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Abstract Zinc-doped yttrium oxide nanopowders of various
doping concentrations have been successfully synthesized by
simple methods like sol–gel, solvothermal and wetchemical
methods. Structural property is analysed by X-ray powder
diffraction (XRD). The presence of elements is confirmed
by FTIR studies. Conductivity and dielectric behaviour of
the samples are analysed by impedance spectroscopy. The
effects of doping concentration and method of preparation
on the crystallinity, the dielectric constant and the electrical
properties of zinc-doped Y2O3 nanomaterials are investigated
and presented in this paper. XRD analysis shows the crystal-
line nature of the samples except the one prepared by
solvothermal method. Also, the same sample is found to have
more conductivity in the order of 5.04×10−7 Scm−1 when
compared with the samples prepared by other methods and
of different doping concentration.

Keywords Yttrium oxide . Sol-gel . Solvothermal .Wet
chemical . Conductivity . Dielectric . Bulk resistance

Introduction

Nanomaterials with large volume-to-surface area and high di-
electric constant are in the focus of current interest not only for

purely academic reasons but also for the further development
of modern electronics. This is due to the grain barrier effects
which occur at nanosize which play an important role on the
dielectric properties of the materials, and they exhibit novel
catalytic, optical, magnetic and electrical properties relative to
those of the bulk materials [1–5]. The regular improvement in
display market is extending its study on the next-generation
display devices such as organic light-emitting diode (OLED)
or flexible display [6, 7].

Y2O3 possesses some unique properties. It has a higher
melting temperature (2430 °C) than a number of other well-
known oxides [8]. Y2O3 has a wide energy band gap, high
values of electrical resistivity (1011–1012 ohm/m), dielectric
permittivity (11–15) and electric strength (108–109 Vm−1),
and it also shows low dielectric losses (0.01–0.03) and good
transparency in a wide spectral range with little light diffusion
[9–13]. Due to these properties, Y2O3 is a prospective material
for antireflecting and protective coatings, interference mirrors
and for manufacturing passive components and dielectric
layers in multilevel integrated circuits [10]. Much attention,
therefore, has been paid to Y2O3 nanomaterials also for mem-
ory devices owing to their electrical characteristics and poten-
tial applications [14].

AC conductivity of nanomaterials is found to depend on
the number of grains and grain boundaries. In order to under-
stand it, the nanostructure-dependent ac conductivity is very
important so as to tune the conditions to produce Y2O3

nanomaterials for the desired electronic device applications.
Hence, fundamental understanding of the electrical properties
is important for employing Y2O3 nanomaterials in storage
capacitors for dynamic random access memories [15–19].
Furthermore, the ability to tailor the properties so as to opti-
mize performance requires a detailed understanding of the
relationship between electronic and geometric structure, par-
ticularly at the nanoscale dimensions. Frequency-dependent
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conductivity, which is a major part of this work apart from
structural characterization, is an important analytical method
to study the electrical properties, conduction mechanism and
the dispersion of relaxation times of Y2O3 nanomaterials. In-
terestingly, we found that there exists a correlation between
the microstructure and electrical properties, specifically the
grain-size-dependent electrical conductivity.

Optical and structural property of zinc–yttrium system
samples is well studied [20]. However, an electrical property
of zinc-doped yttrium oxide samples is hardly reported in the
literature. In this paper, for the first time, we report the struc-
tural and the electrical properties of zinc-doped Y2O3

nanomaterials prepared by simple precipitation techniques
like sol–gel, solvothermal and wet chemical methods. The
effects of doping concentration and method of preparation
on the crystallinity, the dielectric constant and the electrical
properties of zinc-doped Y2O3 nanomaterials are investigated
in order to evaluate the feasibility of using Y2O3 in OLED,
FED, etc.

