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Perovskite erbium doped barium titanate (Ba1-xErxTiO3) thin films, at different x values, have been fabricated on SiO2/Si 

substrate and characterized using X-ray diffraction (XRD) in the range of 20° to 60° to study the phase structure and 

geometric parameters for the films. XRD patterns show a broadening and shifting for the perovksite peaks toward higher 

angle due to Er3+ doping. The effect of Er3+ substitution into BaTiO3 lattice has been deeply investigated using X-ray line 

profine analysis through Scherrer equation, Williamson-Hall and size-strain plot (SSP) approaches. For all approaches 

used, it has been found that the crystallite size for the films decreases as the value of x increases, which is attributed to the 

relatively small Er3+ ionic size compared to Ba2+. In Williamson-Hall and SSP analysis, it is found that the microstrain 

created due to Er3+ doping causes distortion for the lattice and broadening for perovskite peaks as a result. Among all 

approaches used in this work, SSP shows to be the most suitable for this type of materials by giving the best fitted plots 

and goodness of fit R2 close to 1.  
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1. INTRODUCTION 

In recent years, lead-free ferroelectric Erbium doped 

Barium Titanate (Er:BaTiO3) has received considerable 

attention as a candidate for microelectronic and 

optoelectronic devices due to the desirable properties, such 

as excellent dielectric, ferroelectric, and enhanced electro-

optic properties [1]. This material can be synthesized in thin 

film form using various techniques, such as sol-gel 

deposition, RF sputtering, and metal organic chemical 

vapour deposition (MOCVD) [1 – 3]. However, phase 

structure of materials is an essential step to be understood 

prior studying the electrical and optical characteristics, since 

the material’s properties directly affected by its structure. 

The crystalline structure is usually identified via X-ray 

diffraction (XRD), which is also reported to be capable to 

uncover the crystallite size of the scanned material [4 – 5]. 

Recently, it is found that crystallite size is one of the 

keys that influence the ferroelectric properties of 

ferroelectric thin films including the Curie point, 

polarization, switching speed, etc. [6]. In theoretical 

prediction, if the crystallite size is less than certain critical 

value,  the ferroelectric effect will be diminished and the 

paraelectric state takes place [6]. Furthermore, it is essential 

to have a precise approximation of crystallite size for 

materials with crystallite size of order of less than 100 nm 

[4]. Among the crystallite size measurement approaches, X-

ray diffraction considered the simplest and easiest to 

estimate the crystallite size for materials. In which the X-ray 

line profile analysis (XLPA) principle, includes Scherrer 

equation, Williamson-Hall analysis, and size-strain plot 

(SSP) method, is used to determine the crystallite size based 

on peak broadening [5, 7].  
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Several works have been reported the crystallite size 

analysis on the pure and doped BaTiO3 nanoparticles 

[8 – 10]. However, such detailed analysis have not yet been 

applied to Er:BaTiO3 thin films. In this work, Ba1-xErxTiO3 

thin films are fabricated on SiO2/Si substrate using sol-gel 

technique. In order to obtain the crystalline structure for the 

films, they are annealed at 700 °C. The prepared samples are 

scanned using XRD to determine the crystalline structure 

and phase information. Finally, the geometric parameters, 

such as crystallite size, lattice strain, and stress are 

investigated via X-ray line profile analysis. 

2. EXPERIMENTAL DETAILS 

2.1. Solution preparation 

Three different solutions, i.e. BaTiO3, Ba0.9Er0.1TiO3, 

and Ba0.8Er0.2TiO3 solutions were prepared using barium 

acetate, erbium acetate, and titanium (IV) isopropoxide as 

starting materials. Acetic acid and 2-methoxyethanol were 

employed to dissolve acetates and titanium (IV) 

isopropoxide, respectively. A specific amount of acetates 

were added into a pre-heated acetic acid to form Ba-Er 

solution. This solution was then refluxed at 120 °C for 

2 hours. Another solution was prepared by adding 

stoichiometric amount of titanium (IV) isopropoxide into 2-

methoxyethanol under stirring. Finally, both solutions were 

mixed at room temperature and refluxed at 120 °C for 

1 hour. 

