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ABSTRACT 

Utilization of ferroelectric thin films for nonvolatile random access memory (NvRAM) 

applications has been under intensive investigation. Films for transistor-type memory 

require possessing these properties: a large remnant polarization, a low coercive field 

(2Ec), sufficient fatigue endurance against repetitive polarization switching. Layered 

perovskite structure SrBi2Ta2O9 (SBT) thin film has attracted ever increasing attention 

because it exhibits fatigue-free property up to 1012 cycles (even on Pt bottom 

electrode), excellent retention characteristics, and low leakage current density. 

However, two shortcomings are involved in SBT thin films: the low remnant 

polarization (2Pr<10μC/cm2) and high annealing temperature (>800℃). Substitution 

at A or B site can effectively modify polarization properties. Trivalent elemental 

substitution such as Bi3+, La3+ and Nd3+ with the Sr2+ site induces A-site cation 

vacancies to satisfy charge neutrality, which significantly improves the low-field 

polarization.  

 

This project aims to improve the polarization properties through doping, and at the 

same time to reduce the crystallization temperature of the Aurivillius phase. The 

Sr-deficient and Nd-doped SBT thin films are deposited via radio frequency 

magnetron sputtering. The relationship among deposition parameters, microstructure 

and polarization properties of Sr-deficient SBT thin films are discussed in details so 

that pure layered perovskite structure without pyrochlore is obtained. Based on this, 
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Nd-doped SBT thin films not containing any secondary phase are also successfully 

fabricated. For Nd-doped SBT thin films, the interfacial diffusion/reaction and its 

blockage layer, crystallization under different ramping modes and reduction of 

crystallization of Aurivillius phase are extensively probed into. 

 

This project shows that pure SBT thin films without any secondary phase are 

obtainable by adjusting the deposition parameters. The pyrochlore formation is highly 

dependent on Bi concentration, which is still stable even at 900 oC. Nd3+ ions were 

successfully substituted with Sr2+, which improves the remnant polarization up to 

18μC/cm2 at a reduced coercivity of 64kV/cm. The interfacial diffusion/reaction takes 

place during annealing, which is effectively blocked by the 2nm-thick Ta barrier 

inserted. The crystallization results illustrate that the rapid ramping rate reduces the 

crystallization temperature to 740oC, which is contributed to the structural relaxation. 

The bias applied on substrate during deposition further reduces the crystallization 

temperature to 670oC and the biased film still show desirable polarization properties. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Since ferroelectricity was discovered in 1921 it has been obvious to many scientists 

and engineers that the two stable polarization states +P and –P could be used to 

encode the 1 and 0 of the Boolean algebra that forms the basis of memory and logic 

circuitry in all modern computers. Yet until very recently, this has been unsuccessful. 

For non-volatile random access memories—NvRAMs (in which the stored 

information is retained even if power to the chip is interrupted), ferroelectrics serve 

not just as capacitors, but as the memory element itself. Their principal advantages in 

the application are: low-voltage (1.0V) operation; small size (about 20% of a 

conventional EEPROM cell)—and cost is proportional to size once high-yield 

production is achieved; radiation hardness (not just for military applications, but for 

satellite communications systems); and very high speed (60ns access time in 

commercial devices, sub-nanosecond in laboratory tests on single cells). [1] 

 

For NvRAMs application, high remnant polarization, Pr, low coercive field, Ec, and 

free of property degradation (fatigue free) are the key requirements [2]. Among many 

ferroelectric materials, Pb(Zr,Ti)O3 (PZT) is a candidate for potential use in 

nonvolatile memories due to its high remnant polarization and lower annealing 

temperature. However, PZT thin film suffers from serious fatigue degradation and Pb 

pollution problem to the environment. The remnant polarization of PZT degrades up 
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to 40% after 107 polarization cycles. One solution to the fatigue problem is to replace 

the normal metal electrode by an oxide electrode. However, using an oxide electrode 

in a nonvolatile memory device suffers from three disadvantages over Pt electrode: (a) 

increase of the leakage current; (b) unbearable complexity and product cost for 

fabrication process; (c) significant deterioration of ferroelectric properties with a film 

thickness below 200nm, which is a great barrier for high-density RAMs. Recently, an 

alternative ferroelectric material for NvRAM is a layered structural perovskite 

material such as SrBi2Ta2O9 (SBT) and SrBi2Nb2O9 (SBN) has attracted increasing 

attention due to two aspects. On one hand, SBT presents practically no polarization 

fatigue up to about 1012 switching cycles (a life span of ten years continuous use) 

even deposited on Pt bottom electrode. On the other hand, SBT thin film without 

containing lead element is friendly to the environment. These advantages over PZT 

thin film makes it promising for NvRAM applications and hopefully will become the 

candidate of the next generation RAMs. 

 

However, SBT also has its own shortcomings: relatively low remnant polarization 

and high processing temperature. These two problems greatly hamper its 

commercialization used as the high density RAM (bit size of 30nm). Low remnant 

polarization (Pr) tends to cause write and read failures due to a too low signal/noise 

ratio. Its very high crystallization temperature up to more than 800oC is incompatible 

with the current complementary metal-oxide-semiconductor transistor (CMOS) 

fabrication norm (<700℃). To date, its lower remnant polarization problem has not 

still been solved very well although much endeavor, like controlling composition, 
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partial substitution and modified post annealing techniques, has been made in the past 

decades of years. Either the coercive field becomes larger or the crystallization 

temperature needs to be elevated to above 800℃ when its remnant polarization is 

improved. Therefore, the SBT thin films can not readily meet the industrial 

requirements. Furthermore, these films are mainly manufactured by sol-gel, 

pulsed-laser deposition (PLD), metal organic decomposition (MOD), metal organic 

chemical vapor deposition (MOCVD), which are not suitable to be applied on a large 

scale either due to high cost or due to limitation of resource such as laser ablation. 

The development of radio frequency (rf) magnetron sputtering makes it possible to 

fabricate SBT thin films at a large scale although it has some limitations. In the past 

ten years, not quite a few of SBT thin films deposited using magnetron sputtering 

have been extensively studied. However, these two essential challenges (lower 

remnant polarization and higher crystallization temperature) are also involved in the 

sputtered SBT thin films. 

