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      ABSTRACT: 
      Powder and thin films of the Pb
      0.30
      Ca
      0.10
      Sr
      0.60
      TiO
      3
       (PCST 30/10/60) and Pb
      0.30
      Ca
      0.60
      Sr
      0.10
      TiO
      3
       (PCST 30/60/10) ternary system were synthetized by the polymeric precursor method and the thin films deposited on the Si/SiO
      2
      /Ti/Pt substrate. The effects of the Sr
      2+
       and Ca
      2+
       cations substitutions on the electrical and structural properties of the PbTiO
      3
       were characterized by X-ray diffraction, Infrared, and Raman spectroscopy. Theoretical calculations were performed using the CRYSTAL06 program associated with the density functional theory and the B3LYP functional hybrid. Structural and electronic properties of the system were analyzed. The band gap values calculated for the PCST 30/10/60 and PCST 30/60/10 models were 3.35 and 3.41 eV, respectively. The results showed an evolution to a greater symmetry in the direction to the cubic SrTiO
      3
       structure and the phase transition was characterized by the Curie temperature dependence. The broad bands above FE-PE phase transition temperature suggest a phase transition diffuse type. It is explained by a local symmetry disorder due to a higher Sr
      2+
       and Ca
      2+
       cations concentration in the PbTiO
      3
       host lattice.
    

    
      
    

    
      
        [image: ]
      
    

    
      	
        
      

      	
        1. Introduction
      

      	
        
      

      	
        Ferroelectric ceramics are among the several nanostructured materials (
        
          Yuan 
        
        
          et al.
        
        
          , 2021
        
        ; 
        
          Zhang 
        
        
          et al.
        
        
          , 2022
        
        ). The idea that electronic information can be stored in the electrical polarization states of a ferroelectric material is known for a long time. Therefore the need for new information technologies, heavy incentive has been given to the development of materials and methods related to ferroelectric semiconductor memory devices by many countries and high-tech companies (e.g. Seiko Epson Corporation, Symetrix Corporation, IBM, Matsushita Electric, Sharp, Fujitsu, Ramtron International Corporation and many others) focused on the search for new materials that enable the evolution of current ones, or preferably, the creation of new technologies (
        
          Daglish and Kemmitt, 2000
        
        ; 
        
          Muller 
        
        
          et al.
        
        
          , 2003
        
        ).
      

      	
        Nanostructured ferroelectric memory systems are strong candidates for this mission due to the combination of several and interesting features in a single material (
        
          Y. Yang 
        
        
          et al.
        
        
          , 2020
        
        ). In recent years, these systems have been used in the form of nanostructured thin films. In particular, the dynamic random-access memory (DRAM) (
        
          Ling 
        
        
          et al.
        
        
          , 2006
        
        ), where the material is above the ferroelectric transition temperature or the ferroelectric random-access memory (FeRAM) (
        
          Crawford, 1971
        
        ; 
        
          Eshita 
        
        
          et al.
        
        
          , 2014
        
        ; 
        
          2018
        
        ; 
        
          Mao 
        
        
          et al.
        
        
          , 2013
        
        ), where in the ferroelectric state, below the ferroelectric transition temperature, the ability to reorient the polarization spontaneously has aroused its use as a nonvolatile memory element (
        
          Han 
        
        
          et al.
        
        
          , 2013
        
        ; 
        
          Vopson and Tan, 2016
        
        ). Consequently, these memories have expanded, being used in cell phones, digital cameras, electric vehicles, computers (notebooks or PCs), smart cards, etc. (
        
          Kim and Lee, 2006
        
        ; 
        
          Mao 
        
        
          et al.
        
        
          , 2013
        
        ). In this strategic market, there is also the possibility of using products such as identification data (ID) tag cards, where large information technology (IT) and telecommunications companies are involved. Among them, the Japanese company Matsushita Electric (best known for its Panasonic household product brand), Toshiba, IBM and others in the field stand out. These companies invest millions of dollars a year in the development and improvement of DRAM and FeRAM memories.
      

      	
        Surprisingly, the area of ferroelectric memories is relatively unexplored. However, this is a field of particular importance for developing knowledge and technologies related to the properties, and applications on a nanometric scale of ferroelectric memories. Among these materials, the one with a perovskite-type structure (ABO
        3
         composition) stands out with its high interaction with various metals substrates, insulators, and semiconductor industry (
        
          Kour and Pradhan, 2021
        
        ; 
        
          J. Lee, 1999
        
        ).
      