Experimental

The samples AZ1: Y2O3:Zn (1 g of Y : 0.25 g of Zn), AZ2:
Y2O3:Zn (1 g of Y: 0.5 g of Zn) and AZ3: Y2O3:Zn (1 g of Y:
1 g of Zn) are prepared by sol–gel method and BZ1: Y2O3:Zn
(0.6 g of Y : 0.15 g of Zn), and BZ2: Y2O3:Zn (0.6 g of Y :
0.3 g of Zn) and BZ3: Y2O3:Zn (0.6 g of Y : 0.6 g of Zn) are
prepared by solvothermal method and are previously
discussed in our paper [21]. CZ1: Y2O3:Zn (1 g of Y :
0.25 g of Zn), CZ2: Y2O3:Zn(1 g of Y : 0.5 g of Zn) and
CZ3: Y2O3:Zn(1 g of Y : 1 g of Zn) are prepared by wet
chemical method as described below. The preparation of yt-
trium–zinc precursor was achieved [22–25] which involves a
precipitation reaction between the yttrium nitrate and zinc
acetate dihydrate and oxalic acid as precipitant agent. Precip-
itation was conducted at 80 °C, pH=2 and with a molar ratio
between yttrium nitrate and oxalic acid of 2:3. Yttrium nitrate
solution (0.3M) was added together with oxalic acid (0.45M)
into diluted solution of P.R. (1:10). Yttrium–zinc ratio was
varied as 25, 50 and 100 weight percentage of yttrium nitrate
to get CZ1, CZ2 and CZ3 samples. The precursor post-
precipitation stage consists of washing and drying [26]. Am-
monium hydroxide, sodium hydroxide and oxalic acid have
been used as a solvent in sol–gel, solvothermal and wet chem-
ical method, respectively. Solvothermal method takes a long
time to prepare the sample, when compared with other two
methods, but it is observed that it gives very good samples.
The powder XRD study is carried out using a Shimadzu XRD

�Fig. 1 a XRD diffraction patterns of samples AZ1, AZ2, AZ3. b XRD
diffraction patterns of samples BZ1, BZ2 and BZ3. c XRD diffraction
patterns of samples CZ1, CZ2 and CZ3
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Table 1 Details of composition and calculated crystallite size of samples

Sample Method Precipitating reagent Composition Crystallite Size(nm) Structure

AZ1 Sol–gel Ammonium Hydroxide Y2O3:Zn(25 Weight % of Y) 14.7 Cubic

AZ2 Sol–gel Ammonium Hydroxide Y2O3:Zn (50 Weight % of Y) 29.3 Cubic

AZ3 Sol–gel Ammonium Hydroxide Y2O3:Zn (100 Weight % of Y) 19.3 Cubic

BZ1 Sol–gel Sodium Hydroxide Y2O3:Zn (25 Weight % of Y) 29.6 Cubic

BZ3 Solvothermal Sodium Hydroxide Y2O3:Zn (100 Weight % of Y) 29.66 Cubic

CZ1 Solvothermal Oxalic acid Y2O3:Zn (25 Weight % of Y) 3.03 Cubic

CZ2 Solvothermal Oxalic acid Y2O3:Zn (50 Weight % of Y) 3.00 Cubic

CZ3 Wet Chemical Oxalic acid Y2O3:Zn (100 Weight % of Y) 3.02 Cubic

Fig. 2 SEM images of the samples AZ1,AZ2, AZ3 (sol–gel method); BZ1, BZ2 andBZ3(solvothermalmethod); and CZ1, CZ2 and CZ3 (wet chemical
method)
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Fig. 2 (continued)
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6000 X-ray diffractometer using CuKα radiation. Jasco-FTIR
4100 /japan make is used to take FTIR studies in the range of
500–4000 cm−1. Impedance analysis is done by HIOKI 3532
LCR impedance analyser interfaced with a computer in the
frequency range of 42 Hz to 1 MHz at room temperature. The
morphological and elemental analysis of the present samples
was recorded using SEM coupled with EDAX EOL Model
JED – 2300.

Characterisation

XRD

Figure 1a–c shows the XRD patterns of the zinc-doped Y2O3

samples prepared using sol–gel, solvothermal and wet chem-
ical methods. The diffractograms all show a small broad peak
at ∼29° which corresponds to reflections from the <222>
planes of Y2O3 [27]. The cubic phase of Y2O3 is expressed
primarily by reflections from the <222> planes [28, 29]. The
samples prepared by sol–gel method (AZ1, AZ2 and AZ3)
shows the cubic nature of the yttrium oxide and are main-
tained except with shift in the peak position due to the pres-
ence of yttrium hydroxide (JCPDS 832042) formed in the
process [21]. Table 1 lists the crystallite sizes of synthesized
particles estimated from the well-defined known Debye–
Scherrer’s equation [30] along with the composition and struc-
ture. The samples are preferably orientated along different
planes, and the Bd^ value is compared with standard JCPDS
data card (895591) which confirms the cubic structure of the
samples. The sample BZ2 prepared by solvothermal method
leads to amorphous nature. The peaks at (222), (400), (420)
and (322) attributed to cubic structure of yttrium oxide has
been suppressed completely by 50 wt% of zinc. The crystal
structure has been destroyed and become amorphous in
nature.

