
 

 65

Chapter 5 
Electrical and dielectric properties of 

low-temperature crystallized Sr0.8Bi2.6Ta2O9+x thin 
films 

 

 

 

5-1. Introduction 

     Recently, the SBT ferroelectric materials have attracted the attention 

for the development of non-volatile random access memories (NVRAMs). 

Their fatigue-free polarization, endurance and high switching speed make 

them suitable for the fabrication of memory devices. Ferroelectric 

memories have been evaluated for use in two different types of memories. 

One is a 1T1C (1 transistor and 1 capacitor) type and another is a 

ferroelectric memory field-effect transistor (FeMFET). The FET type of 

memory has the potential for the development of non-destructive read out 

(NDRO) and high density non-volatile memories. The FeMFET includes 

the metal-ferroelectric -insulator-semiconductor (MFIS) and metal 

ferroelectric metal insulator semiconductor (MFMIS) structures. The 

ferroelectric material is placed on the gate of the transistor in these 

structures. It was reported that a reduction in saturation polarization and 

dielectric constant and an enhancement in remanent polarization/saturation 

polarization ratio of ferroelectric material can improve the performance of 

FeMFET [105-107]. Therefore, to adopt the ferroelectric materials with 

good properties seems to be an effective way to achieve high performance 
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FeMFET. In the present study, we report the effect of annealing 

temperature on the microstructure, dielectric constant and electrical 

properties of metal organic decomposition (MOD) derived SBT films. 

Correlation the grain size to the ferroelectric and electrical properties of 

SBT films was also obtained.  

4-2. Experiment 

    The SBT film with a composition of Sr0.8Bi2.6Ta2O9+x (SBT) was 

prepared on Ir/SiO2/Si substrate by a method using an 

alkoxide-carboxylate precursor solution. Bismuth acetate [Bi(CH3COO)3], 

strontium acetate [Sr(CH3COO)2], and tantalum ethoxide [Ta(CH3COO)5] 

were selected as starting materials, and acetic acid and ethylene glycol 

were selected as solvent. Bismuth acetate and strontium acetate were 

initially dissolved in acetic acid with 30% excess bismuth at 120℃.  

Then tantalum ethoxide was added to the solution to form a clear and 

stable precursor solution at 70℃. The precursor solution was spin-coated 

on substrates. The coated thin film was dried at 150℃ for 10 min, and 

then 400℃ for 30 min in conventional furnace. This step was repeated 

several times after the desired thickness was obtained. The films were 

annealed at temperatures that varied from 450 to 700℃ in oxygen 

atmosphere for 10 min. The thickness of SBT films is about 250 nm, 

which was obtained on the basis of transmission electron microscopy 

(TEM) and scanning electron microscope observations (as shown in 

Figs.5-1 and 5-2, respectively). Pt top electrodes were deposited on the 

films by sputtering through a shadow mask of an area of 9.6×10-4 cm2.  
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    The ferroelectric properties of SBT films were measured by RT-66A 

(Radiant technologies Inc.) test system. Ferroelectric hysteresis 

measurements were conducted on SBT films in MFM 

(metal-ferroelectric-metal capacitor) configuration with a Sawyer-Tower 

circuit at a frequency of 500 Hz. The capacitance was measured at 100 

kHz without bias voltage with a HP 4284A impedance analyzer, which can 

be used for obtaining dielectric constant of the films. The leakage current 

characteristics were measured using a HP 4146C semiconductor parameter 

analyzer. The surface roughnesses of the thin films annealed at various 

temperatures were measured using atomic force microscope (AFM). The 

X-ray diffraction (XRD) patterns were recorded using a Hitachi X-ray 

diffractmeter with Cu Kα radiation operating at two different power levels 

30 kV, 20 mA and 50 kV, 200 mA in order to investigate the crystallinity 

and the phases of the SBT thin films. The grain sizes were calculated from 

the full width at half maximum (FWHM) of the (115) diffraction peak 

using Scherrer’s equation. The chemical composition of the films was 

determined using inductively coupled plasma (ICP) mass spectroscopy 

(Perkin Elmer, SCIEX ELAN 5000) and secondary ion mass spectroscopy 

(SIMS, CAMECA IMS-4f).  

4-3. Results and Discussion 

    Figure 5-2(a) shows the XRD patterns, which indicate SBT single 

phase for the SBT thin films annealed at various temperatures. The 450℃ 

annealed film has poor crystallinity while 700℃ annealed film is well 

crystallized. The XRD pattern shows a broadened line corresponding to 

(115) peak when a high power radiation (50 kV 200 mA) is impinged on 
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the films (Fig.5-2(b)). The line broadening may arise due to two possible 

reasons. One reason may be the shift in lattice constants when the film is 

composed of crystalline grains of different sizes. Another possible reason 

could be the small crystalline grain size of poorly crystalline of the films.  