      	
        The phenomenon of ferroelectricity in complex oxides of the ABO
        3
         perovskite-type can be controlled if the characteristic size of the crystal can also be controlled (at a certain critical size (
        
          J. Lee, 1999
        
        ), ferroelectricity can even be suppressed) (
        
          Ahmadi and Araghi, 2021
        
        ). Understanding the properties of ABO
        3
         films and their interrelationship at the nanoscale may be the basis for developing a new generation of devices that will allow for the long-awaited transition from microelectronics to nanoelectronics. The perovskite with the ABO
        3
         structure is composed by [AO
        12
        ] and [BO
        6
        ] clusters and, according to the material, can crystallize, for example, in a cubic, tetragonal and/or orthorhombic structure (
        
          Souza, 2021
        
        ).
      

      	
        The interest in ferroelectric thin films, especially thin films based on lead (Pb), such as PbTiO
        3
         (PT) is motivated by its potential applications as nonvolatile ferroelectric memory devices, an application based on the long retention period of the polarization and low polarization fatigue (
        
          Lázaro 
        
        
          et al.
        
        
          , 2005
        
        ; 
        
          C. Yang 
        
        
          et al.
        
        
          , 2021
        
        ). Both parameters are related to the degradation phenomenon strongly dependent on the preparation process (
        
          Zhao 
        
        
          et al.
        
        
          , 2019
        
        ).
      

      	
        Aiming at controlling the ferroelectric properties, the coupling between the properties of the PT, CaTiO
        3
         (CT) and SrTiO
        3
         (ST) perovskites opens new possibilities for data storage in DRAM’s or FeRAM’s elements, which can be prepared to maximize the memory capacity in a small volume. There are several publications that bring different combinations of PT, CT and ST perovskites, resulting systems as: Pb
        0.90
        Ca
        0.10
        TiO
        3
         (
        
          F. Pontes 
        
        
          et al.
        
        
          , 2008
        
        ), Pb
        0.60
        Ca
        0.20
        Sr
        0.20
        TiO
        3
        , Pb
        0.50
        Ca
        0.25
        Sr
        0.25
        TiO
        3
         and Pb
        0.40
        Ca
        0.30
        Sr
        0.30
        TiO
        3
         (
        
          D. Pontes 
        
        
          et al.
        
        
          , 2014
        
        ), Pb
        0.60
        Sr
        0.40
        TiO
        3
         (
        
          Leal 
        
        
          et al.
        
        
          , 2004
        
        ), Pb
        0.74
        Ca
        0.26
        TiO
        3
         (
        
          Capeli 
        
        
          et al.
        
        
          , 2017
        
        ), Pb
        0.76
        Ca
        0.24
        TiO
        3
         (
        
          D. Pontes 
        
        
          et al.
        
        
          , 2001a
        
        ; 
        
          b
        
        ), and Pb
        0.50
        Sr
        0.50
        TiO
        3
         (
        
          F. Pontes 
        
        
          et al.
        
        
          , 2005
        
        ).
      

      	
        To achieve the great potential of Pb
        0.30
        Ca
        x
        Sr
        y
        TiO
        3
         (PCST) thin films (formed from the combination of PT, CT and ST perovskites) for applications in DRAM or FeRAM semiconductors, one should know how to synthesize these materials and control the stability of the perovskite phase during its processing. In this paper, it was proposed to fix the Pb
        2+
         cations concentration in 0.30 and use different concentration of Ca
        2+
         and Sr
        2+
         cations to obtain distinct PCST ternary systems from that found in the literature.
      

      	
        
      

    

    
      2. Methods
    

    
      	
        
      

      	
        2.1 Experimental procedure
      

      	
        
      

      	
        The procedure for synthesizing powder and thin films of Pb
        0.30
        Ca
        0.10
        Sr
        0.60
        TiO
        3
         and Pb
        0.30
        Ca
        0.60
        Sr
        0.10
        TiO
        3
         (abbreviated as PCST 30/10/60 and PCST 30/60/10, respectively) consisted of producing a polymeric resin using the soft chemistry method known as polymeric precursor route. Details of the preparation method can be found in literature (
        
          Longo 
        
        
          et al.
        
