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Ba0.90Gd0.10TiO3 (BGT) thin films have been fabricated in MFM configuration via sol-gel technique at the different 

annealing temperature. The dielectric parameters of the films are measured using Impedance Analyzer as a function of 

frequency. It is found that, at frequency 1 kHz, the measured value of  increases from 57 to 264 as the annealing 

temperature increases from 600 °C to 900 °C, which is correlated to the improved crystallinity and grain size increment. 

The ferroelectric hysteresis of the films is analyzed using Sawyer-Tower circuit that shows an enhancement for the 

ferroelectric properties with annealing temperature, which is also confirmed using C-V characteristics. The leakage current 

of the films is evaluated via Semiconductor Parameter Analyzer (SPA), which shows that at a certain electric field, the 

leakage current density increases as the annealing temperature increases, that is attributed to the crystallinity and grain 

size improvement. The conduction mechanism of the films is deeply investigated through different models to find out that 

the space charge limited conduction (SCLC) mechanism is the controlling conduction process. 

Keywords: annealing temperature, Ba0.90Gd0.10TiO3, conduction mechanism, dielectric, ferroelectric. 

 

1. INTRODUCTION† 

Barium Titanate (BaTiO3) is one of the non-toxic 

ferroelectric material that is widely used in the electronic 

industry due to its high dielectric constant, and excellent 

ferroelectric and piezoelectric properties at and above room 

temperature [1, 2]. Many studies suggest that doping 

BaTiO3 with rare-earth elements, such as La, Sm and Gd, 

substitutes at the Ba2+ sites due to their larger atomic size 

compared to Ba2+, resulting in lattice distortion and A-site 

vacancies. Such structural variations result in the 

improvement of some of the electrical properties of the 

BatiO3 [3]. Li et al. observed a shift in the XRD peaks for 

Gd-doped BTO (Gd:BTO) powders, suggested that Gd ions 

substituted the Ba2+ ions when the Gd2O3 content in the 

precursor was less than 0.25 mol %, and they replaced both 

Ba and Ti ions when the Gd2O3 content in the precursor was 

greater than 0.25 mol %, which improve the dielectric 

constant at Gd content higher than 0.25 mol % [4]. It is also 

reported by Li et al. that Gadolinium (Gd3+) doped BaTiO3 

has the largest dielectric constant compared with other rare-

earth dopants used in their study [5]. Kang et al. depicted 

that the maximum value of dielectric constant (εmax) of the 

Gd+3 doped BaZrO3 is significantly increased, and the Curie 

temperature (TC) shifted towards lower temperature, with 

the increase of Gd3+ doping till a certain doping ratio [6]. 

Similar results are observed by Said et al. for Strontium 

barium niobate doped with gadolinium, as well as, a 

relatively increment for the remnant polarization is noticed 

as Gd+3 doping concentration is increased [7]. 

Dielectric, ferroelectric and leakage current properties 

for Gd+3 doped BaTiO3 thin films depend on various factors 
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such as doping concentration, annealing temperature, film 

thicknesses, and fabrication condition [8 – 11]. However, 

the annealing temperature is the most important due to its 

direct relation to the crystalline structure of a material, 

which in turn influences the electrical conduction 

mechanism [12, 13]. 

Due to the limited works reported regarding Gd3+ doped 

BaTiO3 thin films, the composite system is still unclear. 

Therefore, the effect of annealing temperature on their 

dielectric, ferroelectric and leakage mechanism need to be 

explored. In this study, Ba0.90Gd0.10TiO3 (BGT) thin films 

have been fabricated in MFM configuration using sol-gel 

method and annealed at different temperatures. The 

dielectric, ferroelectric and leakage current mechanisms of 

the films then are deeply investigated as a function of 

annealing temperature and correlated to the structural 

properties. 

