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INTRODUCTION 

Nano sized materials have become very 
important at present, because of its applications 

in modern technology, fuel cells [1], agriculture 

[2], medical devices [3], electronics [4] and food 

industry [5]. The rare earth elements are 
nontoxic [6] and have unique properties because 

of 4f
n
electronic structure. They play an 

important role in the optical fibers and lasers [7] 
because of their emission spectrum that lies in 

ultra violet and near infrared region [8]. 

Integrated circuits are used in almost every 
device in our daily life. Electronic industry is 

trying to scale down devices according to 

Moor’s Law [9]. Materials with high dielectric 

constants (ἑ) are required for the scaling of the 
devices at the current rate. Rare-earth oxides 

appear to be a good replacement.Er2O3 has a 

cubic bcc structure up to 2320 ˚C and a 
hexagonal close packed structure above 2320 ˚C 

[10]. Its melting temperature is 2430 ˚C[11]. 

Each unit cell of Er2O3contains 80 atoms, 32 of 

which are Er-atoms which are located on 86b 
and 24d Wyckoff positions, and 48 oxygen 

atoms sit in 48e (x = 0.3914, y = 0.1528, z = 

0.3819) position [11]. Band gap of Er2O3is 
reported to be 5.4eV [11]. This material is used 

for thermal barrier coatings and structural 

application [13] because of its extraordinary 
thermal and chemical stability. Toughness of the 

Er2O3 is comparable to other ceramics such as 

magnesia and alumina [13].This material is inert 

to most liquid metals, so it can be useful as 
corrosion-resistant material [14]. The wide band 

gap, the unique electrical properties and high 

dielectric and thermal stability make erbium 
oxide to replace SiO2 [15]. This material is also 

used for thermal barrier coatings in jet engines, 

because of oxidation resistant. In the present 

work, Er2O3 powder was purchased from the 
market (sample a).It was annealed at 920 ˚C and 

1200 ˚C for three hours respectively and named 

samples (b) and (c). The characterization of the 
Er2O3 samples for structural analysis by X-ray 

diffraction; morphology through SEM/ EDX are 

reported. The study of the dielectric properties 
over a wide range of frequency (100 Hz- 

3MHZ) was also carried out to check its 

potential use as a high-k material. 

EXPERIMENTAL 

Sample Fabrication 

 Erbium oxide powder was purchased from the 
market and its structural information   was 

checked through X-ray diffraction. Afterward it 

was pressed to measure the dielectric properties 

of the sample. The pressing of the sample was 
followed by cold isostatic pressure. Powder of 

Er2O3 was pressed to make thepellets.  The 

pellets of erbium oxide wereinserted in the 
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rubber mould and sealed the mould in the 

pressure vessel under the pressure of 2000 bars. 
Held the pressure on the pellets for 15 minutes 

and then depressurized it to get the green 

strength of the pellet. The pellets were annealed 
at temperatures of 920°C and 1200°C for 3 

hours. The samples of erbium oxide were passed 

through the X-ray diffraction to check the effect 

of the annealing temperature on the structure 
and dielectric properties of erbium oxide. The 

surface morphology was observed through 

scanning electron microscopy with the 
elemental analysis by EDX.The dielectric 

parameters of the samples were measured at 

room temperature and as a function of 
frequency. 

Characterization techniques 

The phase identification and structural analysis 

were done by X-ray diffraction, using CuKα(λ = 
1.5418Å) as the diffraction radiation. The 

average crystallite size of the powders was 

determined using Schererformula [16-17]. 

𝑡 =
0.9λ

βcos θ
                                                          (1)                                                   

where 𝜆 = wave length of X-rays, t = average 

crystallite size; θ = Bragg’s angle; β = Full 

Width at Half Maxima of the recordedθ, taken 
in radians. 

The lattice parameter (a) was calculated from 

the X-ray diffraction data using formula [18] 

2 2 2  a d h k l                                (2)                                                                

where‘d’ is the d-spacing of the diffraction 

planes ;h, k and l are the miller indices of the 
diffraction planes in the XRD pattern. The 

lattice constants for the samples are tabulated in 

Table 1. X-ray density ρxcan be calculated from 
the X-ray data using the relation [19-20]. 

ρx=
16𝑀

𝑁𝐴 𝑎3    
                                              (3) 

here‘M’ is the molecular weight of the sample, 
‘NA’ is Avogadro’s number (6.022 x 

10
23

atoms/mole) and ‘a’is the lattice constant, 

16is the number of molecules per unit cell. 