2.2. Sample preparation and characterization 

Ba1-xErxTiO3 thin films were fabricated on SiO2/Si 

substrate using spin-coating method. The substrates were 

initially cleaned with acetone, isopropyl alcohol, and 
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deionized water. The solutions were deposited on the 

prepared substrates using spin-coater at 5000 rpm for 20 s, 

and then baked at 200 °C. The spin-coating and baking 

processes were repeated until desired thickness was 

obtained. The final thin films were then annealed at 700 °C 

for 1 hour. 

X-ray diffraction (XRD) was utilized to reveal the 

crystallinity information of the Ba1-xErxTiO3 thin films 

within the range of 20° to 60°. A 1.54 Å X-ray was radiated 

from copper target, with the operating voltage of 40 kV and 

operating current of 30 mA. 

3. RESULTS AND DISCUSSION 

3.1. Phase analysis 

Fig. 1 illustrates the XRD patterns for undoped and Er-

doped BaTiO3 samples. The XRD graphs are matched with 

JCPDS entry 05-0626, which shows that Ba1-xErxTiO3 films 

are crystallized with perovskite structure and the perovskite 

peaks are indexed accordingly. There are no secondary 

phases observed within these films, indicating that no 

byproducts or interdiffussion is occurred with the substrate, 

leading to a good film quality. However, a small peak is 

noticed at 2θ ≈ 32.96° for certain samples, corresponding to 

the silicon substrate and it has no relation with perovskite 

Ba1-xErxTiO3 films. According to Zaumseil [11], this silicon 

peak can produce zero intensity for certain plane orientation 

of the sample, ϕ, thus, could produce non-similar behaviour 

in all samples. 

 

Fig. 1. X-ray diffraction patterns of Ba1-xErxTiO3 thin films  

From Fig. 1, it can be noticed that as BaTiO3 film is 

doped with Er3+ ions and their concentration increases, the 

perovskite peaks are shifted toward higher angle. This 

shifting could be due to the lattice deformation as a result of 

Er3+ ions substitution. However, it is interesting to mention 

here that the shifting of some peaks, particularly at 

2θ = 21.10647°, 50.778°, and 56.05863°, causes the lattice 

to be oriented with different miller indices for the Er-doped 

BaTiO3 samples as indicated in the figure, which is also 

attributed to the lattice distortion. 

 

Fig. 2. Enlarged (001) (100) peaks for Ba1-xErxTiO3 thin films 

XRD patterns can be utilized to estimate lattice 

parameters, such as interplanar spacing, d, lattice cell 

lengths, a, c, and unit cell volume, V. The spacing can be 

calculated from the Bragg equation given by: 

, (1) 

while the lattice constants and unit cell volume can be 

evaluated using the lattice geometry equations as follow 

[12]: 

; (2) 

. (3) 

The lattice parameters of the Ba1-xErxTiO3 thin films are 

listed in Table 1. The obtained lattice values indicate that 

the prepared Ba1-xErxTiO3 thin films exhibit tetragonal 

structure at room temperature. Furthermore, it is noticed that 

volume of Ba1-xErxTiO3 lattices is shrinking as x value 

increases, this is attributed to the smaller ionic radius of Er3+ 

(0.96 Å) compared to Ba2+ (1.35 Å).  

3.2. Crystallite size and strain 

A crystal would deviate from ideal crystallinity due to 

its restricted size, leading to a broadening in the diffraction 

lines. The broadening in XRD patterns is related to two main 

properties from peak width analysis, which are crystallite 

size and lattice strain [13]. Crystallite size is known as 

coherently diffracting domain size and it does not share the 

similar value with the particle size in a polycrystalline 

aggregates [14]. Lattice strain refers to the measurement of 

the distribution of the lattice constants that caused due to 

crystal imperfection [13]. In this paper, the geometric 

parameters have been evaluated using X-ray line profile 

analysis via different approaches, namely Scherrer equation, 

Williamson-Hall analysis, and size-strain plot method. 