        
          , 2004
        
        ; 
        
          D. Pontes 
        
        
          et al.
        
        
          , 2001a
        
        ; 
        
          F. Pontes et al., 2003
        
        ; 
        
          2004
        
        ). The resin was burned at 400 °C for 4 h at a heating rate of 5 °C min
        −1
         to form a powder. The power was characterized by X-ray diffraction (XRD) and by Raman-spectroscopy to verify the incorporation of the Ca
        2+
         and Sr
        2+
         cations in the PT host matrix. The ferroelectric thin films were deposited on Si/SiO
        2
        /Ti/Pt, using spin-coating process at 6500 rpm for 30 s, and crystallized in conventional oven in a two-stage heat treatment carried out as follow: initial heating rate of 5 °C min
        −1
         until reach 400 °C and maintained for 4 h in an oxygen atmosphere to pyrolyze the organic material, followed by heating at 700 °C for 2 h at a heating rate of 5 °C min
        −1
         in the same atmosphere for crystallization. Measurements of dielectric and ferroelectric properties were taken in the Au/thin films/Pt/Ti/SiO
        2
        /Si multilayer structure configuration. Regarding the measurement of electrical properties, circular top Au electrodes were prepared by evaporation through a shadow mask with a 4.9 × 10
        −2
         mm
        2
         dot area to obtain an array of capacitors. The deposition was conducted under vacuum down to 10
        −6
         torr. The frequency dependence of the capacitance was measured by an Agilent 4294A Precision Impedance Analyzer in the frequency ranging from 100 Hz to 10 MHz. The capacitance–voltage (C–V) curves were obtained using an Agilent 4294A Precision Impedance Analyzer with an AC signal of 50 mV
        rms
         at 100 kHz; all measurements were taken at 25 °C.
      

      	
        Temperature-dependent capacitance measurements of thin films were taken from 10 to 300 K using a closed-cycle helium cryostat and a G
        w
         Instek LCR 819 meter for capacitance measurements; all measurements were performed at 100 kHz. For these measurements, circular Au electrodes with an area of approximately 4.9 × 10
        −2
         mm
        2
         were deposited (using a shadow mask) by evaporation on the heat-treated film surfaces which served as top electrodes in an Au/thin films/Pt/Ti/SiO
        2
        /Si configuration.
      

      	
        
      

      	
        2.2 Theoretical procedures
      

      	
        
      

      	
        Theoretical calculations of electronic structure ab-initio level for the studied PCST ternary systems were performed using the CRYSTAL06 program (
        
          Dovesi 
        
        
          et al.
        
        
          , 2005
        
        ), associated with density functional theory (DFT) and the B3LYP functional hybrid (
        
          Becke, 1993
        
        ; 
        
          C. Lee 
        
        
          et al.
        
        
          , 1988
        
        ). The 
        
          XCrySDen (2019)
        
         
        program was used to draw the density of states of each atom models.
      

      	
        The experimental results shown that the PCST ternary systems present a local organization toward to the cubic ST structure. Therefore, from the unit cell of cubic ST optimized structure, expansions in the z-axis were made to simulate a supercell, where the percentages of cations could be simulated accurately. The structural and electronic properties of these materials were analyzed to corroborate the experimental results.
      

      	
        
      

      	
        3. Results and discussion
      

      	
        
      

      	
        To verify the formation of the PCST ternary systems the XRD analysis was performed for the powder, as illustrated in 
        
          Fig. 1
        
        . From the results, it is possible to affirm that the incorporation of Sr
        2+
         and Ca
        2+
         cations in the PCST ternary system was effective, obtaining a pure phase without the presence of one or more intermediate stages or even other phases, like PT, CT, ST, Pb
        x
        Ca
        y
        TiO
        3
        , or Pb
        x
        Sr
        z
        TiO
        3
        .
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        Figure 1.
         XRD pattern of the powder of PCST30/10/60, PCST30/60/10, PT, CT, and ST heat treated at 700 °C.
      

      	
        
      

      	
        It is observed that the PCST ternary systems have evolved to a higher symmetry, in this case, toward a cubic ST structure. However, there are still weak diffraction peaks observed in the system PCST 30/60/10, which correspond to the diffraction planes of PbTiO
        3
        .
      