Measured density can be resolved for each 
sample from the pellets dimensions from the 

formula [18, 19] 

𝜌m =  
2

m

r h                                                      
(4) 

‘𝜌m’ is the measured density,‘m’ is the mass of 

the pellet. ‘r’is the radius of the pellet and ‘h’ is 

height of the pellet. The porosity of each pellet 

was calculated with the help of the well-known 
relation[20]. 

𝜌 = (𝜌x - 𝜌m)/  𝜌x                                                                        (5) 

where𝜌x’and‘𝜌m’are the X-ray and measured 
densities respectively. 

The specific surface (Ss) area (m
2
g

-1
)was 

estimated by the relation [20], using the above 

mentioned parameters. 

Ss = 6000/t 𝜌m                                                                               (6) 

The dislocation density (Dd) was estimated from 

the average crystallite size as  

2

1
=  dD

t
                                                     (7)                                                                                    

Lattice strains of the Er2O3 was determined 
using the Williamson-Hall formula  

ß

4 tan
                                                    (8) 

All the obtained values of these parameters are 

given in Table 1. The morphological 

investigation was done using scanning electron 
microscopy (SEM) and (EDX). The dielectric 

constant ( έ ), dielectric loss tangent (tan𝛿
) and 

acconductivity (𝜎𝑎𝑐 )of the samples were 

measured in the frequency range of 100Hz to 

3MHz at room temperature. Dielectric 
measurements were carried out using WANE 

KERR LCR meter 6440B.The digital LCR 

meter provides information of frequency, series 

capacitance (Cs), parallel capacitance (Cp), and 

quality factor (Q). The thickness (𝑙) of our 

samples was approximately 1.97mm; diameter 

of pellet≈ 14mm and the area (A) of pellet was 
calculated using these data. The calculations for 

dielectric constant ( έ ), imaginary part (ε" )of 

dielectric constant and dielectric loss tangent 

(𝑡𝑎𝑛𝛿) are completed using the following 

standard equations[17, 18]. 

ἑ= 
(𝐶𝑝 𝑙)

ԑ°𝐴
 (9) 

ε"= ( tan )έ
                               

(10) 

1 ε"
tan  = 

έQ
                                  (11) 

From the values of dielectric constant and loss 

tangent, the ac electrical conductivity (ζac) of 
the samples, was calculated using the relation 

[20]   

ζac = ω ε0 ἑ tan δ         (12) 
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where ω = (2πƒ), ƒ is the applied frequency and 

all other variables are defined already. 

RESULTS AND DISCUSSION 

Structural Analysis 

The X-ray diffraction was performed at room 
temperature and is shown in Fig.1. The samples 

were labeled as: powder of erbium oxide as (a) 

pellet of erbium oxide annealed at 920°C as (b) 
and pellet of erbium oxide annealed at 1200°C 

as (c).The XRD results revealed the cubic (bcc) 

structure of all the erbium oxide samples.  
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Figure1.X-ray diffractions patterns of samples (a), (b) and (c) 

 The results of XRD showed the nano crystalline 

sizes of the erbium oxide. The results disclosed 
that as the annealing temperature increased the 

average crystallite size also increased. For the 

most prominent peak (222), the average 
crystallite size of the samples (a), (b) and (c) 

was found to be 53.94nm, 65.41nm and 

75.45nm respectively. The lattice constant of 
samples also calculated from the XRD pattern 

was10.50A, 10.54A and 10.53A corresponding 

to samples (a), (b) and (c).This agreed with the 

reported literature [21, 22] within experimental 
errors. The XRD patterns ofall thesamples were 

also in agreement with JCPDS card numbers 00-

001-0827.As the annealing temperature of the 
erbium oxide increased the peaks became more 

intense as intensity of peaks showed the 

crystallinality of the material.The parameters of 
the XRD analysis are shown in Table 1. 

Table1.Lattice constant (a), crystallite size (t(222)) ,bulk density(px), dislocation density(m-2) strain(%), 

porosity(%), specific surface density( Ss) of erbium oxide 

Scanning Electron Microscopy 

The scanning electron microscopy (SEM) was 

done on powder and pellets of erbium oxide. 

The micrographs of the SEM confirmed the 

Nano- sized composites structure of erbium 
oxide samples (a), (b)and(c). The size of the 

grainsvaried from 70nm to 350nm, deviating the 

accepted definition of Nano materials that is 
100nm. Another noted point is that the x-ray 

diffraction gives the average crystallite size 

while SEM provides the grain/particle sizes.  