2. METHODOLOGY 

BGT solution is prepared using barium acetate (99 %), 

gadolinium acetate (99.9 %) and titanium (IV) isopropoxide 

(99.9 %) as raw materials. Acetic acid and  

2-methoxyethanol were used as solvent and stabilizer, 

respectively. The details of solution preparation can be 

found in previous work [14]. For substrate preperation, a 

precleaned P-type silicon wafer (100) is used, then a 300 nm 

SiO2 layer is grown on the wafer to act as a passivation 

layer, followed by a thin layer of TiO2 with a thickness of 

~ 3 nm is sputtered to serve as an adhesive layer between Pt 

and SiO2 layers, finally, Pt layer with a thickness of 100 nm 

is sputtered onto the TiO2 and followed by annealing at 
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800 °C for 1 hour to improve the crystallinity and 

conductivity of the platinum film. The Ba0.9Gd0.1TiO3 

solution is deposited on Pt/TiO2/SiO2/Si substrates using a 

spin coater, and baked at 200 °C to harden the film and 

vaporize organic compounds, and then annealed at different 

temperatures of 600 °C, 700 °C, 800 °C and 900 °C, for 1 h 

in the atmosphere. For thickness measurement, the films 

with the structure of BGT/Pt/TiO2/SiO2/Si are partially 

etched using diluted HF to create a step profile. Then the 

film thickness is measured using a profilometer (Stylus 

Profilometry, Bruker) with a force of 5 mg. The average 

film thickness is found to be 485.2528 nm for all films. To 

obtain metal-ferroelectric-metal (MFM) structure for 

electrical characterization, the films are fabricated with the 

structure of Al/BGT/Pt/TiO2/SiO2/Si. Where, circular dots 

of aluminium electrode, with an area of 11.3 × 10-3 cm2 are 

deposited over the BGT/Pt/TiO2/SiO2/Si structure using 

PVD through a shadow mask to act as contact electrode. 

Thus, the under eath Pt layer serves as the bottom electrode 

while the aluminium dots on top of the BGT films serve as 

the top electrode as shown in Fig. 1. 

 

Fig. 1. Sample model structure 

The perovskite structure for Ba0.90Gd0.10TiO3 films on 

SiO2/Si substrate was characterized by X-ray diffraction 

(XRD6000, Shimadzu) using Cu-ka radiation source 

( = 1.5406 Å), scan rate 2/min and step size of 0.02 with 

an operating voltage of 40 kV and current of 30 mA. The 

grain size of BGT samples is measured using atomic force 

microscopy (AFM, SPA 400, SII Nanotechnology, Inc) in 

non-contact mode with a scan speed of 1 kHz. At least three 

locations on BGT films on SiO2/Si substrate of an area of 

1 × 1 m2 are scanned. Then the size of each grain is 

measured in diameter using Gwyddion software to ensure 

the accuracy of the measurement and then averaged. The 

dielectric properties of the films were characterized using 

the Impedance Analyzer (IM3570, Hioki) in the range from 

100 Hz to 1 MHz at room temperature. The ferroelectric 

phenomenon of the films was analyzed using a homemade 

setup for the Sawyer-Tower circuit and Semiconductor 

Parameter Analyzer (4200A-SCS, Keithley). The leakage 

current for the present films was characterized in the range 

from 0 to 8 V using Semiconductor Parameter Analyzer. 

3. RESULTS AND DISCUSSION 

To confirm the presence of perovskite structure in 

Ba0.90Gd0.10TiO3 thin films used in this work, XRD analysis 

has been employed and the patterns are plotted in the range 

between 20° and 60° as shown in Fig. 2. Comparable results 

for the current films with the previous work are obtained 

[14]. Where the sample annealed at 600°C shows an 

amorphous structure with no crystalline perovskite peak, 

suggesting poor crystallization of the film. The samples 

annealed at 700 °C, 800 °C and 900 °C confirmed the 

existence of perovskite phase structure through the 

formation of diffraction peaks with orientation (100), (110), 

(111), (200), (201) and (211). A single barium silicate peak, 

indicated by a blue square, is detected at 29° for the sample 

annealed at 900 °C only compared to the previous work that 

appeared at 800 °C also [14]. This indicates the 

improvement of the fabrication procedure of the films in this 

work. The lattice parameters of the current films annealed at 

different annealing temperatures are summarized in Table 1. 

From the table, a gradual increment of value is observed in 

the lattice constant of a and c with the increase in annealing 

temperature. This increment leads to expand the lattice 

volume from 63.49 to 63.62 Å3. From the calculated lattice 

constants, it is also found that the ratio c/a is greater than 1 

indicating that the tetragonal phase structure is obtained, 

which confirms the perovskite structure for the films. 