SEM

SEM diagrams for all the samples are given in Fig. 2, and the
particle sizes of the samples observed from SEM are tabulated
in the Table 2.

EDAX

From EDAX measurements, weight percentage of the zinc
entered in the yttrium oxide lattice has been calculated and it
is shown in the Fig. 3. From the figure, it is observed that the
weight percentage of zinc varies between 14 and 23 for the
samples prepared by sol–gel method and for the samples pre-
pared by solvothermal method it varies between 6 and 10 and
for wet chemical method the range is between 3 and 11.

FTIR

Figure 4 shows FTIR spectra of pure and zinc-doped yttrium
oxide samples prepared by sol–gel, solvothermal and
wetchemical methods. Infrared studies were carried out in
order to ascertain the purity and nature of the metal nanopar-
ticles. Metal oxides generally give absorption bands in finger-
print region, i.e. below 1000 cm−1, arising from inter-atomic
vibrations. The high intensity band centered around
500–600 cm−1 is attributed to Y–O stretching mode of
Y2O3 structure [31]. The absorption band of O_H
stretching vibrations that appears around 3400–3500
and 1600 cm−1 are of absorbed water. The band around
750–1020 cm−1 corresponds to Zn–O stretching and de-
formation vibration, respectively. The metal–oxygen fre-
quencies observed for the respective metal oxides are in
accordance with l i terature values [32, 33] . V.
Parthasarathi and G. Thilagavathi [34] reported similar

Table 2 The particle
sizes of the samples
observed from SEM

Sample Crystallite size(nm) from SEM

AZ1 16

AZ2 24

AZ3 16

BZ1 26

BZ2 27

BZ3 23

CZ1 2

CZ2 2

CZ3 2

Fig. 3 Comparison of atomic weight percentage of the samples by
EDAX studies
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Fig. 4 FTIR spectra of pure and
zinc doped yttrium oxide samples
prepared by a sol–gel, b
solvothermal and c wet chemical
methods

Ionics

Author's personal copy



FTIR spectra observed of zinc oxide nanoparticles in
their investigation. The band around 1300 cm−1 is at-
tributed due to residual nitrate and organic matter in
Y2O3. The results are tabulated in Table 3.

Impedance analysis

Impedance spectroscopy is a simple and powerful tool to
study the electrical and dielectric properties of a compacted

Table 3 FTIR analysis details

Vibrational bands of samples (cm−1) Assignments

A Pure AZ1 AZ2 AZ3 B Pure BZ1 BZ2 BZ3 C Pure CZ1 CZ2 CZ3

3439 3503 3430 3430 3463 3215 3438 3838, 3420 3439 3393 3393 3392 Caused by O-H stretching of the
absorbed water reabsorption
during the storage of the sample
in ambient air

1632 1669 1514 1513 1650 1650 1642 1676 1632 1634 1634 1635

1442 1382 1384 1386 1455, 1383 1390 1392 1442 1442 1364, 1320 1364, 1320 1364, 1320 due to residual nitrate and organic
matter in Y2O3

624 847 856 960 1024 861, 989 823, 745 823, 745 827, 746 ZnO stretching

716 567 619 549 684, 599 684 614 623 716, 495 495 495 496 Stretching Frequency of Y–O
molecule