      	
        From the PIKFIT program, the lattice parameters were calculated for each system based on the tetragonal structure (
        
          Tab. 1
        
        ). 
        
          Table 1
        
         also shows the parameters obtained from the DFT calculations. The data show that there is a distortion in the structure, changing from tetragonal to cubic, by increasing the Sr
        2+
         cations concentration in the system, as there is a decrease in the parameter 
        c
        , which indicates the tetragonality factor, while the parameter remains practically unchanged. The same result was theoretically obtained using the CRYSTAL06 program, confirming the data obtained experimentally.
      

    

    
      
    

    
    
      	
        Table 1.
         Lattice parameters (Å) for ternary systems.
      

    

    
    
    
      
        	
          
            Sample
          

        
        	
          
            Experimental
          

        
        	
          
            Theoretical
          

        
      

      
        	
          
            a
          

        
        	
          
            c
          

        
        	
          
            c/a
          

        
        	
          
            a
          

        
        	
          
            c
          

        
        	
          
            c/a
          

        
      

      
        	
          
            PCST 30/10/60
          

        
        	
          
            3.9117
          

        
        	
          
            3.9122
          

        
        	
          
            1.000
          

        
        	
          
            3.8938
          

        
        	
          
            3.8918
          

        
        	
          
            0.999
          

        
      

      
        	
          
            PCST 30/60/10
          

        
        	
          
            3.8756
          

        
        	
          
            3.8880
          

        
        	
          
            1.003
          

        
        	
          
            3.8789
          

        
        	
          
            3.8771
          

        
        	
          
            0.999
          

        
      

    

    
      	
        
      

      	
        To corroborate data of XRD analysis, the micro-Raman spectroscopy was performed. 
        
          Figure 2
        
         
        illustrates the micro-Raman spectra for the PCST ternary systems and for the PT standard system as reference. It is possible to observe a decrease in the tetragonality by the overlap of the micro-Raman modes E(1LO)
        /
        A1(1TO) and B1+E
        /
        A1(2TO) with the incorporation of the Sr
        2+
         and Ca
        2+
         cations into the PT system. The E(1TO) soft mode decreases to lower wavelength and tends to complete disappearing, indicating a change of symmetry of a tetragonal to cubic system.
      

      	
        
      

    

    
    
      	
        
          [image: ]
        
      

      	
        Figure 2.
         Micro-Raman spectra for PbTiO
        3
        , PCST30/10/60, and PCST30/60/10 systems.
      

      	
        
      

      	
        The micro-Raman spectrum for PCST 30/60/10 system was also analyzed for different temperatures between 20 and 500 °C (
        
          Fig. 3
        
        ). This study aimed at investigating the behavior of micro-Raman bands as the temperature increases, as well as to search for signs of structural changes.
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        Figure 3.
         Micro-Raman spectrum for powder of PCST30/60/10 ternary system as function of the temperature.
      

      	
        
      

      	
        It is well-known that the active micro-Raman modes E(1TO) and A1(1TO) for pure PT, and in particular the E(1TO) mode are soft modes, which are directly related to the transition from tetragonal to cubic type.
      

      	
        The phase transition temperature can be determined by micro-Raman spectroscopy by observing the temperature in which the soft mode disappears. Thus, 
        
          Fig. 4
        
         reveals that there was no phase transition from tetragonal to cubic, as the soft mode did not disappear with the increase of temperature, there is only an enlargement of the E(1TO) mode. An alternative for this case is an analysis as a function of pressure, i.e., to study the phase transition by applying hydrostatic pressure to the sample inside a diamond cell. Another solution is to prepare thin films of this composition and investigate its electrical properties at low temperature, for example, from 10 to 300 K to check if a certain phase transition temperature exists.
      

      	
        For the analysis of the PCST ternary systems in powder form and after confirming the Ca
        2+
         and Sr
        2+
         cations incorporation in the system without the formation of second phase, the thin films were then prepared and characterized.
      

      	
        
          Figure 4
        
         
        illustrates the XRD pattern for the thin films of the PCST ternary systems, as well as the PT, CT and ST structures.
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        Figure 4.
         XRD pattern of the thin films of PCST 30/10/60, PCST 30/60/10, PT, CT, and ST on Si/SiO
        2
        /Ti/Pt substrate heat treated at 700 °C.
      