 

  

(a) 

    

    (b)  

Fig. 5-1 (a) TEM cross section micrograph (b) SEM cross section 

micrographs of SBT thin film annealed at 450℃ and 550 , ℃

respectively.  
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Fig. 5-2 XRD pattern of SBT thin films (a) annealed at various 

temperatures indicated with 30 kV, 20 mA radiation and (b) 

annealed at 450℃ with 50 kV, 200 mA radiation. 
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In this study, as the grain sizes of the films are quite uniform from SEM 

and TEM observations (Fig.5-1), the first case scenario may be ruled out.  

Hence the line broadening of (115) peak in 450 and 550℃ annealed SBT 

thin films can be regarded as a result of small grain size. The grain size 

(dXRD) was calculated from the full width at half maximum (FWHM) of 

the (115) diffraction peak using the Scherrer equation [108],  

dXRD = Kλ/βcosθ 

where λ is the X-ray wavelength, β the FWHM of the diffraction line, θ 

the angle of diffraction, and 

the constant K=0.9. If B and b are the measured FWHM, of equivalent 

diffraction lines in the specimen and the reference, respectively, the 

FWHM of the true diffraction profile will be given by 

          β2 = B2- b2   (for a Gaussian line shape) 

Table Ⅰ lists the grain sizes calculated from XRD results and 

compositions of SBT thin films annealed at various temperatures. The 

grain size increases with increasing annealing temperature up to 650℃.  

Figure 5-3 depicts P-E hysteresis loops of SBT thin films annealed at 

various temperatures. It shows that the remanent polarization of the SBT 

films increases with increasing annealing temperature except the loop at 

450℃. The 450℃ annealed film exhibits linear P-E relation due to the 

poor crystalline SBT phase (Fig.5-3(a)). Such ferroelectric behavior is 

obviously related to grain size of the films (Table 5-1). The SBT films 

with larger grain sizes exhibit better ferroelectric properties. The 

ferroelectric properties are governed by the ferroelectric domain structure, 
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Fig. 5-3 P-E hysteresis loops of SBT thin films annealed at various 

temperatures. 

 
Table 5-1 The composition and XRD grain size of SBT thin films annealed 

at various temperatures. 
 

Annealing 
temperature

Bi/Ta Sr/Ta  grain 
size 
(nm) 

450℃ 1.290 0.368 8.90 

550℃ 1.279 0.366 10.80 

650℃ 1.209 0.365 13.20 

700℃ 1.158 0.361 13.68 

 

domain nucleation, and domain mobility. Ren et al. [109-110] have 

correlated the grain size of the ferroelectric films to the domain structure 
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and the domain wall mobility based on the TEM observations of PbTiO3 

thin films. The grains having dimensions close to those of single domain 

have been found to be very stable under an external field, which implies 

the domain nucleation in such samples is very difficult. Consequently, 

poor ferroelectric are properties obtained in a single-domain-predominated 

film, which usually has small grains. Therefore, a small remanent 

polarization is expected in ferroelectric films with small grains. On the 

other hand, the film having large grains with multi-domain -predominated 

structure can be easily switched leading to large remanent polarization. 

That is, the ferroelectric properties were dependent on the grain size. In 

the present study, the observation of increase in remanent polarization 

with increasing grain size of SBT films is shown in Fig.5-3 and Table 5-1, 

which agrees well with the phenomena of grain-size dependence of 

ferroelectricity in thin films as reported by Ren et al. [111-112]. 
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Fig. 5-4 Variation of dielectric constant of SBT thin films with annealing 
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temperature. 

Figure 5-4 depicts the variation of dielectric constant of SBT thin 

films with annealing temperature, indicating that the dielectric constant 

increases with increasing annealing temperature, which results in 

improved crystallinity and larger grain size of the SBT film. Arlt et al [111] 

have pointed out that the grain size dependence of dielectric permittivity 

was more pronounced for BaTiO3 samples with grain sizes less than 

0.7μm. Through theoretical calculation [111], they concluded that the 

density of 90°domain walls was inversely proportional to the square root 

of the grain size and thus the area of 90°domain walls contributed to the 

reduction of dielectric permittivity per unit volume increased with the 

decrease of grain size. Moreover, the pinning effect of the domain walls 

also contributed to the reduction in polarization [108, 111]. The smaller 

the grain size, the more the pinning effect, the less the domain wall 

mobility of SBT thin films is. The resultant reduction in the wall mobility 

would decrease the switching rate, thereby lowering the dielectric constant. 