Fig. 5 The complex impedance plots of pure and zinc-doped yttrium oxide samples prepared by a sol–gel, b solvothermal, c wet chemical method at
room temperature and d complex impedance plot of BZ2 sample along with its equivalent circuit with values
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insulating, ionically conducting and semi-conducting mate-
rials and their interfaces. Figure 5 shows the complex imped-
ance plots of pure and zinc-doped yttrium oxide samples pre-
pared by sol–gel, solvothermal and wet chemical method at
room temperature. It is obvious that all the samples show
single semicircular behavior, which suggests the grain resis-
tance in these samples. The low frequency intercepts of the
semicircle on the real axis yields bulk resistance (Rb) and is
extracted from the impedance plots using EQ software devel-
oped by Boukamp [35, 36] and is given in Table 4. It is ob-
served that the diameter of the semicircle increases with the
increase in dopant concentration referring to prominent de-
crease in electrical conduction. At higher frequency region,
the semicircle is attributed to the grain property of the mate-
rials, which may be due to the parallel combination of resis-
tance and capacitance of the materials. However, the electrical
response of material can broadly depend on the structure,
composition, particle size and impurities [37–39]. The highest
conductivity of the sample BZ2 is due to its amorphous na-
ture. Figure 5d shows the complex impedance plot of BZ2
sample, which has high conductivity along with its equivalent
circuit with values in the inset.

The ionic conductivity of the zinc-doped yttrium oxide
samples has been evaluated by using the relation

σ ¼ l=RbA

where l is the thickness of the pellet and A is its contact area,
and the values are tabulated in Table 4. The maximum ionic
conductivity of 5.04×10−7 Scm−1 has been obtained for the
pellet with 50 weight percentage of zinc-doped yttrium oxide
prepared by solvothermal method. This may be due to the
increase in ionic conductivity and due to the increase in dop-
ant concentration. However, there is slight drop in the conduc-
tivity with further increase in dopant concentration. The

decrease of conductivity with increase in dopant concentration
may be attributed to the fact that the dopants introduce the
defect ions in Y2O3 system. These defects tend to aggregate
due to the diffusion process resulting from sintering and
cooling processes. Thus, the increase in dopant concentration
increases the defect ions, which facilitates the formation of
defect barrier leading to the blockage of flow of charge
carriers. This in turn decreases the conductivity of the
system [40].

It is clear that conductivity is strongly frequency depen-
dent. The conductivity increases with increasing frequency
according to the relation

σ ωð Þαωn

where ω is the angular frequency and the value of n depends
on the temperature and frequency. The value of n is found to
be in between 0.73 and 0.79 (Table 4). Such a power law
dependence on frequency is usually associated with the hop-
ping conduction of electrons. This dependence of conductivity
on frequency can be explained by the predominance of the
hopping mechanism, as the conductivity increases with in-
creasing frequency [41].

The hopping mechanism in Y2O3 nanomaterials is attribut-
ed to the presence of oxygen vacancies [42]. Based on the
Y2O3 bulk electronic structure, the valence band is formed
by the filled O-2p orbital and the conduction band is formed
by themetal (Y) 5d orbital. The vacancy level forms below the
conduction band, and it can also trap one or two electrons. A
trapped electron causes the adjacent Y ions to distort asym-
metrically, pulling down a singly degenerate B1 state from the
conduction band. This state can be occupied by 1 or 2 elec-
trons. The observed dispersion in the resistivity is due to the
contribution from the Y and O ions to the relaxation. At low
frequency regime, hopping of electrons between the localized

Table 4 The low frequency intercepts of the semicircle on the real axis yields bulk resistance (Rb) and is extracted from the impedance plots using EQ
software

Sample name Conductivity (Scm−1) Bulk resistance (ohm) Relaxation time (s) n Constant phase element Cz

A Pure 3.5×10−7 210,400 5.35×10−5 0.78 5.47×10−10

AZ1 3.03×10−8 1,842,030 5.77×10−7 0.79 2.68×10−10

AZ2 5.06×10−8 1,455,300 5.33×10−7 0.76 1.21×10−9

AZ3 2.00×10−7 278,189 4.28×10−6 0.77 9.05×10−10

B Pure 3.43×10−7 178,443 5.04×10−5 0.79 6.70×10−10

BZ1 8.93×10−8 668,982 5.23×10−6 0.77 9.90×10−10

BZ2 5.04×10−7 208,500 7.96×10−7 0.73 1.73×10−9

BZ3 5.00×10−7 181,366 7.07×10−7 0.74 2.72×10−9

C Pure 3.52×10−7 182,300 5.36×10−5 0.79 6.13×10−10

CZ1 9.33×10−8 394,720 1.59×10−6 0.77 1.11×10−9

CZ2 2.72×10−7 199,140 1.57×10−6 0.76 1.06×10−9

CZ3 2.79×10−7 174,760 1.59×10−6 0.79 7.60×10−10

Ionics

Author's personal copy



Fig. 6 Variation of dielectric constant and loss factor of pure and zinc-doped Y2O3 at room temperature