      	
        
      

      	
        
          Figure 4
        
         
        allows to affirm that the replacement of the Pb
        2+
         cations by Ca
        2+
         and Sr
        2+
         cations at the A site ([AO
        12
        ] clusters) caused a drastic change in the XRD patterns of the PT structure. All thin films have a polycrystalline nature. Therefore, the striking tetragonal characteristic of the PCST ternary system thin film disappeared due to the substitution in the [AO
        12
        ] cluster, as can be seen by comparing it with the PT standard.
      

      	
        The lattice parameters were also calculated (
        
          Tab. 2
        
        ). The XRD pattern of the samples are very similar to the pure ST system, proving the complete replacement of Ca
        2+
         and Sr
        2+
         cations in the Pb site, mainly for the Sr
        2+
         cations, as also observed in the PCST powder. Therefore, it is deduced that the Sr
        2+
         cations are responsible for the transition from a tetragonal to a cubic phase; otherwise, an orthorhombic phase or even a mixture of phases would be observed. So, it can be assumed that the effect of substitution of Pb by Ca
        2+
         cations is less pronounced than the effect of its substitution by Sr
        2+
         cations at the [AO
        12
        ] clusters since it presents a very similar XRD pattern to ST structure. This effect can be caused by the change in the type of bond involved, now between Sr
        2+
         and Ca
        2+
         cations, where Sr
        2+
         cations will form a bond with a much higher ionic character (with radial characteristic) than Ca
        2+
         cations. This difference in bond type is a determining factor for these structural changes. Moreover, it may have a system tending to stabilize a more symmetrical structure.
      

    

    
    
      	
        
      

      	
        Table 2.
         Lattice parameters for the PCST ternary systems thin films. The cubic system was considered for all PCST thin films.
      

    

    
    
    
      
        	
          
            Sample
          

        
        	
          
            Structure
          

        
        	
          
            Parameters
          

        
        	
          
            Special group
          

        
      

      
        	
          
            *PbTiO
            3
          

        
        	
          
            Tetragonal
          

        
        	
          
            a = b
             = 3.899(0)
          

        
        	
          
            P
            4
            mm
          

        
      

      
        	
          
            c
             = 4.153(0)
          

        
      

      
        	
          
            *CaTiO
            3
          

        
        	
          
            Orthorhombic
          

        
        	
          
            a
             = 5.3796(1)
          

        
        	
          
            Pbnm
          

        
      

      
        	
          
            b
             = 5.4423(3)
          

        
      

      
        	
          
            c
             = 7.6401(5)
          

        
      

      
        	
          
            *SrTiO
            3
          

        
        	
          
            Cubic
          

        
        	
          
            a
             = 
            b
             = 
            c
             
            = 3.905
          

        
        	
          
            Pm
            3
            m
          

        
      

      
        	
          
            PCST 30/60/10
          

        
        	
          
            Cubic
          

        
        	
          
            a
             = 
            b
             = 
            c
             
            = 3.877
          

        
        	
          
            Pm
            3
            m
          

        
      

      
        	
          
            PCST 30/10/60
          

        
        	
          
            Cubic
          

        
        	
          
            a
             = 
            b
             = 
            c
             
            = 3.910
          

        
        	
          
            Pm
            3
            m
          

        
      

    

    
      	
        Note.
         The unit of the parameters (a; b; c) are in Å; *data extracted from JCPDS forms.
      

      	
        
      

      	
        To corroborate the XRD data the infrared spectroscopic response was
         
        analyzed with reflectance accessory. 
        
          Figure 5
        
         
        shows the reflectance spectra for thin films, as well as standards for SrTiO
        3
         and CaTiO
        3
         systems. These standards are important to clearly confirm the evolution to a structure with very similar characteristics of SrTiO
        3
        .
      

      	
        As can be seen in 
        
          Fig. 5
        
        , there is a similarity between the spectra of thin films and ST, assuming three infrared active modes for the cubic structure, much more than that for the system CT, in which the 
        mode 
        identified by 
        c
         is not present in any sample of PCST thin films (
        
          Tab. 3
        
        ).
      

      	
        The spectra showed well-defined bands and characteristics of a crystalline material. The bands in the region between 400–1000 cm
        −1
         are due to the longitudinal (LO) and transverse (TO) optical modes, which are associated with the crystallinity of the material (
        
          Liu 
        
        
          et al.
        
