound-
aries forming space-charge therein, a Maxwell–Wagner
relaxation occurs at higher temperatures.33 The R1 and R2
might be related to the bulk (grain) and grain-boundary
responses, respectively. It was widely reported that the
relaxation intensity of an oxygen-vacancy-related relaxation
depends on the concentration of the vacancies and can be
tuned by annealing in N2 and/or O2 atmospheres.34 If the
annealing treatments were performed at a sufficiently lower
temperature than that of sintering for not too long time,
the properties of the grains would have no significant varia-
tion, whereas the nature of the grain boundaries can be
obviously changed. As a result, the dielectric relaxation
related to the (grains) grain boundaries is expected to be
(insensitive) sensitive to these annealing treatments.35 To
confirm this inference, annealing treatments first in O2 and
then in N2 were performed at 800°C far away from the sin-
tering temperature (1400°C) for 2 h. After each treatment,
dielectric properties were measured as a function of temper-
ature. Figure 6 compares the temperature dependence of the
loss tangent record at 300 Hz in the as-prepared, O2- and
N2-annealed cases. To get a clear picture about how the
peak intensity varies with the annealing treatments, nonlin-
ear fittings were applied. The left and right insets are the
resulting peak of R1 and R2, respectively. As expected, R1
is almost independent of these treatments, whereas R2 is
depressed by O2-annealing and then enhanced by the N2-
annealing. These findings further support that R1 and R2
resulting from the bulk and grain-boundary responses,
respectively.

Fig. 3. Temperature dependence of the dielectric constant for
sample 3. Inset shows the temperature dependence of tan d for the
sample.
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Fig. 4. A representative example showing the comparison between
the experimental data (open circles) of tan d(T) recorded at 300 Hz
for the pure sample and the fitting curve and resulting peaks (solid
lines) as well as the background (dashed line). Inset shows the
Arrhenius plots for R1 and R2 with the data deduced from the
fitting results.

Table II. Relaxation Parameters for Samples 1, 2, and 3
Obtained from the Dielectric Permittivity/Electric Modulus

Spectra

Sample no.

R1 R2

Ea (eV) f0 (9109 Hz) Ea (eV) f0 (91011 Hz)

1 0.67/0.77 1.69/5.81 1.43 1.95
2 0.70/0.79 1.17/1.29 1.07 0.53
3 1.36/1.28 3400/1199
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For sample 3, the Cole–Cole plot [Fig. 5(b)] shows almost
one linear segment without any obvious deviation of the data
points. It seems that the sample possesses one relaxation pro-
cess. This is contrary to the finding of Fig. 3. A careful
examination reveals a weak deviation from the linear seg-
ment for the data points in the high-frequency range. This
indicates that the linear segment is contributed by the data
points in the low-frequency range. Hence, the dielectric prop-
erties of sample 3 are dominated by R2, because the relax-
ation in the low (high)-frequency (temperature) range
corresponds to R2. This point is further confirmed by the
results from the electric modulus spectra.

The electric modulus is defined as M* = M
0
+ jM″ = 1/

e*, which shares the same mechanism as that of the dielectric
permittivity. Figures 7(a), (b), and (c) show, respectively, the
spectroscopic plots of the electric modulus for samples 1, 2,
and 3 recorded at a series of temperatures. From which we
can see that, aside from a pronounced high-frequency peak,
a low-frequency hump can be seen in samples 1 and 2. The
low- and high-frequency peaks can be identified to be R2
and R1, respectively, whereas for sample 3, only the pro-
nounced peak can be seen. Arrhenius plot of the pronounced
peak was displayed in Fig. 7(d) and the deduced values of Ea

and f0 are shown in Table II. One notes that the relaxation
parameters of the pronounced peak for samples 1 and 2 per-
tain to those of R1 deduced from the spectra of tan d(T),

confirming that the pronounced high-frequency peak in the
two samples corresponds to R1. However, the relaxation
parameters of the pronounced peak for samples 3 are compa-
rable with those of R2 deduced from the tan d(T) spectra.
This finding evidences that R2 of samples 3 prevails over R1
becoming the dominant relaxation response in the electric
modulus spectra. Meanwhile, the finding implies that R1 of
samples 3 moves to a higher frequency range referenced to
samples 1 and 2, and becomes much weaker and/or very
close to R2 as it is not detectable even in the bilogarithmic
representation.

To decipher why R1 is not detectable in Fig. 7(c), Fig. 8
presents the comparison of the normalized spectroscopic plot
of the electric modulus for the three samples. In Fig. 8 each
M″ and f were normalized with respect to the peak position
M00

max and fp, respectively. The normalized spectroscopic plot
for sample 1 recorded at 650 K is asymmetric because of the
relaxation R1 as indicated by the low-frequency hump. Free
from the interference of R1 [see Fig. 7(b)], the normalized
spectroscopic plot for sample 2 recorded at 473 K is symmet-
ric with a width of the peak at half-maximum found to be
1.498. This value is larger than 1.144 for the ideal Debye
relaxation.36 The deviation from the ideal Debye relaxation
can be well explained by the fact that the strong interaction
between oxygen vacancies and their surrounding medium
leads to the spread of relaxation time.30 The low-frequency
wing of the normalized spectroscopic plot for sample 3
recorded at 673 K falls onto the curve of sample 2. But the
high-frequency wing goes outward leading to an asymmetric
peak. This fact convincingly evidences the existence of a
weak peak close to the normalized peak in the high-fre-
quency range. As the normalized peak of sample 3 is R2, the
shadowed high-frequency peak can be identified to be R1.