Table 1. Lattice parameters of Ba1-xErxTiO3 thin films 

Sample a, Å c, Å V, Å3 c/a Structure 

BaTiO3 4.0130 4.0423 65.0977 1.0073 Tetragonal 

Ba0.9Er0.1TiO3 3.9990 4.0434 64.6608 1.0111 Tetragonal 

Ba0.8Er0.2TiO3 3.9922 4.0490 64.5323 1.0142 Tetragonal 
 

λ = 2d sinθ 

1

d
2

 = 
h

2 +  k2

a2
 + 

l
2

c2
 

V = a2c 



195 

 

3.2.1. Scherrer equation 

Crystallite size, D can be obtained from the Scherrer 

equation given by: 

, (4) 

where, k is Scherrer constant and it equals to 0.9, λ is the 

wavelength of CuKα1 radiation, β is the peak width at half 

maximum intensity, and θ is the peak position.In practical 

scanning, instrument always contributes extra broadening to 

the peak width measured at Bragg angle [15]. Thus, it is 

necessary to eliminate the instrumental factor from the 

diffraction pattern using standard material, such as pure 

silicon. The instrumental corrected peak width, βD
 due to the 

diffraction peak of the Ba1-xErxTiO3 thin films can be 

determined using the following equation: 

 (5) 

The estimated average crystallite size values of the 

annealed Ba1-xErxTiO3 thin films are summarized in Table 2. 

From the table, one can observe that Ba1-xErxTiO3 thin films 

own nano crystalline structure. Furthermore, the crystallite 

size decreases as the Er doping concentration increases, 

which could be also due to the small ionic radius of Er3+ 

compared to Ba2+. 

Table 2. Crystallite size of Ba1-xErxTiO3 thin films 

Sample D, nm 

BaTiO3 13.18 

Ba0.9Er0.1TiO3 12.39 

Ba0.8Er0.2TiO3 12.16 

3.2.2. Williamson-Hall analysis 

Neglecting the broadening that caused by the lattice 

strain due to dislocation could lead to underestimating the 

crystallite size. The strain-induced broadening is firstly 

discovered by Stokes and Wilson, and the maximum strain 

given by [16, 17]: 

. (6)  

Later on, Williamson and Hall combined the size-

induced broadening, βD, and strain-induced broadening, βε, 

in the following equation to separate the two main different 

factors for a line broadening [13]. However, the value of βD 

and βε are dependent on the crystal nature.
  

. (7) 

According to the isotropic nature of the crystal, material 

properties are independent on the direction of the 

measurement. Hence, the strain is assumed to be uniform in 

all crystallographic directions. In this case, the size and 

strain induced broadening from Eq. 4 and Eq. 6, 

respectively, can be substituted into Eq. 7, leading to the 

following equation: 

. (8)  

Rearranging Eq. 8 gives:
 

. (9) 

This equation is known as Williamson-Hall uniform 

deformation model (UDM). If βhkl cosθhkl in Eq. 9 is plotted 

as a function of 4 sinθhkl as shown in Fig. 3 and the data is 

fitted linearly, the crystallite size can be extracted from the 

y-intercept, and the lattice strain can be estimated from the 

slope of the fitting line. The values of crystallite size and 

lattice strain obtained using UDM are inserted in Table 3. 

 
a 

 
b 

 
c 

Fig. 3. Williamson-Hall UDM plots for: a – BaTiO3; 

b – Ba0.9Er0.1TiO3; c – Ba0.8Er0.2TiO3 thin films 

In realistic conditions, material properties are always 

vary with the crystallographic directions, thus, homogeneity 

and isotropic nature of crystal is hard to be achieved. A more 

physical approach for Williamson-Hall analysis can be 

accomplished by including the anisotropic magnitude, εhkl 

into the calculation. In uniform stress deformation model 
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(USDM), a lattice deformation stress, σ is applied to the 

crystal. The stress are assumed to be uniform in all 

directions. In this case, ε in Eq. 9 has to be replaced by an 

anisotropic strain, εhkl. According to the Hooke’s law, for 

small deformation and the elongation of the crystal within 

the elastic limit, the εhkl gives the linear proportionality with 

the Young’s modulus of the material in direction 

perpendicular to the set of the crystal lattice planes (hkl), 

Ehkl, or εhkl = 𝜎 / Ehkl. Considering these conditions, Eq. 9 

can be reconstructed as follow:
  

. (10) 