Under the consideration of small difference in grain size between 650℃ 

and 700℃ films, having large difference in dielectric constant between 

them (Table Ⅰ and Fig.4 ), large leakage current for 700  films woul℃ d 

be one of the main causes leading to its high dielectric constant. Dickens 

et al. [112] have found that the polarization was partly contributed by the 

leakage current. The higher polarization would lead to the higher dielectric 

constant, so the higher dielectric constant could contribute from the larger 

leakage current of the films annealed at higher temperature, such as 700℃. 
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Lower values of remanent polarization have also been recorded for smaller 

grain sizes of the SBT films as evidenced by the P-E hysteresis loops 

shown in Fig.5-3. 

The ICP compositional analysis indicates that Sr/Ta and Bi/Ta ratios 

in the annealing films are slightly less than those in the initial precursor 

solution (Table 5-1). The reason for such compositional variation is 

expected to be the loss of bismuth from the SBT thin films by evaporation 

and diffusion into the bottom electrode. This result is further confirmed by 

SIMS depth profile analysis as indicated in Fig.5-5, which shows 

obviously the variation in bismuth content at the surface of SBT film and 

interface of SBT/Ir. The bismuth content of SBT thin films increases with 

increasing annealing temperature from 650 to 700℃ at near the edge of Ir 

bottom electrode. It is presumed that the Bi depletion might result from 

the oxidation of Bi at the interface [113]. The oxygen concentration 

increases at SBT/Ir interface as shown in Fig.5, which may be attributed to 

Bi and Ir oxidized during the process. This change might promote the 

crystallization of SBT films and increases the film surface roughness that 

leads to larger leakage current density at higher annealing temperature as 

indicated in Fig.5-6, which shows the leakage current density versus 

electric field for SBT films annealed at various temperatures.  
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Fig. 5-5 SIMS depth profiles of SBT thin films annealed at (a) 650℃, (b) 

700℃. 
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Fig. 5-6 Curves of leakage current density vs. applied electric field for 

SBT thin films annealed at various temperatures indicated. 

 

The leakage current density is lower than 10-9 A/cm2 at an applied 

electric field of 100 kV/cm for the film annealed at 450℃. Such film 

shows smaller grain size (Table Ⅰ) and smaller surface roughness relative 

to other thin films as shown in Fig. 5-7. The leakage current is increased 

with an increase in surface roughness of SBT thin films (Fig. 5-7),  

which is due to the fluctuation of the surface height occurred and 

consequently the local electric field varies from place to place [114-116]. 

When an electric field is applied to SBT thin film capacitors with high 

surface roughness, the electric field concentrates in the deep valleys 

between SBT grains and hence a higher leakage current density is 
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observed.  
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Fig. 5-7 Variation of surface roughness and leakage current density at 100 

kV/cm of SBT thin films with annealing temperature. 

 

    Figure 5-8 shows the remanent polarization as a function of switching 

cycles for the films annealed at 650 and 700℃. Both films exhibited good 

fatigue-free behavior up to 1011 switching cycles. The fatigue behavior is 

predominantly related to oxygen vacancy formation and stability in Bi2O2 

layers and Sr-Ta-O perovskite blocks [117-119]. The relative stability of 

Sr-Ta-O perovskite blocks of SBT thin film results in its fatigue-free 

behavior. 
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Fig. 5-8 Fatigue characteristics of SBT thin films annealed at 650 and 

700℃ under 5V bipolar switching cycles. 

 

5-4. Summary 

The SBT thin films were prepared on Ir/SiO2/Si substrate by 

metal-organic deposition and annealed at various temperatures. The single 

phase SBT thin film was obtained at a low temperature of 450℃. The 

dielectric constant and the polarization versus electric-field hysteresis loop 

of the SBT films increased with increasing annealing temperature due to 

the consistent increase in grain size and crystallinity. The composition 

analysis of SBT thin films indicated a loss at higher annealing 

temperatures due to the bismuth evaporation and diffusion into the bottom 

electrode. The leakage current density of SBT thin films decreased as 

annealing temperature decreased. The thin film annealed at 450℃ has a 
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low leakage current value of 10-9 A/cm2 at applied field of 100 kV/cm. The 

low leakage current may be due to small grain size, less surface roughness 

and no interface layer formation. The SBT thin films have a fatigue free 

property up to 1011 switching cycles. 

 