 

1.2 Objectives 

The primary objectives of the project are:  

(1) to deposit Bi or Nd-doped SBT thin films using radio frequency magnetron 

sputtering;  

(2) to investigate systematically the relationship among the deposition parameters, 

microstructure and electrical properties;  
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(3) to digest the mechanism of substitution of trivalent elements with bivalent 

strontium in SBT thin films;  

(4) to study the blocking effect of barrier layer on interfacial diffusion;  

(5) to explore the different crystallization behaviors under rapid thermal annealing 

(RTA) and conventional furnace annealing (CFA) and find out a possible way to 

lower the crystallization temperature of Nd-doped SBT thin films. 

 

Specifically, the influences of deposition parameters on the composition and crystal 

orientation of SBT thin films and the sputtering mechanism will be systematically 

investigated and the relationship between microstructures and electrical properties 

will be established. In an effort to improve electrical properties, the substitution of 

trivalent element with bivalent strontium in SBT thin films will be deeply studied. 

The effect of an ultra thin barrier on interfacial diffusion between SBT thin films and 

underlying layers will also be investigated. The mechanism of lowering crystallization 

temperature through applying substrate bias during deposition will also be discussed.  

 

1.3 Scope 

This project is broadly divided into the following seven domains: 

(1) The effects of sputtering parameters on composition, microstructure and 

polarization properties of Sr-deficient SBT thin films. By changing the sputtering 

parameters (process pressure, power density, argon-to-oxygen ratio, 

target-to-substrate distance), the crystal structure, composition, surface morphology 
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and the polarization properties of films will be studied using x-ray diffraction (XRD), 

x-ray photoemission microscopy (XPS), field emission scanning electron microscopy 

(FESEM) and ferroelectric tester, respectively. Based on this, the optimum deposition 

parameters will be achieved to grown pure Sr-deficient SrBi2Ta2O9 film without 

secondary phase involved.  

(2) The formation and stability of pyrochlore phase in Sr-deficient SBT thin 

films. Pyrochlore phase is highly dependent of film composition. Based on domain (1), 

the dependence of pyrochlore formation on film composition will be investigated. The 

pyrochlore phase will be further annealed at higher temperature in order to see the 

stability of pyrochlore phase.  

(3) The effect of oxygen partial pressure on composition and microstructure of 

Nd-doped SBT thin films. During deposition, the oxygen partial pressure will be 

altered to study its effect on composition, microstructure and polarization properties 

using XRD, XPS, FESEM and ferroelectric tester. 

(4) Mechanism of substitution of Nd3+ with Sr2+ and electrical properties of 

Nd-doped SBT thin films. XRD will be used to detect any secondary phase after Nd 

doping. XPS will be used to determine the chemical state of Nd in Nd-doped SBT thin 

film, which will be compared to that in Nd2O3. The shift in binding energy will 

identify Nd ions occupying Sr sites. 

(5) The effects of ultra thin barrier on interfacial diffusion and crystalline of 

Nd-doped SBT thin films. Based on domains (1) and (3), there exists an interfacial 

diffusion or reaction during annealing treatment. A sputtered Ta nanobarrier will be 
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inserted between Nd-SBT and Pt layer to block this diffusion. XRD, XPS and 

secondary ion mass spectroscopy (SIMS) will be applied to digest the blockage effect.  

(6) Different crystallization behaviors of Nd-doped SBT thin films under rapid 

thermal annealing (RTA) and conventional furnace annealing (CFA). Domains (3) 

and (4) imply that only at very high temperature does the amorphous film transform 

into layered perovskite structure. Nd-doped SBT thin film will be annealed at 

different temperatures under RTA and CFA. The different crystallization behaviors at 

different heating rates will be comprehensively explored by XRD, FESEM and DTA 

techniques. At same time, the reason behind will be found out. 

(7) Effect of substrate bias on crystallization behavior of Nd-doped SBT thin 

films. Domain (6) indicates that rapid ramping rate under RTA can effectively reduce 

the crystallization temperature in comparison with CFA, which is contributed to the 

structural relaxation. In this domain, the substrate bias will be applied to enhance the 

structural relaxation effect thus further reduce the crystallization temperature 

expectedly. The XRD and FESEM techniques will be exploited to confirm the 

reduced crystallization temperature. 

 

1.4 Organization 

This report is divided into five chapters. The first chapter covers the background, 

objectives and scope of the project. Chapter 2 reviews the literature about the current 

development on SBT thin films. Chapter 3 describes the materials used and elaborates 

the experimental methods and procedures. Chapter 4 elaborates the results and 
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discussion of Sr-deficient and Nd-doped SBT thin films. Chapter 5 briefly lays out the 

conclusions from this project and suggests the recommendation.  
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CHAPTER 2 LITERATURE REVIEW 

 

This chapter reviews the fundamentals of ferroelectrics and recent progress in the 

field of ferroelectric SrBi2Ta2O9 thin films for digital data information storage. These 

include fundamentals of ferroelectrics, crystal structure, electronic structure, 

orientation controlling, substitution, magnetron sputtering fabrication and 

crystallization behavior of SBT thin film, with emphasis on advances of substitution 

and crystallization behavior of SBT thin films. 

 

2.1 Ferroelectrics 

Ferroelectrics exhibit spontaneous polarization characteristics, that is, polarization in 

the absence of an electric field. There must exist permanent electric dipoles in 

ferroelectric materials. The spontaneous polarization is a consequence of the 

positioning of the Ba2+, Ti4+ and O2- ions within the ABO3 unit cells (Figure 2.1). The 

Ba2+ ions are located at the corners of the unit cell which is of a tetragonal symmetry 

(a cube that has been elongated slightly in one direction). The dipole moment results 

from the relative displacements of the O2- and Ti4+ ions from their symmetrical 

positions. The O2- ions are located near, but slightly below, the center of each of the 6 

faces, whereas the Ti4+ ion is displaced upwards from the unit cell center. Thus a 

permanent ionic dipole moment is associated with each unit cell. However when 

barium titanate is heated above its ferroelectric Curie temperature the unit cell 
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becomes cubic and all ions occupy symmetric positions within the cubic unit cell; the 

material now has a perovskite crystal structure with high symmetry and the 

ferroelectric behavior ceases. Spontaneous polarization of this group of materials 

results as a consequence of interactions between adjacent permanent dipoles wherein 

they mutually align in the same direction.  

