
Chaos, Solitons and Fractals 141 (2020) 110315 

Contents lists available at ScienceDirect 

Chaos, Solitons and Fractals 

Nonlinear Science, and Nonequilibrium and Complex Phenomena 

journal homepage: www.elsevier.com/locate/chaos 

Changes in the structural and electrophysical properties of 

Ba 0.8 

Sr 0.2 

TiO 3 

films with decreasing thickness 

Evgeny I. Goldman, Galina V. Chucheva, Mikhail S. Afanasiev, Dmitry A. Kiselev 

∗

Laboratory «research of physical phenomena on the surface and interfaces of solids», Fryazino Branch of the Kotelnikov Institute of Radioengineering and 

Electronics of Russian Academy of Sciences, Vvedensky sq. 1, Fryazino, Moscow region, 141190, Russia 

a r t i c l e i n f o 

Article history: 

Received 24 July 2020 

Revised 18 September 2020 

Accepted 23 September 2020 

Keywords: 

BSTO ferroelectric thin films 

The morphology 

Domain switching 

Dielectric properties 

The thickness effect 

High-frequency capacitance–voltage 

characteristics 

a b s t r a c t 

Comparative studies of structural and electrophysical properties were performed for Ba 0.8 Sr 0.2 TiO 3 (BSTO) 

films with the thickness of 100 nm, 120 nm and 350 nm. The surface morphology, the domain struc- 

ture and local polarization switches were explored in the ferroelectric phase whereas high-frequency 

capacitance–voltage characteristics were measured in the paraelectric phase at 121 °С . It was shown that 

good crystalline properties of the BSTO surface and grains are preserved until the thickness of ceramic 

layers decrease to 100 nm. The surface roughness did not exceed 2 – 4 nm and the average radius grains 

was in the range of 64 – 87 nm. Polarization domains induced with a microscope tip were stable and 

are conserved for several hours. Electrophysical properties of Ba 0.8 Sr 0.2 TiO 3 films in the paraelectric phase 

strongly depend on the thickness of layers of BSTO ceramics. Effective dielectric permittivity of BSTO in 

the limit of weak fields decreases when the film thickness decreases from 350 nm to 100 nm from 920 

to 400. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The main element widely used in different areas of studies in 

djustable logical devices and neuromorphic networks are mem- 

istors, i.e., structures capable to multiple switches between states 

ith high and low resistance after applications of the external 

oltage of the different polarity. In the last decade, it became 

lear [1] that the perspective direction of increasing material re- 

ources for fabricating memristors are thin films of solid solu- 

ions of barium-strontium titanates (Ba 1-x Sr x TiO 3 or BSTO).These 

lms possess ferroelectric properties at the room temperature and 

heir dielectric permittivity remains to be high in a wide tem- 

erature range. BSTO-based structures are already used in energy- 

ndependent memory devices which are resistant to special im- 

acts [2] ; however, not much is known about properties of BSTO 

lms, in particular, in the thickness range of 100 nm. This range 

s especially important since films with such thickness, including 

STO films, begin to show a memristor behavior [3] . It was previ- 

usly shown that properties of films and bulky Ba 1- х Sr х TiO 3 parti- 

les are different [4,5] ; therefore, it is important to determine how 

tructural and electrophysical characteristics of BSTO layers depend 

n thickness decrease up to 100 nm. Electrophysical properties of 

erroelectric structures, which are dependencies of high-frequency 
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apacitance on external voltage, are described by coefficients of the 

ree energy F expansion in powers of the order parameter – the 

lectric polarization of a material P . Distributions over domains of 

he spontaneous polarization of materials occur in the ferroelectric 

hase [6] ; therefore, the dependence of capacitance of a ferroelec- 

ric film on the applied voltage should include three-dimensional 

veraging of the domain polarization over space. There is no spon- 

aneous polarization in a paraelectric phase and the account of po- 

arization distributions over space is substantially simplified and 

he problem becomes one-dimensional as it was underlined pre- 

iously [7] . 

