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Abstract  

Ba1-xSrxTiO3 (0 ≤ x ≤ 1, BST-x) continuous composition spread thin films were 

grown on SrTiO3 substrates buffered by La0.9Sr1.1NiO4 (LSNO) electrodes using 

combinatorial pulsed laser deposition. The effects of Sr concentration on the structure and 

dielectric properties of the Au/BST-x/LSNO capacitors were investigated. X-ray 

diffraction patterns and reciprocal space maps revealed that both the in-plane and out-of-

plane BST-x lattice parameters decreased with the increment of Sr content. Impedance 

measurements showed that the dielectric constant and tunability simultaneously changed 

with Sr concentration and reached the maximum at about x = 0.5, which is comparable to 

that of BST-x individual thin films or bulks. Our results showed the large potential of 

combinatorial method in optimizing materials composition and even finding new 

materials. 
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1. Introduction 

Dielectric materials exhibit high dielectric permittivity, low dielectric loss and for 

some of them dielectric tunability [1]. Intensive efforts have been made on dielectric 

materials for their potential applications in microwave and multifunctional devices [2-3]. 

Ba1-xSrxTiO3 (BST-x) is one of the most famous dielectrics since the dielectric properties 

of BST-x solid solution can be tailored by varying the mole fraction of Sr. Moreover, the 

lattice constants of BST-x can also be continuously tuned by the Sr content, which makes 

it an appropriate buffer layer and dielectric for fabricating other multifunction devices. 

So far, much attention has been paid to the fabrication of BST-x compounds with different 

Ba/Sr ratios. BST-x ceramics with different compositions had been prepared by solid state 

reaction [4-5]. For BST-x thin film growth, several methods have been developed, such 

as pulsed laser deposition (PLD) [6], polymer-assisted deposition [7], rf magnetron 

sputtering [8], metal-organic chemical-vapor deposition [9], combinatorial rf sputtering 

[10] and combinatorial PLD [11]. Theoretical methods were also applied to study 

composition-dependent BST-x solid solutions [12-13].  

Combinatorial PLD provides a chance to prepare continuous composition spread 

library on a single substrate at the same time [14-15], which means that the properties of 

the various compounds can be directly compared and solely depend on their local 

chemical composition, contrary to batch of successive experiments where influences from 

run-to-run fabrication parameters modulation cannot be ruled out. Although there are a 

few reports on BST-x films grown by combinatorial PLD, most of the BST-x films were 

grown directly on insulating LaAlO3 or SrTiO3 substrates, which are inconvenient for the 

investigation of their dielectric behaviors in metal-insulator-metal structure [11, 16]. In 

the current work, we successfully fabricated continuous composition spread Au/BST-

x/La0.9Sr1.1NiO4 capacitors by combinatorial PLD, and studied the structural and 
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dielectric properties of the BST-x based capacitors.  

2. Experimental details 

La0.9Sr1.1NiO4 (LSNO) bottom electrode with thickness of 120 nm was first grown 

on (001) SrTiO3 (STO, nominal size: 10 mm  10 mm) substrate by PLD technique, and 

then BST-x composition spread thin film library was deposited on LSNO layer by 

combinatorial PLD. The excimer laser wave length, fluence, and repetition rate are 248 

nm, 2.0 J/cm2, and 5 Hz, respectively. Both LSNO and BST-x thin films were deposited 

at 600 °C in an oxygen ambient pressure of 10 Pa. The BST-x thin films with a thickness 

of about 250 nm were grown by sequentially ablating stoichiometric STO and BaTiO3 

(BTO) ceramic targets. The deposition rate is about 33 pulses per unit cell for STO layer 

and 30 pulses per unit cell for BTO layer. More deposition description in detail was 

presented elsewhere [17]. Local compositions of BST-x thin films were identified by 

energy dispersive x-ray spectroscopy (EDX). In addition, local crystal structure were 

characterized by a high resolution x-ray diffractometer (HRXRD) equipped with a 

motorized x-y stage and the BST-x thin films were measured with a step of one millimeter 

along x direction. A 50-µm-width slit was used on the primary optic side of x-ray 

diffractometer to confine a 92-µm-width beam footprint on BST-x thin film surface along 

the x direction. The crystal structure and orientation were determined by XRD θ-2θ scans. 