 

 

         

Figure 2.1 Perovskite structure of ABO3 

 

The orientation of such spontaneous polarization, depending on crystal structure, can 

be switched and reversed when an external electric field is applied. Such interaction 

between the electric field (E) and reversible spontaneous polarization (P) can be 

shown by the peculiar P-E hysteresis loop in Figure 2.2, where the Ec is coercive 

electric field (the crossing point between polarization curve and electric field); Pr 

remnant polarization (the remaining polarization value as electric field is zero); Ps 

saturated polarization (crossing point between polarization and tangent line 

corresponding to the point that all domains arrange along electric field direction); 
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tanα dielectric constant (gradient of tangent line of the polarization curve that 

intersects the origin of graph). 

 

 

 

 

 

 

 

 

 

     

Figure 2.2 Typical P-E hysteresis loop for ferroelectrics [3] 

 

Such electrically reversible spontaneous polarization is defined as ferroelectricity. 

Ferroelectricity derives many important physical properties including piezoelectricity, 

pyroelectricity and electro-optical properties and is conducive to a wide range of 

applications and can be used as both dynamic and permanent data storage in digital 

memory systems by using reversible spontaneous polarizations to encode the binary 1 

& 0 states. It shows a great potential for RAM applications because of its nonvolatile 

characteristics. 

 

tanα – dielectric constant 
E – electric field 
Pr – remnant polarization 
Ps – saturated polarization 
Ec – coercive field 
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In most ferroelectrics, the temperature dependence of the dielectric constant above the 

Curie point (in the paraelectric phase regime) can be described by the Curie-Weiss 

Law [4]: 

( )00 TTC −+= εε                             (2- 1)                  

where C is the Curie-Weiss constant and 0T  the Curie-Weiss temperature. 0T  value 

is not necessary to be the Curie temperature. For the first order phase 

transition, CTT <0  while for the second-order phase transition, CTT =0 . 

 

For nonvolatile ferroelectrics application, ferroelectric thin films should have a high 

remnant polarization for high memory density, Pr, and low coercive field for low 

operating voltage, Ec. In addition, the ferroelectric properties must not degrade with 

the cycling numbers of switches (termed “fatigue”) and must not deteriorate with 

reduced film thickness. 

 

Ferroelectric materials are characterized by a switch-able macroscopic polarization. 

Most technologically important ferroelectrics are oxides with a perovskite (or layered 

perovskite) structure. The origins of their ferroelectric behaviors are still unclear. But 

there is insufficient knowledge of why similar, but chemically different perovskite 

should display such diverse ferroelectric behavior. The great sensitivity of 

ferroelectrics to chemistry, defects, electrical boundary conditions and pressure arises 

from a delicate balance between long-range Coulomb forces (which favor the 

ferroelectric state) and short-range repulsion (which favors the non-polar cubic 

structure). 
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2.2 Crystal Structure of SrBi2Ta2O9 

Understanding the crystallography of the layered perovskite strontium bismuth 

tantalate (SBT) is very important in order to fabricate SBT thin films with desired 

microstructure. The general formula for bismuth layer structured ferroelectrics 

(BLSFs) is Bi2An-1BnI2n+3 or (Bi2O2)2+(An-1BnO3n+1)2-, where A = Bi, Pb, Na, K, Sr, Ca, 

Ba; B = Ti, Nb, Ta, Fe, Mo, W, Cr; n = 1, 2, 3, 4, 5, 6. This reflects the fact that there 

exists a good possibility for mutual doping within these various elements or with 

some other ions to BLSFs. The crystal structure of SBT has already been extensively 

studied since the late 1940s [5,6,7]. The symmetry of SBT can be described as either 

orthorhombic (orth) or a pseudotetragonal (tet) structure. The orthorhombic and 

tetragonal coordinate systems have the following relationship: 

a) atet = ½(aorth+borth), 

b) btet = ½(-aorth+borth), 

c) ctet = corth 

SBT material is a member of the multilayered Aurivillius compounds family [8]. Its 

structure consists of one Sr-Ta-O perovskite block situated between two Bi2O2 layers, 

which contributes to the remnant polarization. The Sr2+ is surrounded by 12 oxygen 

ions as in perovskite and is essentially passive. The Ta5+ is octahedrally coordinated 

by six oxygen ions. At three of the four distinct oxygen sites, O (1) and O (4), O (5) 

are bonded to two Ta ions, as in perovskite, while O (2) is apically bonded to one Ta. 

Bi and O (3) form a rippled Bi2O2 layer, in which Bi ions lie alternatively above and 

below the O (3) plane, as in the Pb-O layer on tetragonal PbO. The Bi sites are 
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asymmetric, forming four short bonds to O (3) sites and four longer bonds to O (2) 

sites. The crystal structure of SBT material has been refined by electron and neutron 

diffraction techniques (a=0.55306nm, b=0.55344nm, c=2.49839nm), and 

orthorhombic distortion with space group A21am has been revealed. With the A21am 

orthorhombic symmetry, the a-axis is the polar axis. [9] Atomic displacements along 

the a-axis from the corresponding positions in the parent tetragonal (I4/mmm) 

structure cause ferroelectric spontaneous polarization. Displacement along the b and c 

axes, in contrast, are cancelled due to the presence of glide and mirror planes, 

respectively, thus they do not contribute to the total polarization.[9] Consequently, the 

anisotropic SBT crystal structure determines the anisotropy of ferroelectric properties. 

Namely, the polarization properties are highly orientated. In order to obtain the 

desired ferroelectric properties, growing orientations must be controlled. 