In USDM, if 4 sinθhkl / Ehkl is plotted against βhkl cosθhkl 

and the data is fitted linearly as shown in Fig. 4, the 

crystallite size can be extracted from the y-intercept, and the 

stress of the material can be estimated from the gradient of 

the fitting line. The strain can be obtained from Young’s 

Modulus, Ehkl due to the linear proportionality as discussed 

earlier. However, Zhang et al. reported that Ehkl for every 

crystalline material is related to its elastic compliances, sij, 

and crystal lattice plane (hkl), and for tetragonal crystal it is 

given as follow [18]: 

. (11)

 

The values of s11, s12, s13, s33, s44, and s66 for BaTiO3 

ceramics are 8.05 x 10-12, -2.35 x 10-12, -5.24 x 10-12, 15.7 x 

10-12, 18.4 x 10-12, and 8.84 x 10-12 m2 N-1, respectively [19]. 

The values of the calculated Young’s modulus via Eq. 11 

for BaTiO3, Ba0.9Er0.1TiO3, and Ba0.8Er0.2TiO3 are ~ 113, 

~ 143, and ~ 143 GPa, respectively. The values of crystallite 

size, lattice strain, and stress obtained through USDM are 

listed in Table 3. 

If the strain energy density, u, which is given according 

to Hooke’s Law for elastic system by: 

 (12) 

is taken into account, the constants of proportionality 

associated with the stress-strain relation are no longer 

independent. In this case, Williamson-Hall, Eq. 9, can be 

modified to uniform deformation energy density model 

(UDEDM) as follow: 

. (13) 

If βhkl cosθhkl is plotted as a function of 4 sinθhkl 

(2/Ehkl)1/2 as shown in Fig. 5, the crystallite size and energy 

density are estimated from the y-intercept and the slope of 

the fitting line of the plot, respectively. The strain can be 

obtained using Eq. 12 while the stress can be acquired using 

the following equation: 

. (14) 

The estimated values of crystallite size, lattice strain, stress, 

and energy density according to UDEDM can be found in 

Table 3. 

 
a 
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c 

Fig. 4. Williamson-Hall USDM plots for: a – BaTiO3; 

b –  Ba0.9Er0.1TiO3; c – Ba0.8Er0.2TiO3 thin films 

Table 3. Geometric parameters of Ba1-xErxTiO3 thin films using Williamson-Hall analysis 

Sample 
UDM UDSM UDEDM 

D, nm ε (x10-3) R2 D, nm ε (x10-3) σ, MPa R2 D, nm ε (x10-3) σ, MPa u, kJ/m3 R2 

BaTiO3 15.36 1.106 0.399 15.41 1.058 120 0.642 15.90 1.302 147 96 0.643 

Ba0.9Er0.1TiO3 14.53 1.216 0.458 15.05 1.453 208 0.510 14.99 1.430 204 146 0.519 

Ba0.8Er0.2TiO3 14.34 1.279 0.429 15.34 1.736 248 0.619 15.03 1.605 229 184 0.554 
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Fig. 5. Williamson-Hall UDEDM plots for: a – BaTiO3; 

b – Ba0.9Er0.1TiO3; c – Ba0.8Er0.2TiO3 thin films 

It can be seen from Table 3 that the crystallite size of 

the tested films using Williamson-Hall analysis has larger 

values compared to the one estimated via Scherrer equation, 

which is attributed to the contribution of the lattice strain. It 

is also noticed that the microstrain increases as BaTiO3 is 

doped with Er3+ ions. The microstrain could be created due 

to the lattice distortion as a result of substitution of small 

ionic radius Er3+ ions into Ba2+ sites in the perovskite lattice. 

Furthermore, as the doping concentration increases, the 

lattices gain more distortion that reflected as broader peak 

in XRD to be obtained. As a result, smaller crystallite size 

is grown. 

It is observed that after considering the anisotropic 

nature of Ba1-xErxTiO3 thin films, the crystallite size value 

does not show noticeable change compared to the isotropic 

UDM model. 

It is noticed that the data points for all plots are scattered 

away from the fitting lines, which due to considering the 

parameters that causes the broadening in peaks into account. 