A pertinent question is why R2 becomes the dominant
relaxation in sample 3, whereas R1 is the dominant relax-
ation in samples 1 and 2 in the electric modulus spectra. To
answer this question, impedance analysis was performed.
Figures 9(a) and (b) present the Nyquist plot (Z″ versus Z0,
where Z0 and Z″ are the real and imaginary parts of the
complex impedance Z*) for samples 1 and 3, respectively. An
asymmetric semicircle can be seen for both samples. The
apex of the semicircle of sample 3 is much smaller than that
of sample 1 further confirming that Gd doping can improve
the conductivity. This fact can be explained in terms of the
following defect equation:

Gd2O3 þ 1=2O2 �!HfO2
2Gd0Hf þ 4Oo þ 2h� (5)

It is see that the gadolinium acts as acceptor that intro-
duces electron holes, thereby improving the conductivity.

The asymmetric semicircle indicates that it is composed of
overlapped arcs due to different contributions. To identified
these contributions, Figs. 9(c) and (d) replot the isotherm in
Figs. 9(a) and (b), respectively, using an alternative represen-
tation of Z0 versus �Z″/f. In this kind of representation,
three sectional straight lines can usually be obtained with the
sequential regions from low to high frequencies correspond-
ing, respectively, to the dielectric response from the contacts,
grain boundaries, and bulk grains.37 Each section can be
modeled by a parallel-connected RC (R = resistor, C = ca-
pacitor) unit. The product of RC represents the relaxation
time si = RiCi (i = g, gb, and c denoting the grain, grain
boundary, and sample-electrode contact, respectively), which
yields a peak in the Nyquist plot when xsi = 1 is fulfilled. In
addition, the slope of the linear section in Figs. 9(c) and (d)
is given by fi = 1/si = 1/(RiCi).

38 Sample 1 shows three well-
clarified sections of the grain, grain boundary, and sample-
electrode contact, according to different slopes of the three
sections. The demarking frequencies separating these sections
were found to be 1998 and 1.10 9 105 Hz. The high- and
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low-frequency relaxations (R1 and R2) in the modulus spec-
tra [Fig. 7(a)], taking the isotherm recorded at 800 K as an
example, occur around 1.14 9 105 and 5952 Hz, which can
be identified to be related to the grain and grain-boundary
contributions, respectively. This result further convinces that,
similar to CCTO, the CDC behavior found in pure HfO2

and slightly doped sample has an extrinsic Maxwell–Wagner
nature due to grain-boundary relaxation. The absence of the
contact contribution in the modulus spectra can be well
understood based on the fact that the modulus spectra
emphasize the contribution with low capacitance, whereas
the impedance spectra highlight the contribution with large
resistance.39 Likewise, the demarking frequencies for sample
3 were found to be 2.23 9 105 and 2.93 9 106 Hz. The R2
peak in the modulus spectra [Fig. 7(c)] recorded at 823 K
occurs around 1.79 9 106 Hz, which belongs the grain-
boundary response.

The grain and grain-boundary sections of sample 3 have
approximate the same slope. This is the reason that R1 and
R2 are almost overlapped in the modulus spectra as

confirmed in Fig. 8. The similar slopes of the grain and
grain-boundary sections indicate fg = 1/(RgCg) ~ fgb = 1/
(RgbCgb). As Rg < Rgb [c.f. Fig. 9(d)], one has Cg < Cgb.
Therefore, the modulus spectra emphasize the small-capaci-
tance relaxation. This is the reason that R2 rather than R1,
as found in samples 1 and 2, becomes the dominant relax-
ation in sample 3. The small capacitance is also evidenced by
the SEM images shown in Fig. 1, which reveals that samples
1 and 2 have larger grains than that of sample 3. According
to Adams et al.,40 ceramics with a small grain size have lar-
ger fraction of volume taken by Schottky barriers resulting
in an increase in the effective thickness of the charge storage
regions. Although the charges are stored at the grain bound-
aries, the thickness of the grain-boundary capacitance of
sample 3 is larger. This produces a smaller value of Cgb for
sample 3.

In summary, the grain response dominates the electric
modulus spectra of samples 1 and 2, whereas the grain-
boundary response dominates the spectra of sample 3. Based
on the brick-layer model, the dielectric properties of the
tested sample can be modeled by two RC units connected in
series [inset of Fig. 9(a)] with one for the grain and the other
for the grain boundary.41 As a consequence, the measured
dielectric properties are controlled by the contributor with
relatively larger capacitance, the dielectric properties of sam-
ples 1 and 2 are, therefore, dominated by the grain-boundary
response, whereas the dielectric properties of sample 3 is
dominated by the grain response.

IV. Conclusion

We present a comparative study on the dielectric properties
of pure and Gd-doped (with the doping level of 2 at.% and
20 at.%) HfO2 ceramics. The pure and slightly doped
(2 at.%) samples show CDC behavior composed of two oxy-
gen-vacancy-related relaxations (R1 and R2) in the tempera-
ture range higher than 450 K. The low-temperature
relaxation (R1) was argued to be a dipolar relaxation due to
the hopping motions of oxygen vacancies inside grains,
whereas the high-temperature one was ascribed to be a
Maxwell–Wagner relaxation caused by grain-boundary
response. The CDC behavior is dominated by the Maxwell–
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Wagner relaxation. Heavy doping (20 at.%) can stabilize the
cubic HfO2 phase to room temperature, improve the conduc-
tivity, and reduce the grain-boundary capacitance. The grain
response takes over the grain-boundary response and
becomes the predominant contributor to the dielectric prop-
erties of the heavily doped sample.
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