 

The general formula of BLSFs (Figure 2.3) implies a good possibility for mutual 

doping with other ions. The Bi ions in the (Bi2O2)2+ layers cannot be easily replaced 

by other ions, except Pb. In contrast, Sr2+ ions in the perovskite layer A site can be 

easily replaced by a variety of cations such as Ba2+, Ca2+ or La3+. On the other hand, 

the octahedral B sites in the layered perovskite are more inflexible than those found in 

perovskites, since large ions cannot be tolerated due to excessive lattice strain [10].  
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Figure 2.3 Crystal Structures of the Bi-layered Perovskite [10] 

 

2.3 Orientated SrBi2Ta2O9 thin films 

As discussed in crystal structure of SBT, it is inferred that the electrical properties are 

highly anisotropic [8]. It is proven that perpendicular to the c-axis, two mutually 

orthogonal polar axes (a- and b-axes) are found. The c-axis is non-polar in hysteresis 

measurements. As a result, it seems that the SBT films display ferroelectric properties 

not along the c-axis direction but along the a/b axes [11,12]. Therefore, growing single 

crystals along (200) or (020) orientation or highly (200) orientated SBT thin films is 

most preferred so that we can get good electrical properties to meet the requirements 

of nonvolatile RAMs devices. Aiming to grow desired crystal orientation, much effort 
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has been paid to concentrate on composition control, interfacial layer and post 

annealing treatment. 

2.3.1 Effect of film composition on growing orientation 

There includes Sr, Bi, Ta and O elements in SBT formula. However, only Sr and Bi 

concentrations have some effects on growing orientation of SBT thin films. Study on 

relationship between Sr content and orientated crystallization of MOD-derived 

SrxBi2.4Ta2O9 films [13] indicates that the amorphous film can be fully crystallized to 

the bismuth layered perovskite structure with random orientation by annealing when 

the Sr content ranging from 0.7 to 1.0. For the films with the Sr content larger than 1.0, 

however, a decrease in (105) peak intensity and increase in peak broadening were 

observed as Sr content (atomic concentration) rises, as shown in Figure 2.4.  

 

 

 

 

 

 

 

 

Figure 2.4 XRD patterns of the SrxBi2.4Ta2O9/Pt/Ti/SiO2/Si (x=0.7, 0.85, 1.0, 1.15, 1.3) 

films after annealing at 800  for 1 h in oxygen ambient℃  [13]. 
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Investigation of various bismuth concentrations indicates that more Bi content favors 

preferentially c-axis orientation of SBT thin films due to the lowest surface energy[14]. 

The correlation between bismuth and preferred orientation of ferroelectric SBT thin 

films was also carried out by Yang et al [15,16]. The increase of bismuth in SBT films 

induces the growth of c-axis orientation while the decrease of Bi induces the growth 

with (115) preferred orientation, shown in Figure 2.5. It is reasonable that the 

optimum peak intensity ratio of (008) to (115) plane shows the highest remnant 

polarization of SBT films where bismuth atomic concentration is 3.4. 

 

 

 

 

 

 

 

 

 

Figure 2.5 XRD patterns of SBT films deposited on Pt/SiO2/Si as a function of 

bismuth atomic content (a)3.0, (b)3.4, (c)4.2 [15] 
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2.3.2 Effect of interfacial layer on growing orientation 

Interfacial layer refers to the layer between ferroelectric thin film and substrate, which 

functions as the buffer or bottom electrode. The most commonly and widely used 

bottom electrode is platinum because of its good electric conduction and 

anti-oxygenic property. The reported results [17] imply that the texture of SBT films 

can be controlled by changing the preferred orientation of the Pt bottom electrode. 

The orientation relationships between Pt and SBT were proposed to be 

Pt(001) SBT(00∥ l)tet SBT(00∥ l)orth, Pt(111) SBT(110)∥ tet SBT(010)∥ orth, and 

Pt(111) SBT(105)∥ tet SBT(115)∥ orth [17].  

 

Figure 2.6 is an XRD profile of a SBT film grown on a Pt/MgO substrate by pulsed 

laser deposition (a) and SBT film grown on a Pt/Ti/SiO2/Si substrate by metal organic 

deposition (b). It was found that a highly c-axis preferentially oriented SBT film was 

grown when the Pt layer was mainly (001) orientated, while the SBT (115) and (200) 

peaks were stronger than the other peaks when the Pt layer was predominantly (111) 

orientated. These results may imply that we could control the texture of SBT films by 

changing the preferred orientation of the Pt bottom electrode. 

 

Recently, Leu et al reported [18] the tantalum adhesion layer triggered much stronger 

x-ray peak intensity of (111) texture both before and after 400℃  annealing, 

compared to their counterparts with Ti adhesion layer. Therefore, a greater Pt (111) 

texture may cause the subsequent SBT film to be more polycrystalline with dominant 
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orientation at {115} planes thus favors better ferroelectric properties. Because 

(111)-oriented Pt bottom electrode can not induce the desirable preferred orientation 

(200) of SBT thin films, people turn to look for new interfacial layers between 

substrate and SBT thin film in terms of lattice mismatch. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 XRD profiles of SBT/Pt/MgO (a) and SBT/Pt/Ti/SiO2 /Si (b).[17] 

 

Normally, the interfacial layer can not only act as the buffer layer with the purpose of 

inducing the desirable texture in terms of lattice mismatch, but also serve as the 

bottom electrode. Therefore, the candidates for the interfacial layer are very limited. 