In order to evaluate the best fitting among the Williamson-

Hall models for the current films, the goodness of fit R2 is 

used and its values usually varies from 0 to 1. Generally, R2 

value of 1 indicates a perfect fitting, while R2 value less than 

1 shows that at least some variability are unable to be 

accounted by the fitting [20]. It is noticed that the fitting for 

samples according to UDEDM possesses high R2 values 

compared to other models. This suggests that the UDEDM 

could have the best fitting among other Williamson-Hall 

models for this kind of material. 

3.2.3. Size-strain plot (SSP) 

X-ray line profile analysis using Williamson-Hall 

method for isotropic line broadening denotes that the 

isotropic nature of diffracting domains and the presence of 

microstrain involvement. However, the average “size-strain 

plot” (SSP) offers a better valuation of size-strain 

parameters in case of isotropic line broadening [21]. This 

method suggests the advantage that less emphasis is 

assigned to the data from high angle reflections, where the 

precision is typically poorer. In this approximation, 

Lorentzian function is assumed to fit the “crystallite size” 

profile while Gaussian function is applied to the “strain” 

profile [21]. Such hypothesis gives the relationship stated as 

below: 

, (15) 

where dhkl is the lattice distance between the (hkl) plane, VS 

is the apparent weighted average size, εa is apparent strain 

which is related to the root-mean-square (rms) strain, εrms 

according to the following equation: 

. (16) 

In the case of a spherical crystallites, the volume 

average true crystallite size is given as follow: 

. (17) 

Using Eq. 15, (dhkl βhkl cosθhkl)2 is plotted against dhkl
2

 βhkl 

cosθhkl for Ba1-xErxTiO3 perovskite peaks as shown in Fig. 6. 

Accordingly, with the aid of Eq. 16 and Eq. 17, the rms 

strain, εrms, and the volume average true crystallite size, DV 

are evaluated from the y-intercept and the slope of the linear 

fitting line, respectively. The crystallite size and lattice 

strain of the Ba1-xErxTiO3 thin films found using this method 

are listed in Table 4.  

Table 4. Geometric parameters of Ba1-xErxTiO3 thin films using 

SSP 

Sample D, nm ε (x10-3) R2 

BaTiO3 13.08 1.524 0.997 

Ba0.9Er0.1TiO3 12.83 2.649 0.996 

Ba0.8Er0.2TiO3 12.70 2.863 0.995 
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Fig. 6. Size-strain plots for: a – BaTiO3; b – Ba0.9Er0.1TiO3; 

c – Ba0.8Er0.2TiO3 thin films 

It can be noticed that the fitting via SSP method 

possesses higher goodness of fit values compared to the 

Williamson-Hall methods that discussed in section 3.2.2, 

where the center of all data points in SSP technique lay 

exactly on the fitting line, but in Williamson-Hall methods, 

the data points scattered around the fitting line, which lead 

us to conclude that SSP method could be the better approach 

to obtain crystallite size and lattice strain for this kind of 

material.  

4. CONCLUSIONS 

In this work, sol-gel perovskite Ba1-xErxTiO3 thin films 

have been successfully fabricated on SiO2/Si substrate. The 

crystalline structure for the films has been investigated 

using XRD, which shows that Ba1-xErxTiO3 thin films are 

crystallized with tetragonal structure at room temperature. 

The increment in x value shows broadening and shifting for 

perovskite peaks towards higher angle. The effect of Er3+ 

ions substituted into Ba2+ sites within the BaTiO3 lattices is 

investigated using Scherrer, Williamson-Hall, and SSP 

methods. It is found that the estimated crystallite size of the 

films using all approaches decreases as Er3+ ions 

concentration increases. In addition, Williamson-Hall and 

SSP methods reveal that the microstrain, created due to the 

distortion in the perovskite lattice as a result of substitution 

of relatively small ionic radius for Er3+ ions compared to 

Ba2+ ions, increases as Er3+ ions concentration increases that 

is visualized as broader peak, which in turn reduces the 

crystallite size. Among the line profile analysis methods, 

SSP shows the best fitted graphs with goodness of fit R2 

close to 1, leading to high accuracy of the obtained values, 

which suggests that SSP could be a better choice to analyze 

crystallite size and lattice strain for this sort of material. 
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