The SEM micrographs of erbium oxides for 
samples (a), (b) and(c) are shown in Figs. 2 and 

3. The shapes of the grains are spherical. The 

micrographs of pellets which were annealed at 

temperature of 1200°C showed the homogenous 
distribution of the grains with less porosity as 

compared to the powder sample of erbium oxide 

for sample (a) and (b). Some grains are 
agglomerated with each other to form cluster 

with various shapes. As the annealing 

temperature increased the gain size increased 

XRD parameters         sample(a) sample(b) sample(c) 

Lattice constant (A) 10.50 10.54 10.53 

Average crystallite size (nm)                                               53.94 65.41 75.48 

Bulk density(g𝑐𝑚−3 )                                 8.78 8.79 8.80 

Measured density(g𝑐𝑚−3  )                             - 4.84 5.52 

P% - 45 36.1 

Specific Surface area (m2𝑔−1) - 18.95 14.40 

Dislocation density*10^18 𝑚−2  3.436 2.337 1.7552 

Strain% 0.006 0.005 0.0045 
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and the thickness of the grain boundaries 

decreased as a result of crystal growth. 

 

 

Figure2. SEM micrographs of erbium oxide samples 

(a) and (b). 

 

 

Figure3.SEM micrographs of erbium oxide sample 

(c) and its size measurements (c’). 

The grain size distribution of the erbium oxide 

sample annealed at 1200°C is shown in Fig.4. 

The diameter of the grain varied from 73nm to 
340nm.This shows that by heating the sample 

the grain sizes of erbium oxide increased as 

compared to the sample without heating( sample 
a). The EDX revealed the presence of erbium 

and oxygen elements in all the samples as is 

shown in Fig.5 for sample (c). 

 

Figure4. Distribution of grain sizes in erbium oxide 

for sample (c)  

Dielectric parameters 

Dielectric constant 

The dielectric constant of the erbium oxide 

annealed at 920°C and 1200°C weremeasured 

using LCR meter in the frequency from 100Hz 
to 3.0 MHz at room temperature. Figs. 6 and7 

show the dielectric parameters with respect to 

frequency. As annealing temperature of material 
increased, the dielectric constant of the sample(c 

)also increased. The grain size of the erbium 

oxide increased andenhanced the dielectric 

properties of the erbium oxide. The dielectric 
constant had an inverse dependence on the 

frequency, as the frequency increased; 

polarization in erbium oxide samples decreased 
and became constant at higher frequencies due 

to material conductivity. The variation of the 

dielectric constant with frequency obeys the 
Maxwell Wagner theory.  

Loss tangent 

Dielectric loss tangent explains the energy loss 

inside the erbium oxide. It was due to the weak 
polarization at the higher frequencies. Here 

polarization lags after the applied ac field.Figs.6 

(D2) and 7(D2)show the relationship between the 
loss tangent and frequency at constant room 

temperature. The graphs show that loss tangents 

have maximum value at low frequencies and 
became smaller at higher frequencies because as 

the polarization becomes constant electrons get 

mobile. It is also evident from the plot between 

loss tangent and frequency for sample (b) that 
Debye relaxation peak occurs at 

(c’) 

(b) 

(c) 

(a) 



Structural and Electrical Characterization of High-Knano Crystalline Erbium Oxide 

Open Access Journal of Physics V2● 12 ● 2018                                                                                                21 

lowerfrequencies because of the resonance 

phenomena. It was also noted that the loss factor 
for sample (c) was higher compared to the loss 

factor for sample (b) because of the increase in 

grain sizes due to annealing at higher 

temperature. 

 

  

Figure5.EDX spectrum of erbium oxide powder (sample c) 

Ac- conductivity 

The ac-conductivity as a function of frequency 

is shown in Figs.6 (D3) and 7(D3).  Ac-

conductivity is directly proportional to the 
frequency as given in equation (12) above. It is 

also clear from the observations that ac 

conductivity increased with a rise in frequency. 
Similar results are reported by Bakhsh and 

Maqsood [21]. The dielectric behavior can be 

explained on the basis of Maxwell-Wagner 
polarization [23] and Koop’s Dielectric theory 

[24]. According to Maxwell-Wagner model, the 

mobility of charge carriers is impeded by 

existence of interfaces or grain’s boundaries in 

the material. This causes Maxwell-Wagner 

polarization at the interfaces and increases the 
dielectric constant at low frequencies (from 

mHz to several Hz), at higher frequency mobile 

ions cannot follow the frequency and Maxwell-
Wagner polarization is no more effective. The 

dielectric loss of both the samples is higher at 

low frequency, which decreased with the rise in 
frequency.  