Basically single crystal with selected orientation becomes the expected candidates as 

interfacial layers. Lattice-matched single crystalline substrates such as SrTiO3, 

LaSiAlO4, YSZ, and MgO have been extensively studied. Lee et al [19] pointed out 
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that (001)-SrTiO3 substrate induced a c-axis oriented SBT thin film with high 

crystallinity, shown in Figure 2.7 (a). While (116) and (103) oriented (non c-axis 

oriented) SBT thin films tended to grow on bottom electrode of (011)- and 

(111)-oriented SrTiO3, as depicted in Figure 2.7 (b) and (c). Moreover, (106)-oriented 

epitaxial thin film of SBT were prepared on SrTiO3 (110) substrates using 

coating-pyrolysis process [20]. Lee et al[21] succeeded to grow non-c-oriented SBT 

epitaxial thin films with well-defined (116) orientation by pulsed laser deposition on 

yttia-stabilized zironia-buffered (YSZ-buffered) Si (100) substrates covered with 

electrically conductive (110)-oriented SrRuO3 (SRO) bottom electrodes, which 

carried out the epitaxial growth of (110)-oriented SRO films on (100)-oriented YSZ 

on Si (100). J. H. Cho et al[22] reported the (a00) oriented as well as the (00l) oriented 

epitaxial SrBi2Ta2O9 thin film grown on (100) LaAlO3 and (200) yttria-stabilized 

zirconia single crystal substrates. On (100) SrTiO3 single crystal substrate, (00l) 

oriented epitaxial growth of SrBi2Ta2O9 thin film was observed. 

 

Another substrate (110) MgO was chosen where six units of surface mesh are almost 

the same as the rectangular surface mesh of (100) SBT as schematically shown in 

Figure 2.8 [23]. The diagonal length of the MgO lattice ( 4212.02 × nm) is slightly 

larger than the lattice constant along the a or b axis orientated SBT. From Figure 2.8, 

the lattice mismatches of the a-/b-axis oriented SBT film with (110) MgO were 

calculated to be 1.16% along SBT (001) and 7.09% along SBT (010) (7.14% along 

SBT(100)). Based on this, the a-/b-, c-axis oriented, and polycrystalline SBT thin 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature review 

 20

films were in situ grown on (110) MgO, (100) MgO and Pt/TiO2/SiO2/Si substrates 

via magnetron sputtering deposition at high temperature [24].  

 

 

 

 

 

 

 

 

 

 

Figure 2.7 X-ray diffraction patterns of SBT thin films on (a) (001), (b) (011), and (c) 

(111) orientated SrTiO3 substrates [19].  
 

 

 

 

 

 

 

 

Figure 2.8 Schematic diagram which explains the observed orientation relationship 

between the -/b-axis oriented SBT film and (110) MgO substrate [23]. 
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Overall, the growing orientation of SBT thin films is highly dependent on the 

configuration of underlying layer. The orientated SBT thin films are attributed to 

minimization of lattice mismatch in between SBT thin films and underlying layers. 

Unfortunately, single crystal fabrication tends to suffer from not only very high cost 

but also sudden increase in contact resistance (due to oxide electrode). 

 

2.3.3 Effect of post annealing conditions on orientation of SBT films  

Generally,  two modes available are used to crystallize the amorphous films: 

conventional furnace annealing (CFA) typically involving heating rates of order 1~30 

oC/min, and rapid thermal annealing (RTA) as characterized by an extremely large 

heating rate (e.g., 100℃/s). The ramping rate plays a critical role in growing the 

orientation of SBT thin films. Hu et al have successfully developed a modified 

annealing method that a layer-by-layer rapid thermal annealing (RTA) method in 

chemical solution deposition (CSD). This method dramatically raised the relative 

intensity of (200) peak [I(200)/I(115)=1.21] [25], which pronouncedly increased the 

remnant polarization up to 2Pr=19.8μC/cm2. Such improvement in polarization 

properties is very attractive for the memory applications. However, the growth 

mechanism in this work is not clearly described. Based on these results, Ryuta lijima 

[26] studied the factors (heating rate and the thickness of the single-annealed layer) 

influencing (200)-preferred orientation of SBT thin films synthesized by CSD. Figure 

2.9 presents that higher rapid ramping rate results in higher ratio between (200) and 

(115) intensity and thus causes the better polarization properties. Suitable thickness of 
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single-annealed layer can enhance the relative intensity of the (200) peak and the 2Pr 

value, as shown in Figure 2.10. And the growth mechanism of the a-axis 

preferentially oriented films was proposed [26]. Namely, the growth rate of the grain 

was faster along a and b axes than along the c-axis, and the c-axis oriented grain had 

higher nucleation density than the a- or b-axis oriented grain. On the analogy of the 

model, the phenomenon that the intensity of the (200) peak increases with heating rate 

is due to the increase of the anisotropy of the growth rate resulting from the increase 

in the heating rate, and the phenomenon that the intensity of the (200) peak increases 

with decreasing thickness of the single-annealed layer is due to the improvement of 

the crystal continuity along the film thickness direction, where the nucleation in each 

layer is disturbed by thinning the single-annealed layer. 

 

Another annealing method for preparing SBT thin films, a face-to-face annealing 

method, is proposed [27], and its effectiveness is demonstrated. In this method, an SBT 

film deposited on a substrate using a sol-gel technique was directly put with the film 

side down on the other SBT film during crystallization process. The SBT films were 

crystallized at 750 °C in oxygen flow and successively annealed at 400 °C in 6.2 wt% 

ozone flow. It was found that remnant polarization value (2Pr) in a 175-nm-thick SBT 

film was as large as 23μC/cm2 when the face-to-face annealing method was 

conducted. It was also found from time-dependent leakage current measurement that 

the leakage current density of the films was lower than 1×10-9 A/cm2 at an electric 

field of 65 kV/cm. These improved electrical properties are attributed to the bismuth 
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concentration retention during post annealing. Without face-to-face annealing, 

bismuth suffers from severe loss due to its volatility at high temperature thus induces 

the generation of oxygen vacancies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Effect of the atomic composition of the precursor solution and heating rate 

for thermal annealing on (a) the relative intensity of the (200) peak [I(200)/I(115)] and 

(b) 2Pr value. [26] 

 

During crystallization process, a low electric field in situ applied, shown in Figure 

2.11, has a significant influence on the growing orientation and ferroelectric 

properties of SBT films [28]. Under a positive electric field (assuming that bottom 

electrode is electrically grounded), the films shown stronger c-axis-preferred 

orientation than without electric field and under a negative electric field, which 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature review 

 24

originated from the interface-induced nucleation growth between SBT and Pt coated 

substrate. 