Two-dimensional x-ray reciprocal space mapping (RSM) around the STO (103) reflection 

was also performed to evaluate both the in-plane and out-of plane lattice parameters of 

the BST-x film. Through a shadow mask, Au top electrodes were deposited by dc 

magnetron sputtering for electrical measurements. The size of Au electrodes measured by 
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optical microscopy was about 180 µm and 500 µm in x and y direction, respectively. The 

dielectric properties were measured by a HP4294A impedance analyzer with an oscillator 

voltage of 30 mV at room temperature.  

3. Results and discussion 

3.1 compositional analysis 

The compositions of the BST-x films were characterized by EDX and the results are 

shown in Fig.1. With respect to the concentration of Ti, the calculated Sr concentration 

varied almost linearly from zero at one side to 100 percent at the other side along x 

direction and kept nearly unchanged along y direction, which is consistent with the 

nominal values. The good agreement between the measured composition and desired 

composition indicates that the BST-x composition spread thin film library was 

successfully built on LSNO layer by combinatorial PLD method.  

3.2 Structural analysis 

Room temperature XRD θ-2θ patterns of BST-x thin film around the (002) reflection 

of the STO substrate are shown in Fig.2. Except the (00l) peaks of the STO substrate and 

the LSNO, BST-x films, there is also a small peak around 45 degree marked by asterisk, 

which probably arose from XRD sample stage. For each measurement, the nominal 

increment in Sr concentration across BST-x composition library is 0.11. With the 

increment in Sr content, the (002) diffraction peaks of the BST-x films shifted from 46.48° 

for STO to 44.72° for BTO, as indicated by the horizontal arrow. The obvious evolution 

of the (002) diffraction peaks for the BST-x films with the Sr concentration suggests 
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composition gradient BST-x films were successfully fabricated.  

RSMs around asymmetrical (103) reflection of STO substrate were obtained every 

millimetre along x-axis of BST-x composition library. RSM on (103) can offer 

independent determination both in-plane and out-of-plane lattice parameters by taking the 

ratio of reciprocal lattice units of STO and BST-x spots in reciprocal space [18]. Figure 3 

shows the RSMs of BST-x/LSNO/STO stack with x = 0, 0.33, 0.67 and 1. The h and l 

axes are parallel to the out-of-plane and in-plane directions of the film, respectively. The 

intensive spot (h=1 and l=3) arises from the STO substrate and the weak and dispersive 

spot with smaller h and l values is assigned to the (103) BST-x composition library. There 

is no spot from (103) LSNO observed in Fig. 3 due to the K2NiF4 type LSNO has a much 

longer c axis than that of STO and BST-x . In Fig. 3(a), the BST-x (x=1, STO) spot was 

lined up with STO (103) substrate spot along h axis, indicating the fabricated STO film 

has the same in-plane lattice parameter with the STO substrate. Compared with STO 

substrate, however, the STO film exhibited smaller l value and hence larger out-of-plane 

lattice constant, which is probably due to the slight deviation of the optimal growth 

conditions for stoichiometric STO film by PLD [19]. It can be seen that, with the decrease 

of Sr content, the values of h and l decreased, corresponding to the increment of both in-

plane and out of plane lattice parameters of BST-x films.  

The relationship between Sr concentration and lattice parameters of BST-x 

composition library is shown in Fig. 4. The out-of-plane and in-plane lattice parameters 

c and a were extracted from (103) RSMs and the c lattice parameter was also calculated 



 7 

from BST-x θ-2θ XRD patterns for comparison. With increasing Sr content x, in-plane 

lattice parameter decreased from 4.022 Å for x = 0 to 3.905 Å for x = 1. Similarly, out-

of-plane lattice parameter descended from 4.051 Å for x = 0 to 3.910 Å for x = 1. 

Furthermore, the value of in-plane lattice parameter is always less than that of out-of-

plane lattice parameter at a specific Sr content, meaning that the crystal structure of BST-

x composition thin film library is tetragonal, which is in accordance with previous reports 

[7]. 