 

 

Figure6. Variation of (D1) dielectric constant (D2) loss tangent and (D3) ac conductivityas a function of 

frequency for sample (b) 

KeV 



Structural and Electrical Characterization of High-Knano Crystalline Erbium Oxide 

22                                                                                                Open Access Journal of Physics V2● 12 ● 2018    

 

 

Figure7.Variation in (D1) dielectric constant,(D2)  loss tangent and (D3) ac conductivity as a function of 

frequency for erbium oxide sample (c) 

The dielectric parameters for samples (b) and (c) at various frequencies are tabulated in table 2. 

Table2.Dielectric constant (ἑ), Dielectric loss tangent (tan𝛿) and ac conductivity (𝜎𝑎𝑐 ) for erbium oxide 

samples (b) and (c) 

Electrical Properties                                    Sample (b)                                      sample (c) 

Ԑ’at 1 MHz 5.04768 4.17324 

Ԑ’at  2MHz 4.96781                                                3.93903                                              

Ԑ’at 3 MHz 4.95184                                                3.9231 

tan𝛿 at 1MHz 0.0373                                                 0.32167                                              

tan𝛿 at  2MHz 0.0175                                                  0.22385 

tan𝛿 at 3 MHz 0.0093                                                   0.1749                                                

𝜎𝑎𝑐at 1MHz (sm-1)              10.460x10-6                                        7.093x10-5
 

𝜎𝑎𝑐at 2MHz(sm-1)            9.6911x10-6                                                            
 6.0762x10-5

 

𝜎𝑎𝑐at 3MHz(sm-1)              7.678 x 10-5                                                               
 4.653x10-5

 

   

CONCLUSION 

The nano crystalline size of the erbium oxide 

with cubic (bcc) structure was confirmed from 
the X-ray diffraction.The effect of the annealing 

temperature on the erbium oxide showed the 

growth of crystallite size. The bulk densities of 
the erbium oxide samples (erbium oxide 

powder, erbium oxide pressed and sintered at 

920°C and 1200°C) were in agreement with the 
reported density of the erbium oxide. The SEM 

micrographs showed as the sintering 

temperature increased, the size of grains 

increased and the distribution of grains got more 
homogenous. As the powder of erbium oxide 

was pressed by a pressure of 2000 bars, SEM 

showed the agglomerated clusters of grains with 
spherical shapes. The presence of erbium and 

oxygen elements in the material was confirmed 

by energy dispersive analysis. As the frequency 

increased, the dielectric properties of the erbium 

oxide decreased. The dielectric constant of the 

erbium oxide increased as the sintering 
temperature increased. This study provides 

useful information and further understanding of 

erbium oxide as high-k materials. This study is 

expected to contribute in the future progress of 
microelectronics industry. 

ACKNOWLEDGEMENT 

The author Asghari Maqsood would like to 

acknowledge Pakistan Academy of Sciences 

(PAS) for providing financial support for 

this work. 

REFERENCES 

[1] S.Guo, E.Wang, Noble Metal Nanomaterials: 

Controllable synthesis and application in fuel 

cells and analytical sensors. Nanotoday, 6 

(2011) 240-264.  



Structural and Electrical Characterization of High-Knano Crystalline Erbium Oxide 

Open Access Journal of Physics V2● 12 ● 2018                                                                                                23 

[2] L. R. Khot, S. Sankaran, J. M. Maja, R. Ehsani, 

E. W. Schuster, Applications of nanomaterials 

in agricultural production and crop protection: 

A review Crop. Protection 35 (2012) 64-70.  

[3] Z. P. Aguilar, Y. Aguilar, H. Xu, B. Jones, J. D. 

Dixon, H. Xu, and A. Y. Wang, Nanomaterials 

in Medicine 33(2010) 69-74.  

[4] D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. 

Marks and M. C. Hersam, Carbon 

nanomaterials for electronics, optoelectronics, 

photovoltaic, and sensing. Chemical Society 

Reviews .42 (2013) 2824-2860.  

[5] V.J.Morris , Emerging roles of engineered 

nanomaterials in the food industry, Trends in 

Biotechnology 29 (2011) 509-516.  