The present work is devoted to a comparative study of struc- 

ural and electrophysical properties of Ba 0.8 Sr 0.2 TiO 3 films with the 

hickness of 100 nm, 120 nm and 350 nm. The surface morphol- 

gy, the domain structure and switches of the local polarization 

f films have been explored at room temperature whereas high- 

requency capacitance–voltage characteristics (C-V) were measured 

n the paraelectric region at 121 °С . 

. Experimental technique 

Metal-BSTO-metal samples with ceramic layers of various thick- 

ess were prepared on a silicon substrate with a platinum sublayer 

hose thickness was ~200 nm. Ferroelectric Ba 0.8 Sr 0.2 TiO 3 films 

ere deposited onto a platinum electrode using high-frequency 

pray of polycrystalline target in an oxygen atmosphere using an 

https://doi.org/10.1016/j.chaos.2020.110315
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nstallation Plasma-50SE (Russia). The temperature of the substrate 

uring the synthesis process was maintained at 620 ±5 °С . The pro- 

ess consisted of two stages. At the first one, the material was pre- 

ipitated for six or more minutes in the dependence on the re- 

uired layer thickness. At the second stage, films obtained were 

reated thermally in an oxygen atmosphere and the chamber pres- 

ure of 10 4 Pa. The upper electrode (which was missing during 

he structural exploration) on a ferroelectric film was prepared 

y electron-beam spray of nickel via a shadow mask on an in- 

tallation A70 0QE/DI120 0 0 (Germany). The electrode area S and 

ts thickness were 2.7 × 10 −4 cm 

2 and 0.1 μm, respectively. The 

esign of installations and the technique of the film deposition 

re described in more detail elsewhere [8,9] . The relationship be- 

ween thicknesses of BSTO films and the deposition time of the 

aterial was determined using a scanning electron microscope 

U50 0 0. 

The surface morphology, the induced domain structure and lo- 

al polarization switching of thin films were investigated using 

iezoresponse Force Microscopy (PFM) an scanning probe micro- 

cope MFP-3D (Asylum Research, Oxford Instruments, Santa Bar- 

ara, CA, USA) with a Ti/Ir coated Si cantilever (Asyelec-01, Asy- 

um Research, Oxford Instruments, USA) and a nominal 2.5 N/m 

pring constant. Switching spectroscopy PFM (SS-PFM) measure- 

ents were performed with a 9 V bias to the tip. An AC voltage

2 V pp ) was superimposed onto a triangular square-stepping wave 

 f t = 0.5 Hz, with writing and reading times 25 ms, and bias win-

ow up to ± 9 V) during the remnant piezoelectric hysteresis loops 

easurements. 

Capacitance–voltage (C-V) characteristics measurements of Ni- 

STO-Pt structures were performed on an automated stand [10] us- 
t

ig. 1. Surface images of BST О films with the various thickness (a) – 100 nm, (b) – 120 nm

lines) for BST О films under study. Lines show the fit of experimental points to the equat

2 
ng an LCR Agilent E4980A precision meter. A bias voltage V g 

anged from –3.5 to + 3.5 V was applied to the sample with a step

f 5 mV and the amplitude and frequency of the measuring signal 

f 25 mV and 100 kHz, respectively. 

. Results and discussion 

.1. Structural topography 

The surface morphology of BST О films deposited on the 

t/TiO 2 /SiO 2 /Si substrates with different thickness is shown in 

ig. 1 a and 1 b. As can be seen, BST О films possess by compar-

tively homogeneous and smooth surfaces and are formed from 

rystallites (grains). The average roughness increased from 2 nm 

or the 100 nm thick BSTO film to 4 nm in the 120 nm thick BSTO

lm. To quantify the grain size (correlation length, ξ ), we used 

he autocorrelation function and the algorithm of calculations de- 

cribed elsewhere [11] . According to results of our calculations, the 

ean radius of grains increases from 64.4 nm in the 100 nm thick 

ST О film to 87.2 nm in the 120 nm thick BST О film (see Fig. 1 c).