3.3 Dielectric properties  

It should be noted that the presence of interfacial capacitance between LSNO and 

BST-x films may affect the capacitance measurement at high frequencies [20]. Therefore, 

a contour plot of capacitance over a xy position plane was given at a low frequency of 5 

kHz as shown in Fig. 5. Obviously, the capacitance values were almost constant along y 

direction and gradually changed along x direction. The capacitance map is similar to the 

desired composition map which is constant along y direction and spread along x direction, 

suggesting that composition spread BST-x films were fabricated successfully on 

LSNO/STO by combinatorial PLD method due to the sensitivity of the capacitance 

(permittivity) of BST-x to the Ba/Sr ratio [6]. According to the map, the capacitance rose 

steadily from about 2.25 nF at BTO side up to around 5.96 nF in the center region, and 

then decreased to 0.97 nF at STO side. The distribution of capacitance in BST-x library 

revealed the change of the local composition in BST-x layer, considering the negligible 

change of interfacial capacitance across the BST-x composition library. 
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Based on the contour plot of capacitance, the mean capacitance as a function of Sr 

concentration is summarized. In addition, the relative permittivity εr of BST-x 

composition library was derived from the mean capacitance C according to the following 

equation: C=Aεrε0/d, where A represents the area of capacitors, ε0 is the dielectric 

permittivity of vacuum, and d is the thickness of films. Figure 6 shows the dependence of 

the permittivity and the dielectric loss on Sr concentration. The permittivity and dielectric 

loss share the same variable trend. According to our previous measurement, the Curie 

temperature (Tc) of BST-x thin films at x ≈ 0.6 is around room temperature [17]. So both 

the permittivity and the dielectric loss of BST-x thin films reached their maximum for the 

compounds having Tc around room temperature.  

Figure 7(a) compares the capacitance-voltage (C-V) property of BST-x films with 

different Sr content at 5 kHz. Almost all the BST-x films measured showed butterfly C-V 

loops, especially for those with x ranging from 0.1~0.7, confirming the existence of 

ferroelectricity in part of the BST-x films. The dependence of tunability on Sr content of 

BST-x composition library is shown in Fig.7 (b). The relative tunability Tr is calculated 

based on the expression: Tr = [C(0) – C(V)] / C(0)  100 %, where the C(0) and C(V) 

represent the capacitances of BST-x solid solution under zero and given bias, respectively. 

Similar to the dependences of dielectric permittivity and loss on Sr content, the tunability 

showed also a maximum of ~85% in the range of 0.4 to 0.5. Again obtaining higher 

tunability close to the Curie temperature was expected. Here, the observed relationships 

between dielectric permittivity, loss and tunability of BST-x films and Sr content are 
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similar to those for BST-x films grown by laser ablation and polymer-assisted deposition 

[6, 7], suggesting the films grown by combinatorial PLD can achieve the same quality as 

those grown by other methods.  

4. Conclusions 

In summary, BST-x composition spread thin film library was grown by combinatorial 

PLD and the structure and dielectric properties were investigated. The variation of local 

compositions across BST-x thin film library was consistent with nominal values. The local 

structural measurements revealed the dependence of both in-plane and out-of plane lattice 

parameters on Sr concentration of BST-x thin film library. The BST-x dielectric 

permittivity, loss and tunability increased first with Sr concentration x, and reached 

maximum at around 0.5, then decreased to a lower value, which is similar to the 

observations in individual BST-x bulks and thin films. Our results prove the effectiveness 

and convenience of combinatorial PLD in finding the best material performances 

compromise versus composition for a given application.  
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FIGURE CAPTIONS 

Figure 1. Local Sr concentration versus positions along x direction of samples with 

respect to the Ti and oxygen concentration.  

Figure 2. Evolving θ-2θ XRD patterns of BST-x/LSNO/STO stacks around (002) 

reflection of STO substrate with Sr concentration in BST-x layer. 

Figure 3. RSMs around (103) reflection of STO substrate for BST-x/LSNO/STO stacks. 

The Sr concentrations x in BST-x layer are (a) x= 1, (b) x= 0.67, (c) x=0.33 and (d) x= 0, 

respectively. 

Figure 4. Lattice-parameter dependence of BST-x on Sr concentration.  

Figure 5. Contour plot of the capacitance of BST-x composition spread thin film library 

at 5 kHz.  

Figure 6. Permittivity and dielectric loss of BST-x layer as a function of Sr concentration 

at 5 kHz.  

Figure 7. (a) Capacitance–voltage characteristics at room temperature at 5 kHz for BST-

x films, (b) the tunability dependence of BST-x layer on Sr concentration. 
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