 

Fig. 2. XRD pattern of Ba0.90Gd0.10TiO3 films annealed at different 

temperatures 

Table 1. Lattice parameters of Ba0.90Gd0.10TiO3 thin films at 

different annealing temperatures 

Annealing 

temperature, °C 
600 700 800 900 

Lattice constant a, Å ND 3.976±0.006 3.979±0.004 3.979±0.006 

Lattice constant c, Å ND 4.016±0.016 4.012±0.009 4.018±0.009 

Tetragonality c/a ND 1.01 1.01 1.01 

Lattice volume V, Å3 ND 63.497 63.530 63.616 

*ND= no data 

Fig. 2 shows 1 × 1 µm2 two-dimensional AFM images 

for Ba0.90Gd0.10TiO3 films at various annealing 

temperatures. From the figure, dense and smooth surfaces 

with grains distributed evenly over the scan area are 

obtained for all the samples. However, no appearance of 

crystalline grain is found in the sample annealed at 600 °C 

(image not shown) due to insufficient annealing 

temperature. The measured average grain size for the 

samples annealed at 700 °C, 800 °C and 900 °C are 

94.25 ± 1.19, 106.04 ± 1.21 and 154.20 ± 2.44, 

respectively. The increase of grain size with annealing 
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temperature is attributed to crystal growth with annealing 

temperature. 

 

a 

 

b 

 

c 

Fig. 3. Two-dimensional AFM images for Ba0.90Gd0.10TiO3 films 

different annealing temperature: a – 700 °C; b – 800 °C; 

c – 900 °C 

To investigate the influence of annealing temperature 

on the dielectric properties of the Ba0.90Gd0.10TiO3 films, the 

real and imaginary parts of capacitance for the films with 

sample structure of MFM are measured as a function of 

frequency at room temperature. Then the real and imaginary 

parts of the dielectric constant are determined by the 

following equations, respectively: 

𝜀′ =
𝐶𝑡

𝜀0𝐴
 ; (1) 

𝜀" =
𝐺𝑡

𝜀0𝐴𝜔
 , (2) 

where t is the film thickness; ω is the angular frequency; εo 

is the free space dielectric constant and A is the area of the 

top electrode. 

The dielectric loss of the films, which represents the 

energy dissipation due to the lag of polarization behind the 

applied electric field caused by the impurities and 

imperfections with the lattice structure [15], is determined 

by the following equation: 

𝑡𝑎𝑛 𝛿 =
𝜀"

𝜀′ . (3) 

Fig. 4 a shows the variation of the real part of the 

dielectric constant as a function of frequency for 

Ba0.90Gd0.10TiO3 thin films at the different annealing 

temperatures. 

 

a 

  

b 

Fig. 4. a – dielectric constant; b – dielectric loss of 

Ba0.90Gd0.10TiO3 films at the different annealing 

temperatures 

The high value of the dielectric constant at low 

frequencies is due to space charge polarization, which is 

usually originated from the accumulation of charges at the 

grain boundaries and at the film/electrode interfaces. Then 

the dielectric constant decreases as the frequency increases 

for all the tested samples. This phenomenon can be 

explained by the nature of the dipole movement in the 

presence of the applied field. At low frequencies, the dipoles 
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orient according to the applied field at full strength of 

polarization. This explained the high value of ε at low 

frequency. However, these dipoles require a certain time to 

switch according to the oscillating field. Thus, as the 

frequency increases, leads to a shorter time for the 

switching, so the dipoles started to lag which slightly 

decreases ε. At a very high frequency, the switch time for 

the applied field increases further, which means that the 

switching speed for the dipoles could not match the 

oscillating field. Thus, the ε remains almost constant and 

behaves as frequency independent at this range of 

frequencies. 

It is also observed that the dielectric constant at a certain 

value of frequency increases with annealing temperature. 