 

 

 

 

 

 

 

Figure 2.10 Effect of the thickness of the single-annealed layer on the relative intensity 

of the (200) peak [I(200)/I(115)] and 2Pr value [26]. 

 

 

 

 

 

            (a) 

 

 

                                               (b) 

Figure 2.11 (a) A schematic drawing of set-up used for applying an electric field 

during annealing  and (b) XRD patterns of SBT films annealed at 750℃ in oxygen 

with application of different bias voltages Vb of (a) 0 V, (b)30 V, (c) 90 V, and (d) 2100 

V. Here, Py refers to pyrochlore phase [28]. 
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In conclusion, the post annealing conditions (such as ramping rate, layer by layer 

annealing, electric field) play an important role in growing orientation and 

ferroelectric properties of SBT thin films.  

 

2.4 Substitution effect 

From the viewpoint of polarization definition (p=ql, where p is electric dipole, q the 

gross of positive charges and l displacement vector between two gravity centers), the 

change of crystal lattice will cause the alternation of remnant polarization, the 

distortion of crystal lattice results in change (increase or decrease) of “rattling space”. 

The general formula (Bi2An-1BnOn+3, where A=Bi, Pb, Na, K, Sr, Ca, Ba, rare earths; 

B=Ti, Nb, Ta, Fe, Mo, W, Cr; and n=1, 2, 3, 4, 5, 6) [29] just reflects a good possibility 

for mutual doping within these various elements or with some other ions to BLSFs. In 

the formula of Bi2Am-1BmOm+3, A or B site could be substituted with other ions, which 

is the same design methodology as PZT thin films. Many previous reports have 

identified that substitution not only causes significant change in electrical properties 

but also pronouncedly increases/decreases Curie temperature (Tc). Normally, two 

categories are involved: homogeneous valence and heterogeneous valance 

substitution. 
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2.4.1 Homogeneous valence substitution 

Subbarao et al. [6,7,30] reported that Curie transformation temperature decreased when 

the size of A site cations in BLSFs increased. 10% of Sr2+ substituted by Ba2+ in SBT 

caused lower Curie temperature and reduced distortions in the perovskite units[31]. 

Systemic study on the ferroelectric properties of laser-ablated Sr1-xAxBi2Ta2O9 thin 

films (where A=Ba, Ca)[32,33] showed that a small shift of reflection peaks on XRD 

patterns, as illustrated in Figure 2.12, was observed towards lower diffraction angle 

with partially substituted A-site cation from Ca to Ba in SBT, which could be due to the 

increasing lattice parameter. The coercive field was reduced by increasing the ionic 

radii of partially substituted cations at the Sr site from Ca to Ba. Substitution of Ba with 

Sr site increased the tolerance factor by decreasing the transition temperature which 

could lead to a lower coercive field. The switchable component of polarization also 

changes systematically with the variation of effective size of the A-site cations, 

however, there was a minimal degradation of the nonvolatile component of the 

polarization (DP<17%) observed in the films for up to 1010 switching cycles. All of 

these films showed similar leakage characteristics with the leakage current density of 

about 10-8 A/cm2 for an applied field of up to 70kV/cm. The slopes of the J –E curves at 

lower fields are 0.94, 0.95, and 1.09 for SCBT, SBT, and SBBT films, respectively. 

These results suggest that at lower fields all of the films exhibit almost ohmic behavior, 

whereas after increasing the field to a certain level the leakage current density increased 

to some orders of magnitudes. Such behavior could be attributed to the interfacial 

diffusion of bismuth into the Pt electrode at higher growth temperature which leads to 
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higher leakage current density and lower breakdown strength (75kV/cm). It should also 

be noted that the higher leakage current density could be due to contributions from 

higher surface roughness of the films that originated from higher annealing temperature 

(800 °C). 

 

 

 

 

 

 

 

 

Figure 2.12 X-ray diffractograms of SCBT, SBT, and SBBT thin films [32] 

 

The effect of Ca concentration at the Sr-site on crystal lattice parameters, 

microstructure and electrical properties were also studied. [34] The smaller ionic radii 

of Ca than for Sr cause the decrease in lattice parameters thus leading to a systematic 

shift of diffraction lines towards higher diffraction angle. The dielectric constant of 

the SBT films was systematically decreased with increasing Ca contents and it was 

attributed to lower dielectric permittivity of CaBi2Ta2O9 system. The ferroelectric 

properties were gradually increased up to 25% at the Sr site, above which the 

ferroelectric properties started degrading. The maximum value of Pr (~23.8μC/cm2) 
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was obtained at 20% Ca substituted SBT. The systematic increase in coercive field 

was attributed to the higher electronegativity of Ca. However, the fatigue degradation 

(23%) after 1010 switching cycles took place. 

 

In a word, partial substitution of the A-site cation with smaller ionic radii, such as Ba2+, 

having larger electronegativity might lead to a higher Curie temperature thus a higher 

spontaneous polarization; at the time, cause a higher value of coercive field in the SBT 

films. On the contrary, partial substitution of the A-site cation with larger ionic radii, 

such as Ca2+, having smaller electronegativity could result in lower spontaneous 

polarization and coercive field in the SBT thin films. 

 

Another possible substitution site for SBT is focused on B (Ta) site of perovskite unit. 

Nb5+ and V5+ ions become the primary choices to substitute Ta5+ ions because they 

belong to the same main group. Substitution between niobium and tantalum ions was 

widely studied by Watanabe[35] , Palanduz[36] and Shimakawa[37]. Figure 2.13 shows 

the changes in lattice constants as a function of x in SrBi2(Ta1-xNbx)2O9. Atomic 

displacements of the ions in the (Ta,Nb)O6 octahedron significantly increase as x 

increases, which leads to more structural distortion of the perovskite-type unit. The 

in-plane lattice constants a and b decrease smoothly by about 0.14% and 0.26%, 

respectively. The Bi2O2 layer, in contrast, is less distorted in SrBi2Nb2O9 than in 

SrBi2Ta2O9. That is to say, c increases by 0.28% as the samples change from SBT to 

SBN the volume of the unit cell, in consequence, slightly decreases by about 0.10%. 
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The contribution of the perovskite-type unit to total ferroelectric polarization is 

greater in the SrBi2Nb2O9 sample, while that of the Bi2O2 layer is less; consequently, 

the total calculated polarization slightly increases. The ferroelectric Curie temperature 

also increases from 300ºC (SrBi2Ta2O9) to 440°C (SrBi2Nb2O9). Three short 

(Ta,Nb)–O bonds in the (Ta,Nb)O6 octahedron, whose lengths are less than 2Å, have 

a covalent character, and the substitution of Nb for Ta makes the bonds more covalent. 