hus, it can be concluded that relatively dense microstructures 

re beneficial to their ferroelectric, dielectric and piezoelectric 

roperties. Previously, we have experimentally established that the 

verage grain size for a film with thickness of 350 nm is also 

7 nm [11] . Therefore, one can consider that grains in BSTO films, 

ynthesized using our method described above, have a columnar 

rrangement, and they grow laterally only to a certain size when 

he film thickness increases. 
 and (c) – profiles of the autocorrelation function (points) and their approximation 

ion C(r) = A · exp [ −( r/ 〈 ξ 〉 ) 2 ·h ] . 
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Fig. 2. PFM images of dot patterned domains formed by positive voltage pulses with the different am plitude for the BST О film with the thickness 100 nm (a) and induced 

strip domain regions by different voltage for 120 nm thick BSTO layer (b). 

Fig. 3. Remnant PFM hysteresis loops for investigated BST О film with different 

thickness. 
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.2. Polarization switching at nanoscale 

In order to further study the domain switching behavior of 

ST О films, electrical poling was performed by scanning in write 

omain mode with a conductive probe, which applying up to ±9 V 

C bias on the tip. Fig. 2 (a) shows the piezoresponse image of an

rray of eight domains created by applying voltage pulses ranging 

rom + 1 V to + 8 V with fixed time 60 s. It can be seen that the

omain diameter D strongly depends on magnitude of the voltage 

ulse applied between the PFM tip and the bottom electrode. Cre- 

ted domains demonstrate high stability for several hours. 

Along with local (“point”) polarization, we experimentally in- 

estigated the polarization in a 9 × 9 μm 

2 area of 120 nm thick 

STO film ( Fig. 2 (b)). The investigated area was divided into six 

trips with a width of 1 μm and a length of 9 μm, which were

olarized by a DC voltage V g of ±3, ±6, and ±9 V applied between

he cantilever and the sample. Then, a 15 × 15 μm 

2 area contain- 

ng the polarized region was studied by PFM. Regions polarized by 

ifferent voltages can be seen as pronounced strips. Light and dark 

trips correspond to different directions of the polarization vector. 

he contrast of signals from polarized regions, which corresponds 

o the piezoresponse signal amplitude, increases with polarizing 

otential. 
3 
In addition, Fig. 3 illustrates remnant (off-field) piezoresponse 

oops for three samples with the different thickness. The presence 

f hysteresis loops confirms the effect of polarization switching in 

ST О thin films. The nominal amplitude data reflect the longitudi- 

al piezoelectric response ( d 33 ). Hysteresis loops explicitly shows 

he thickness (and grain size) dependence of the local piezore- 

ponse for BST О films. 

It can be seen that coercive voltages for samples 100 and 

20 nm thick are the same (V C+ ~ 2 V, V C– ~ –2.5 V). But, for 

lms under study, piezoelectric hysteresis loops have an asymmet- 

ic shape. Shifts reflect the induced interface electrostatic poten- 

ial step due to the built-in electric field [12] , due to both struc- 

ural defects in the BSTO and surface states at the interface bound- 

ries. The greatest asymmetry is observed for the thick sample 

ST О 350 nm: V C+ ~ 2.4 V, V C– ~ –5 V. However, one can clearly 

ee a difference between the remanent piezoresponse signal mea- 

ured at maximum voltage ( V g = V max ) and after removal of the po-

arizing voltage ( V g = 0 V): piezoresponse values for the BST О film 

ith thickness 120 nm and 350 nm, are larger than those for the 

00 nm thick film. The increase of the grain size with increasing 

hickness coincides with the increase of piezoelectric properties, in 

greement with the dielectric grain-size effect. 