[6] K. A. Gschneidner. Jr., L. Eyring, Handbook on 

Physics and Chemistry of rare earth, Alloys and 
Intermetallic 2(1979)3 

https://doi.org/10.1016/S0168-1273(79)02001-

8.  

[7] B Sébastien, M. Meunier, Laser synthesis of 

nanomaterials, Laser Precision Mircro 
Fabrication 135(2010)163-188  

[8] Neuman, A., Platero, M., Romero, R., 

Mcclellan, K. J. and Petrovic, J. J. (1997) 

Fabrication and Properties of Erbium Oxide, in 

Proceedings of the 21st Annual Conference on 

Composites, Advanced Ceramics, Materials, 
and Structures - B: Ceramic Engineering and 

Science Proceedings, Volume 18, Issue 4 (ed J. 

P. Singh), John Wiley & Sons, Inc., Hoboken, 

NJ, USA. doi: 10.1002/9780470294444.ch5  

[9] G. Moore, Cramming more components on 

integrated circuits, Electronics 38(1965) 4. 

[10] C. H. Kao, H. Chen, Y. T. Pan, J. S. Chiu, T.C. 

Lu et al. The characteristics of the high-k 

Er2O3 (erbium oxide) dielectrics deposited on 

polycrystalline silicon, Solid Stat. Comm.152 

(2012) 504-508.  

[11] D.R. Lide, Handbook of chemistry and physics, 

87 ed, CRC press (1998)4-57  

[12] A.Bakhsh, MS Thesis, Dielectric 

characterization of rare earth based ceramics, 

high-k material, future of microelectronics, 

National University of Sciences and 

Technology (2012). 

[13] K. M. Hubbard, B. F. Espinozo, Corrosion-

resistant erbium oxide coatings by 

organometallic chemical vapor deposition. Thin 

Solid Films 366(2000) 175-180.  

 

 

 

 

 

 

 

[14] W. D. Jackson and Grey Christiansen, 

International strategic minerals inventory 

summary report, Rare Earth Oxides (1993) 6-8  

[15] C. Zhao, C. Z. Zhao, M. Werner, S. Taylor, and 

P. R. Chalker, Advanced CMOS Gate Stack: 

Present Research Progress, ISRN 

Nanotechnology(2012)1-35  

[16] A. Ashtar, M. A. Rehman, A. Maqsood. Effect 

of chromium substitution on the dielectric 

properties of mixed Ni-Zn ferrite prepared by 

WOWs sol-gel techniques. Mater. Res. Bull.79 

(2016) 14-21  

[17] A.M. Abo El Ata, S.M .Attia, D. E. Kony, 

A.H.Al-Hammadi. Spectral, initial magnetic 

permeability and transport studies of 

Li0.5−0.5xCoxFe2.5−0.5xO4 spinel ferrite. J. 

Mag. Magn. Mater.295(2005)28-36  

[18] I. H. Gul, F. Amin and A. Z. Abbasi, M. A. 

Rehman, A. Maqsood, Physical and magnetic 

characterization of co-precipitated nanosize Co-

Ni ferrites, ScriptaMaterialia. 56(2007) 497-

500  

[19] A.M. Abdeen, O.M. Hemed, E.E. Assem, M.M 

.El-Sehly. Structural, electrical and transport 

phenomena of Co ferrite substituted by Cd. J. 

Mag. Mag. Mater. 238(2008)75-83  

[20] M. Arshad, A. Maqsood, I.H.Gul, M.Anis-Ur-

Rehman, Fabrication, electrical and dielectric 
characterization of Cd-Ni nanoferrites. Mat. 

Res. Bull. 87(2017)177-185  

[21] A. Bakhsh, A. Maqsood, Sintering effects on 

structure, morphology, and electrical properties 

of sol-gel synthesized, nano-crystalline erbium 

oxide, Electronic Mater. Letters 8.6(2012)605-
608  

[22] F. Azad, A. Maqsood, Fabrication, structural 

characterization, dielectric and electrical 

parameters of the synthesized nano-crystalline 

erbium oxide, Electronic Mater. Letters 

10.3(2014)557-563  

[23] P. Fulay,Electronic, Magnetic, and Optical 

Materials, Taylor & Francis Group (2010)  

[24] C. G. Koop’s, On the Dispersion of Resistivity 

and Dielectric Constant of Some 

Semiconductors at Audio frequencies, Phy. 

Rev. 83 (1951)121-124.  