The strong covalent interaction of the (Ta,Nb)–O bonds increases the structural 

distortion, resulting in the higher ferroelectric Curie temperature and the larger 

contribution of the perovskite-type unit to the total spontaneous ferroelectric 

polarization. 

 

 

 

 

 

 

 

 

Figure 2.13 Lattice constants of SrBi2 (Ta1-xNbx)2O9 plotted against x.[37] 

 

Vanadium-doped SBT were investigated by Wu [38] and Chen[39]. Vanadium-doped 

strontium bismuth tantalate Sr0.8Bi2.3(Ta2-xVx)O9 (SBTV) (x=0~0.8) were prepared on 

Pt/Ti/SiO2/Si substrates using an MOD method. Well-crystallized and dense SBTV 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature review 

 30

films can be obtained at an annealing temperature as lower as 650–700°C that can be 

attributed to the enhanced densification due to the addition of vanadium. With partial 

substitution of tantalum by vanadium up to x=0.15, a larger remnant polarization (2Pr) 

of 30.5 μC/cm2 can be obtained for the Sr0.8Bi2.3Ta1.85V0.15O9 film at 800 °C that is 

attributed to the larger grain size and increased “rattling space”. Furthermore, the 

vanadium substitution for tantalum ion can effectively reduce the leakage current 

density as lower as 5×10-8A/cm2 at an applied electric field of 100kV/cm because of 

the reduced mobility of charge carriers. However, the incorporation of vanadium does 

not cause an appreciable negative effect on the fatigue endurance of Sr-deficient 

Sr0.8Bi2.3Ta2O9 films until more than 20 mol% (x＝0.2) vanadium was added. The 

fatigue problem may be related to the oxygen vacancies generated due to vanadium 

incorporation [40]. 

 

2.4.2 Inhomogeneous valence substitution 

Similar to PbTiO3 that accommodates the cation vacancies created by La3+ 

substitution, a large amount of Sr vacancies can be induced in the perovskite blocks of 

SBT by the substitution of trivalent cations. The vacancies of cations as well as oxide 

ions strongly affect the polarization-switching properties of ferroelectrics [41,42,43]. 

Within the perovskite-like units, partial substitution of trivalent bismuth with bivalent 

strontium ions would increase the Curie temperature from 295℃ (SBT) to 430℃ 

and improve the dielectric properties in SBT[44]. Sol-gel derived [45] and pulsed laser 

ablated [ 46 ] Sr-deficient SBT films yield higher remnant polarization than 
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stoichiometric films where Sr/Ta =0.5 and Bi /Ta =1, because partial substitution of 

Bi for Sr sites results in an increase in “rattling space” inside the oxygen octahedron 

due to the smaller size of Bi cations [47]. The substitution of Bi3+ at the Sr2+ site 

induces A-site vacancies to meet the requirements of charge neutrality, and pushes the 

amount of cation vacancies to reach about 9% at the A site (A=Bi0.18□0.09Sr0.73), 

where □ denotes the Sr vacancies.[48] Furthermore, the enhanced displacement of 

TaO6 octahedra with respect to Bi2O3 layers along the a axis (polarization direction) 

improves the spontaneous polarization (Ps). This is partially the reason why a large 

remnant polarization (Pr) was observed for both thin film [44,45] and bulk ceramics 

(shown in Figure 2.14).  

 

 

 

 

 

 

Figure 2.14 Polarization hysteresis loops measured at 25°C for (a) SrBi2Ta2O9 and (b) 

Sr0.95Bi2.05Ta2O9 [44,45] 

 

Investigation of praseodymium doped SBT ceramic also showed that low-field 

polarization properties were significantly improved due to the praseodymium 

substitution. It is demonstrated that Pr-doped SBT has an advantage over SBT and 
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Bi-doped SBT for a low-voltage operating ferroelectric-memory material, as shown in 

Figure 2.15 [ 49 ]. It has also been proven that rare earth element (La3+, Nd3+) 

preferentially substitutes at the Sr2+ site in SrBi2Ta2O9 ceramic, and cation vacancies 

are also created to satisfy charge neutrality, resulting in higher Pr and lower Ec
 [48, 50, 

51]. Figure 2.16 illustrates that La substitution concentration has an important effect on 

Curie temperature of SBT ceramic bulk. More La substitution causes a more decrease 

of Curie temperature. However, the higher La concentration leads to higher remnant 

polarization and lower coercivity, as depicted in Figure 2.17. These results suggest 

that Sr vacancies play an essential role in the polarization-switching behavior of SBT 

system.  

 

 

 

 

 

 

 

Figure 2.15 Polarization properties at 25 °C: (a) hysteresis loop of Sr1-xAxBi2Ta2O9 

(x=0.2) dense ceramics and (b) maximum applied field (Em) dependence of 2Pr for 

SBT, Bi-SBT(x=0.2), and Pr–SBT(x=0.2). [50,51] 
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Figure 2.16 Temperature dependence of dielectric permittivity at a frequency of 1 

MHz for La-modified SBT ceramics [50,51] 

 

 

 

 

 

 

 

 

Figure 2.17 Hysteresis loops measured at 25 °C using dense ceramics [50,51] 

 

In summary, inhomogeneous valence substitution with A site could cause the cation 

vacancies to meet the charge neutrality. This results in improved polarization 

properties and reduced coercive field, which is more promising over pure SBT thin 
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films and homogeneous substitution. However, so far the research work has been only 

focused on bulk ceramics and investigations of thin films are still scarce. 