        
          , 2010
        
        ; 
        
          F. Pontes 
        
        
          et al.
        
        
          , 2002
        
        ;
         
        
          2003
        
        ). These absorption bands obtained by the reflectance technique in the infrared spectrum are caused by the excitation of optically active vibrations. The main band observed for the different compositions of PCST thin films located in the 600–800 cm
        −1
         region is characterized by the stretch vibration of the Ti−O bond (metal-oxygen in the [TiO
        6
        ] clusters). The bands in the shorter wavelength region can be attributed to Pb−O, Ca−O or Sr−O stretch vibrations.
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        Figure 5.
         FT-IR reflectivity spectra for CaTiO
        3
        , SrTiO
        3
        , PCST30/10/60, and PCST30/60/10.
      

      	
        
      

      	
        In the FT-IR spectrum obtained by reflectance, changes in vibrational modes and their displacements are indications of structural evolution, i.e., change from a tetragonal phase to a pseudo cubic, cubic, or orthorhombic phases. Therefore, the vibrational analysis of these materials revealed some changes in vibrational modes. These changes occurred both in displacement level and in the band width of vibrational modes. Thus, the substitution at A-site in the PT structure corresponds to a change in the distances of the A−O and/or Ti−O bonds, and this substitution is responsible for the large coupling effect in the higher energy bands.
      

      	
        The difference between the ST and CT spectra for the PCST systems and their similarity to ST suggest that the [TiO
        6
        ] clusters present greater symmetry for the PCST system in both compositions. The simplicity of this qualitative analysis suggests that the octahedral environment at site Ti is symmetrical, not reflecting large distortions to the tetragonal or orthorhombic structure, which could be responsible for the polarization, that is caused by the presence of permanent dipoles within the material.
      

      	
        After confirming the effective incorporation of Ca
        2+
         and Sr
        2+
         cations at A-site into the PT structure, forming PCST ternary system, the nanostructured thin films were characterized for their dielectric and ferroelectric properties.
      

    

    
    
      	
        
      

      	
        Table 3.
         FT-IR frequencies modes for the ST, CT, and PCST thin films.
      

    

    
    
    
      
        	
          
            System
          

        
        	
          
            a
          

        
        	
          
            b
          

        
        	
          
            c
          

        
        	
          
            d
          

        
      

      
        	
          
            SrTiO
            3
          

        
        	
          
            786.84
          

        
        	
          
            541.92
          

        
        	
          
            -
          

        
        	
          
            468.63
          

        
      

      
        	
          
            CaTiO
            3
          

        
        	
          
            794.56
          

        
        	
          
            539.99
          

        
        	
          
            493.70
          

        
        	
          
            430.06
          

        
      

      
        	
          
            PCST30/60/10
          

        
        	
          
            747.31
          

        
        	
          
            541.92
          

        
        	
          
            460.92
          

        
        	
          
            422.35
          

        
      

      
        	
          
            PCST30/10/60
          

        
        	
          
            746.34
          

        
        	
          
            541.92
          

        
        	
          
            461.88
          

        
        	
          
            420.42
          

        
      

    

    
      	
        
      

      	
        
          Figure 6
        
         illustrates the dielectric capacitance results in function of the frequency for the PCST 30/60/10 and PCST 30/10/60 ternary systems.
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        Figure 6.
         Dielectric capacitance of the PCST thin films prepared in O
        2
         atmosphere.
      

      	
        
      

      	
        The results shown that the PCST30/10/60 thin film presents good values of dielectric capacitance, while the thin film with higher Ca
        2+
         cations concentrations, the PCST 30/60/10, shows a lower value of dielectric capacitance, which causes an influence in the material's ferroelectric properties.
      

      	
        The curves of capacity vs. voltage (C–V curves) for the nanostructured PCST thin films are shown in 
        
          Fig. 7
        
        . This graphic represents two measurements: one sweep from a negative to a positive electric field (
        sweep up
        ), and another from the positive to negative field (
        sweep down
        ).
      