For example; at 1 kHz, the dielectric constant increases from 

57 to 264 for Ba0.90Gd0.10TiO3 films as the annealing 

temperature increases from 600 °C to 900 °C. A similar 

increment of dielectric constant is also observed by Pečnik 

et al. [16] as they ascribed this increment to the improved 

crystallinity and the density of microstructure at the high 

annealing temperature. Quan et al., [17] explain that the 

combined effects of electric dipole polarization, the relaxed 

stress and strain, the improved crystallinity and large grain 

size are the main factors that caused the increase of 

dielectric constant with the increase of annealing 

temperature. Thus, the increase of the dielectric constant at 

the variation of annealing temperature in the current films is 

correlated to the improved crystallinity as discussed in XRD 

results, in addition, to the increase of grain size with 

annealing temperature. 

The dependence of dielectric loss (tanδ) on frequency 

for Ba0.90Gd0.10TiO3 films at different annealing 

temperatures is presented in Fig. 4 b. The figure shows that, 

at low frequencies < 103 Hz, the dielectric loss is slightly 

high and it dramatically decreases with frequency. The high 

value of tanδ at low frequencies is due to accumulated 

charge at the grain boundaries and film/electrode interfaces 

that harden the electrons transaction between the lattice 

sites, which in turn requires higher energy, thus, the loss 

would be higher [18]. At a higher frequency range, from 104 

Hz to 105 Hz, tanδ becomes almost frequency independent 

and it is relatively low (< 0.5), which denotes the quality of 

the films. Furthermore, at higher frequencies, tanδ raises 

again to high values due to the miss switching speed of 

dipoles with the applied electric field at high frequencies. 

This sudden increment of tanδ at high frequencies indicates 

that a relaxation peak could be obtained [15]. 

The polarization of Ba0.90Gd0.10TiO3 films with the 

structure of MFM is characterized through the Sawyer-

Tower circuit by measuring the switchable polarization 

under an alternating electric field. When an electric field is 

applied, the dipoles re-oriented themselves according to the 

polarity of the field and induced the polarization strength. 

The polarization behavior under influence of annealing 

temperature is studied via polarization-electric field 

hysteresis loop analysis. Fig. 5 shows the hysteresis loop for 

Ba0.90Gd0.10TiO3 films annealed at various annealing 

temperatures. It is found that samples annealed at 600 °C 

exhibit linear capacitor behavior. This indicated the absence 

of ferroelectricity due to the insufficient annealing 

temperature which is consistent with the XRD results. 

 
a 

 
b 

 
c 

 
d 

Fig. 5. Ferroelectric hysteresis loop of Ba0.90Gd0.10TiO3 films 

annealed at different temperature: a – 600 °C; b – 700 °C; 

c – 800 °C; d – 900 °C 
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It can be also seen from the figure that the remnant 

polarization increased from 1 to 8.13 µC/cm2 with the 

increased annealing temperature from 700 °C to 900 °C, 

indicating an improvement in the ferroelectric properties 

with annealing temperature. This enhancement in the 

ferroelectric properties of the current films is due to the 

improvement of the perovskite phase with annealing 

temperature, as discussed in XRD. Further, ferroelectric 

properties significantly depend on the grain size, where a 

larger grain size leads to reducing repulsive force between 

neighboring domain walls, thus, the ferroelectric films need 

lower activation energy for the reorientation of the domains 

[19]. As discussed earlier, the grain size of Gd-doped 

BaTiO3 films increases with annealing temperature. This 

confirmed the improvement of the ferroelectric properties of 

the current films. 

The ferroelectric properties of these films are also 

analyzed with the aid of capacitance-voltage (CV) 

characteristic to confirm their ferroelectricity. The CV for 

the films is characterized at 500 kHz in MFM configuration 

at room temperature. Where the applied DC voltage swept 

forward and reversed from - 6 to + 6 V with the sweeping 

rate of 0.1 V/s. Fig. 6 shows the capacitance-voltage graphs 

for Ba0.90Gd0.10TiO3 annealed at distinct temperatures. It can 

be noted that all the films show a non-linear variation for 

capacitance with the applied voltage. 

An anomalous C-V curve is observed at 600 °C which 

suggested the absence of ferroelectricity due to incomplete 

crystallinity. A similar C-V curve shape is also observed by 

Gao et al. for BMN films which are also due to the 

insufficient crystalline temperature at 600 °C [20]. It is also 

noted that the C-V curve is asymmetry around the voltage. 