.3. Study of capacitance–voltage characteristics 

Fig. 4 presents C-V-characteristics C ( V g ) of studied structures. 

he voltage V g max in points of maxima in the figure has to be de- 

ned by the difference in work functions of metal contacts and 

STO films. The difference between V g max values of three curves in 

ig. 4 is about 0.2 V which indicates that there are contributions 

rom lagging effects in the process of dynamic measurements. 

In the framework of the Landau theory of phase transitions of 

he second order without accounting for correlation effects, there 

ere obtained [13] phenomenological expressions relating capac- 

tance of a film in the paraelectric phase with coefficients of the 

xpansion of the free energy density over power series expansion 

ith respect to the polarization of a material: 

 = F 0 + 

2 π

k 
P 2 + 

A 

4 

P 4 

P 2 
0 

− EP, (1) 

here F 0 is the free energy density in the absence of the polar- 

zation (i.e., without electrical forces); 4 π / k is the inverse suscep- 

ibility, E is the electric field averaged on scale ofa crystalline cell; 

 0 = q/ a 2 , q is the elementary charge, a is the characteristic cell 

ize, A is a dimensionless coefficient of the order of unity. It was 
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Fig. 4. High-frequency capacitance-voltage characteristics of Ni-BSTO-Pt structures. 

Curves of 1, 2, 3 correspond to thicknesses of BSTO layers 100, 120, 350 nm respec- 

tively. 

Fig. 5. The dependence of the polarization of BSTO films on the voltage of Ni-BSTO- 

Pt structures. Curves 1, 2, 3 correspond to the thicknesses of the BSTO layers 100, 

120, 350 nm respectively. 
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hown [13] that if the condition ( A P 2 / 4 πP 2 
0 
) << 1 is fulfilled in 

xperiments then the maximal value of the capacitance can be ex- 

ressed via the formula for a flat capacitor C max = S( k + 1 ) / 4 πh , 

nd the polarization can be computed according to the expres- 

ion: 

 ( V g ) = 

k 

4 πh 

×
{

1 + 

( k + 4 ) 

3 ( k + 3 ) 

[
C max 

C ( V g ) 
− 1 

]}−1 (
V gmax − V g 

)
. (2) 

 values defined using C max values (note that in the limit of small 

elds the k + 1 parameter value equals the dielectric permittiv- 

ty of BSTO) are k = 400 for 100 nm, k = 425 for 120 nm, and

 = 920 for 350 nm. Therefore, ceramics quality strongly depends 

n a film thickness. The dependence of the polarization of a BSTO 

ayer computed according to Eq. (2) as a function of external volt- 

ge is shown in Fig. 5 . As can be seen, non-linearity of P ( V g ) func-

ions appear at much larger displacements in the case of thick 

STO films than in thin ones. If to compare the polarization of 

amples in the same external fields i.e., at the same ( V g max − V g ) /h 

alues, then P values of thick films are larger than those of thin 

lms. This is a consequence of a substantial decrease in the coeffi- 

ient k values when the thickness of a BSTO layer decreases. 
4 
. Conclusion 

Our studies of the morphology and ferroelectric properties of 

a 0.8 Sr 0.2 TiO 3 films have shown that good crystalline properties of 

he BSTO surface and grains are preserved until the thickness of 

eramic layers decrease to 100 nm. The surface roughness did not 

xceed 2 – 4 nm and the average radius of grains was in the range 

f 64 – 87 nm. Crystallites had the shape of cylinders and they tra- 

erse the entire thickness of films. Polarization domains induced 

ith a microscope tip were stable and are conserved for several 

ours. Electrophysical properties of the Ba 0.8 Sr 0.2 TiO 3 films in the 

araelectric phase strongly depend on the thickness of layers in 

he BSTO ceramics. The effective dielectric permittivity of BSTO in 

he limit of weak fields decreases from 920 to 400 when the film 

hickness decreases from 350 nm to 100 nm. Under the same ex- 

ernal electric fields, this leads to smaller polarization of thin films 

ompared to thick ones. 
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