      	
        For the ternary PCST30/10/60 system, the sweep up and sweep down measurement curves are symmetrical and not overlapped due to the ferroelectric nature of the thin film; however, this behavior is less pronounced than in the pure PT system. With the increase of the Ca
        2+
         cations and the decreases of Sr
        2+
         cations incorporation (PCST30/60/10 system), there is an overlapping of the sweep up and sweep down curves, which is a characteristic due to the non-ferroelectric nature of the material, i.e., a tendency towards a paraelectric phase manifested by the lack of effective local and long-range polarization.
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        Figure 7.
         C−V curves for the PCST thin films prepared in O
        2
         atmosphere.
      

      	
        
      

      	
        The phase transition of the PCST thin films was also studied by electrical characterization. Structural phase transitions are changes in crystal structure caused by changes in an order parameter, which is defined as any physical quantity describing the phase transition. In ferroelectric materials there is a temperature, called Curie temperature (T
        C
        ), in which a structural transition between the paraelectric and ferroelectric phases is observed, that is associated with a change in the material’s crystalline structure to a new symmetry. An important feature of the ferroelectric phase transition is that the dielectric permittivity increases considerably at the transition temperature. 
        
          Figures 8
        
         
        and 
        
          9
        
         
        illustrate the phase transition temperature for thin films PCST30/10/60 and PCT 30/60/10, respectively.
      

      	
        
          Figures 8
        
         and 
        
          9
        
         
        show the T
        C
         changes as a function of the Ca
        2+
         e Sr
        2+
         cations concentration. The decrease of the Tc is expected since the matrix of the PCST system, PT, has a T
        C
         ~763 K, while ST has a T
        C
         ~105 K for a ferroelectric to paraelectric transition accompanied by a change from tetragonal to cubic structure, respectively. On the other hand, the CT presents an orthorhombic structure at room temperature and tetragonal structure at 1500 K and finally cubic structure at T
        C
         ~1580 K. Therefore, the results confirm, once again, the strong influence of Sr
        2+
         on Ca
        2+
         cations and its competition within the crystal lattice of ternary PCST structure.
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        Figure 8.
         Dependence of capacitance as a function of temperature for PCST 30/10/60 thin film.
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        Figure 9.
         Dependence of capacitance as a function of temperature for PCST 30/60/10 thin film.
      

      	
        
      

      	
        To check the influence of Sr
        2+
         on Ca
        2+
         cations
         
        in the crystal lattice of PT structure, a theoretical study of the electronic properties of the materials was performed with the analysis of the band gap value and the density of states (DOS).
        
           Figure 10
        
         
        shows the DOS for the ternary PCST systems. For both systems, the contribution of Pb, Ca, and Sr to conduction band is small compared to the contribution of Ti atoms. To the valence band there is a prevailing contribution of atomic orbitals from the O atoms.
      

    

    
      
    

    
      
    

    
    
      
        [image: Calendario

Descripción generada automáticamente con confianza media]
      
    

    
      (a)        (b)
    

    
      	
        Figure 10.
         Total DOS: 
        (a)
         
        PCST 30/10/60 and 
        (b)
         PCST 30/60/10.
      

      	
        
      

      	
        5. Conclusions
      

      	
        
      

      	
        In this study, a very efficient and inexpensive chemical method to produce a good quality of ternary PCST powder and thin films were presented. In the PCST 30/10/60 and PCST 30/60/10 samples was possible to incorporate simultaneously Ca
        2+
         and Sr
        2+
         cations in the site AO
        12
         in place of Pb
        2+
         cations without phase separation, such as PbTiO
        3
        , CaTiO
        3
        , SrTiO
        3
        , or even as complex phase (Pb,Sr)TiO
        3
         or (Pb,Ca)TiO
        3
        .
      

      	
        The studied systems, PCST 30/60/10 and PCST 30/10/60, presented a tetragonal to cubic phase transition due to the simultaneous incorporation of Ca
        2+
         and Sr
        2+
         cations at low temperature, thus causing the absence of the ferroelectric nature present in PT at room temperature. The results show that this fact it was more evident in PCST 30/10/60 system, where the concentration of Sr
        2+
         cations in the system is greater. These incorporations decreased the tetragonality and significantly reduced the octahedron distortion, promoting the elimination of ferroelectric character at room temperature. This elimination was confirmed in the analysis of DOS projected onto the atomic orbitals of Pb, then, Pb stopped contributing to the conduction band with 6p
        z
         atomic orbitals, which is responsible by ferroelectricity. 
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