Saif et al. [21] and Masruroh & Toda [22] reported that this 

shift could be originated from existing an accumulated 

charge at the film/electrode interface, and could be also due 

to the variation of work function for the bottom and top 

electrodes. Furthermore, two maxima peaks for the CV 

curve forming a butterfly shape is observed, that are 

attributed to polarization switching as a response to the 

sweeping voltage for both forward and reversed bias. The 

butterfly-like shape confirmed the presence of ferroelectric 

nature in the Ba0.90Gd0.10TiO3 films at room temperature. 

The strength in the butterfly shape with the increase of 

annealing temperature is comparable with the obtained 

ferroelectric hysteresis loop. However, a distortion of the 

butterfly shape is observed for the sample annealed at 

900 °C. This behavior could be due to the surface charge 

defects. 

In many applications including microelectronic and 

optoelectronic, leakage current characteristics of thin films 

play a crucial part in examine the material parameters 

involved in the concentration of defects and quality of 

interfaces. Such applications required the leakage current to 

be as low as possible, wherein high leakage current could be 

led to the undesirable effects that limit performance. 

Therefore, it is essential to understand the conduction 

mechanism in the current films that control the required 

properties of the devices to be used for. The leakage current 

density of Ba0.90Gd0.10TiO3 films is studied in a 

configuration of MFM structure with forward-biased on Al 

top electrode. 

 
a 

 
b 

 
c 

 
d 

Fig. 6. C-V curve of Ba0.90Gd0.10TiO3 films annealed: a – 600 °C; 

b – 700 °C; c – 800 °C; d – 900 °C 

Fig. 7 illustrates the variation of leakage current density 

with the positive electric field for Ba0.90Gd0.10TiO3 films 
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annealed at different temperatures. It is observed that at the 

fixed electric field of 100 kV/cm, the leakage current 

density increased from 2.16 × 10-5 to 3.39 × 10-4 A/cm2 as 

the annealing temperature increased from 700 °C to 900 °C. 

Similar behavior is also observed by Sui et al. [23] in Fe 

doped NBT films and Gao et al. [20] in BMN thin films. 

They ascribed the increase of leakage current as a result of 

the formation of large grain at higher annealing temperature, 

which increases the conductivity between grains. Thus, the 

increase of the leakage current density in the 

Ba0.90Gd0.10TiO3 films with the increase of annealing 

temperature is resulted from the improved crystallinity and 

larger grain size, which is consistent with the AFM results. 

  

Fig. 7. Leakage current density as a function of the electric 

field of Ba0.90Gd0.10TiO3 films at the different 

annealing temperatures 

At a low electric field, < 20 kV/cm, the graph shows a 

linear variation for the current density with respect to the 

applied electric field indicating that the conduction 

mechanism in this range of electric fields is covered by 

Ohmic conduction. The current density due to the Ohmic 

conduction is formed due to the movement of mobile 

electrons in the conduction band and holes in the valence 

band as a response to the applied field. Ohmic current 

density usually is expressed as [24]: 

ohm

V
J qn

d
= , (4) 

where q is the electron charge; no is the concentration of the 

free charge carrier; μ is the carrier mobility; V is the applied 

voltage; d is the film thickness. 

As the applied field increases further, > 20 kV/cm, 

more charges accumulate in the insulated regions from 

electrodes resulting in a further increase in leakage current, 

at this point, the space charge limited current conduction 

(SCLC) takes place. The current density at this stage is 

quadratic dependent on applied voltage according to Child’s 

law which is given by [25]: 

2

3

9

8

rVJ
d

 
= , (5) 

where o is the permittivity of the free space and r is the 

optical dielectric constant. 

The SCLC mechanism within this range of the electric 

field is investigated via modified Langmuir-Child law. 

Where, according to Langmuir-Child law the conduction 

mechanism based on space charge limited (SCL) emission, 

the J-E characteristics for metal-ferroelectric-metal (MFM) 

capacitor system should follow the polynomial type of 

variation [26]. Fig. 8 shows the polynomial fitting of J-E 

plots for Ba0.90Gd0.10TiO3 films at the different annealing 

temperatures. This indicates that the space charge 

mechanism is dominant for the tested films. 