Ionics

Author's personal copy



Y ions increases subsequently the resistivity decreases.
At high frequencies, the hopping of electrons could not
follow the applied field and hence becomes almost con-
stant (Fig. 6).

Knowing the dielectric constant (ε’) of a material is needed
to properly design and apply instruments such as level con-
trols using radar, RF admittance, or capacitance technologies.
Figure 6 shows the variation of dielectric constant of pure and
zinc-doped Y2O3 measured as a function of frequency at room
temperature, which describes the dissipated energy. It is clear
that it has strong frequency dependence in the lower frequency
region. It is clearly observed that the dielectric constant de-
creases with the increase in frequency and becomes almost
constant at high frequencies. The higher value of dielectric
constant can also be explained on the basis of interfacial/
space charge polarization due to inhomogeneous dielectric
structure. The polarization decreases with the increase in

frequency and then reaches a constant value due to the fact
that beyond a certain frequency of external field the hopping
between different metal ions (Y3+, Zn2+) cannot follow the
alternating field. It has also been observed that the value of
dielectric constant decreases with the increase in zinc dopant
concentration. The dielectric polarizability of Zn2+ (1.7–2.5)
is very low compared to yttrium ions (11–15); it might be a
reason for the decrease of dielectric constant with the increase
in dopant [43]. Hence, as the dopant concentration increases,
more yttrium ions will be substituted by zinc ions and thereby
decreasing the dielectric polarization, which in turn decreases
the dielectric constant.

Dielectric loss can be defined as the amount of pow-
er applied to a dielectric in the form of heat energy
under the action of voltage. If the electric polarization
in a dielectric is unable to follow the varying electric
field, dielectric losses occur.

Fig. 7 Variation of dielectric loss factor with frequency at room temperature. a) Sol-gel method b) Solvothermal method and c) Wet chemical method
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The measure of ratio of the dielectric loss factor ε″ to the
dielectric constant ε′ is defined as loss tangent. It is given as

tanδ ¼ ε00=ε0

It is useful to obtain relaxation parameters of the samples.
Figure 7 shows the variation in dielectric loss factor with
frequency at room temperature for zinc-doped yttrium oxide
samples prepared by sol–gel, solvothermal and wet chemical
methods. From the plots, it is clear that after certain frequency
range, tan δ increases with frequency and reaches a maximum
value and thereafter decreases. From the loss tangent peak, the
relaxation time τ can be estimated using the relation ωτ=1
and are shown in the Table 4. It indicates low relaxation time
7.96×10−7s for BZ2, leading to the highest ionic conductivity.
It is consistent with the conductivity analysis.

It has been observed that dielectric loss decreases with the
increase in frequency for all the compositions, which may be
due to the space charge polarization. It can also be seen that
dielectric loss decreases with the increase in dopant concen-
tration and become very low value at high frequency region,
which shows the capability of these materials to be used in
high frequency device applications [40].

Conclusion

All zinc-doped yttrium oxide samples show nanocrystalline
nature except the one prepared by solvothermal method, with
50 weight percentage of the zinc dopant. The composition of
the samples is confirmed by FTIR studies. AC conduction
measurement shows the semiconductor properties corre-
sponding to the hopping conduction mechanism. The dielec-
tric constant decreases with increasing frequency. The de-
crease in dielectric constant is due to the decrease in space
charge carries or interfacial polarization in the zinc-doped
Y2O3 samples. The increase of the dielectric constant with
decrease in frequency can be attributed to the presence of
dipoles. Dielectric loss decreases with the increase in
frequency for all the compositions, which may be due
to the space charge polarization. Surprisingly, it was
observed that the 50 weight percentage of zinc-doped
yttrium oxide samples prepared by solvothermal method,
which is amorphous, has more conductivity when com-
pared with other samples.
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