  

Fig. 8. Polynomial fitting of J-E plot for Ba0.90Gd0.10TiO3 

films at the different annealing temperature 

The J-E plot, in Fig. 8, for all the tested films reveals 

that at a high applied field the leakage current almost 

increases exponentially with the applied field, indicating 

that other conduction mechanisms may present, where the 

Schottky emission (SE) and Poole–Frenkel (PF) emission 

have been considered [27]. The former occurs across the 

interface between a semiconductor/metal and an insulating 

film as a result of barrier lowering due to the applied field. 

The current density (J) in the Schottky emission can be 

quantified by the following equation [28]: 

1

2
2 exp s s

B

E
J A T

K T

 

 
− =

 
  

, (6) 

where βs = (e3 /4πεoε)1/2; e is the electron charge; εo is the 

dielectric constant of free space; ε is the dynamic dielectric 

constant; A* is an effective Richardson constant; T is the 

absolute temperature, E the applied electric field, s is the 

contact potential barrier; KB is Boltzmann constant. The 

Poole-Frenkel emission is associated with the field 

enhanced thermal excitation of trapped electrons from the 

insulator into the conduction band. The current density 

according to PF emission is given by [28]: 

1

2

exp PF PF

o

B

E
J J

K T

 
 

− =
 
  

. (7) 

To investigate the possible contribution of Schottky 

emission and Poole-Frenkel emission at the higher electric 

field range, the J-E characteristic of Ba0.90Gd0.10TiO3 films 

are plotted according to these models. Fig. 9 shows the J-E 

characteristic plotted according to Schottky emission plot of 

ln J versus E1/2 for Ba0.90Gd0.10TiO3 films at different 

annealing temperature. From the figure, a linear relationship 
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between ln J and E1/2 is clearly seen which suggested that 

the Schottky emission may dominate over this range of 

electric field. However, in order to ensure the contribution 

of this mechanism, it is essential to determine the dynamic 

dielectric constant, εSE, from the slope of the linear fitting 

lines [30 – 39]. It is found that the extracted values of the 

dynamic dielectric constant from Schottky plot for the films 

tested at room temperature vary between 0.005 and 0.0129 

demonstrating relatively low values. This could be indicated 

that the Schottky emission is not the dominant mechanism 

in Ba0.90Gd0.10TiO3 films at room temperature [15]. 

Fig. 10 shows the variation of the J-E characteristic of 

Ba0.90Gd0.10TiO3 films plotted according to Poole-Frenkel 

emission, ln (J/E) versus E1/2. From the figure, a straight line 

fitting is observed for the current density but the estimated 

dynamic dielectric constant is also relatively low and varied 

from 0.031 to 0.165, which suggests that the Poole-Frenkel 

emission also is not the dominant conduction process in 

Ba0.90Gd0.10TiO3 films at room temperature [15]. 

 

Fig. 9. Schottky emission plot of ln J vs E1/2 for Ba0.90Gd0.10TiO3 

films at the different annealing temperatures 

 

Fig. 10. Poole-Frenkel emission ln (J/E) vs E1/2 for 

Ba0.90Gd0.10TiO3 films at the different annealing 

temperatures 

4. CONCLUSIONS 

The dielectric, ferroelectric and leakage current 

properties of sol-gel Ba0.90Gd0.10TiO3 thin films in MFM 

configuration have been investigated at the different 

annealing temperatures. The perovskite structure of 

Ba0.90Gd0.10TiO3 films is checked with the aid of XRD, 

which reveals that the crystalline structure is improved as an 

annealing temperature increases. The dielectric constant  of 

the films is plotted against frequency, and it is noticed that 

the measured values of  at 1 kHz increase from 57 to 264 

as the annealing temperature increases from 700 °C to 

900 °C, which is correlated to the increment of grain size. 

The ferroelectric hysteresis loop and C-V curve of the films 

show an enhancement of the ferroelectric properties with 

annealing temperature. The estimated remnant polarization 

increases from 1 to 8.13 µC/cm2 with the increase in 

annealing temperature from 700 °C to 900 °C. The leakage 

current measurement shows that the current density at the 

fixed electric field increases as the annealing temperature 

increases, which is correlated to the improvement of 

crystallinity and grain size. Additionally, it is found that 

space charge limited conduction (SCLC) is the dominant 

conduction mechanism within Ba0.90Gd0.10TiO3 films. 
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