 

2.5 Magnetron sputtering fabrication  

Magnetron sputtering has been developed rapidly over the last decade to the point 

where it has become established as the process of choice for the deposition of a wide 

range of industrially important coatings. The driving force behind this development 

has been the increasing demand for high-quality functional films in many diverse 

market sectors. In many cases, magnetron sputtered films now outperform ones 

deposited by other physical vapor deposition (PVD) processes, and can offer the same 

functionality as thicker films produced by other surface coating techniques. 

Consequently, magnetron sputtering now makes a significant impact in application 

areas including hard, wear-resistant coatings, low friction coatings, corrosion-resistant 

coatings, decorative coatings and coatings with specific optical or electrical properties 

[52]. Recently, with the development of vacuum technology, the magnetron sputtering 

deposition technology is becoming the standard IC processing because of its lower 

cost and uniformity. 

 

So far, SBT thin films have been successfully deposited by sol-gel technique [53], PLD 

technique [54], MOD and (MOCVD) [55] and etc. In the past one decade, the radio 

frequency magnetron sputtering technique has been used to grow SBT thin films [56] 

but the studies are still not systematic. Here we summarize the recent development of 
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SBT thin films manufacturing via magnetron sputtering. The microstructures and 

electric properties of SBT thin film fabricated via magnetron sputtering deposition are 

highly dependent of deposition parameters, such as process pressure, power density, 

argon-to-oxygen ratio substrate, and etc. 

 

2.5.1 Effect of process pressure 

T. K. Song et al [56] first succeeded in depositing the SBT thin film via magnetron 

sputtering from a ceramic SBT target with 15% excess Bi2O3. The distance between 

target and substrate was 6.5 cm and the power density was fixed as 2.55 W/cm2. The 

relationship between crystal orientation and process pressure (pure Ar gas introduced) 

was shown in Figure 2.18. At 0.07 Pa, (107) and (110) peaks were dominant, but 

polycrystalline SBT thin film was obtained at 2 Pa. At 4 Pa, (00l) peaks became 

strong, although other (115), (107), and (200) peaks were also shown: the c-axis 

oriented SBT thin film (240 nm thick) was deposited with some mixed orientations. 

At the higher pressures, each peak width was broadened. The remnant polarization 

and coercive field are 5.2μC/cm2 and 50kV/cm, respectively.  

 

Cho et al [57] also reported the microstructure dependences on ferroelectric properties 

of SBT thin films by changing the sputtering pressure in the rf magnetron sputtering 

technique.  The target composition used was SrBi2.15Ta2O9 and the mixed gas of 

argon and oxygen (Ar/O2=1/1) was introduced. The XRD patterns (Figure 2.19) 

depict that (00c) intensity increased with increasing process pressure. When the 
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pressure was 20 Pa, the (00c) became predominant. The surface micrograph (Figure 

2.20) indicates that small grains of the pyrochlore phase 100nm in size were seen to 

be uniformly distributed, while the grains grew with the increasing sputtering pressure 

and in the case of sputtering pressure of 20 Pa, large grains 300 nm in size were 

formed. Figure 2.21 implies that only the SBT capacitor with large grains (200nm) 

and with a stoichiometric composition (where the pressure was 16 Pa) produced a 

good polarization-electric field (P-E) hysteresis loop and the higher rate of 

polarization increased with increasing pressure.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 XRD patterns of SBT thin films on Pt (111)/Ti/SiO2/Si(001) substrates as 

a function of argon pressure: (a) 13.3 Pa, (b) 4 Pa, (c) 2 Pa, and (d) 0.07 Pa [56]. 
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Figure 2.19 X-ray diffraction patterns of SBT/Pt/Ti/SiO2/Si as a function of pressure: 

(a) 0.13 Pa, 50 min, (b) 4 Pa, 50 min, (c) 8 Pa, 60 min, (d) 16 Pa, 150 min, and (e) 20 

Pa, 210 min [57].  

 

 

 

 

 

 

 

 

Figure 2.20 Scanning electron micrographs of the morphologies of SBT thin films 

postannealed at 800 °C for 30 min in an O2 flow as a function of sputtering pressure: (a) 

4 Pa, (b) 8 Pa, (c) 16 Pa, and (d) 20 Pa [57]. 
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Figure 2.21 (a) Hysteresis loops measured at 5 V for the SBT capacitor deposited at 

various sputtering pressures. (b) Variations of ΔP(=Pr*-Pr) as a function of voltage 

applied to the capacitor, where Pr* and Pr　are switching and nonswitching remanent 

polarization values, respectively [57]. 

 

 

 

 

 

 

Figure 2.22 XRD patterns of SBT/Pt/Ti/SiO2/Si deposited at sputtering pressure of (a) 

26.7 Pa, (b) 33.3 Pa, and (c) 40 Pa, respectively, and postannealed at 800 °C for 30 

min in oxygen atmosphere. [14] 

 

The correlation between microstructure and pressure was further developed by Bae et 

al [14]. As the pressures were increased from 26.7 to 40 Pa, (00l) peaks corresponding 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature review 

 39

to the c-axis oriented SBT were strongly increased and the (115) peak, the major 

diffraction peak in polycrystalline SBT structure, was decreased, as shown in Figure 

2.22. Bi contents in as-deposited SBT thin films increased with increasing the 

sputtering pressure. However, Sr contents were nearly independent of the increase of 

the sputtering pressures. The author contributed the c-axis orientation to the excessive 

Bi content in the SBT thin film. However, Lee et al [58] reported that the non-c-axis 

orientation was obtained at higher process pressure up to 40 Pa, as displayed in Figure 

2.23. As the sputtering pressure increased, Bi and Sr contents increased. The 

stoichiometric composition of SBT thin films was obtained at the pressure of 40 Pa. 

All the films deposited below 13.3 Pa were found to be non-SBT structure, as shown 

in Figure 2.23. 

 

 

 

 

 

 

 

Figure 2.23 XRD patterns of SBT/Pt/Ti/SiO2/Si as a function of sputtering pressure 
[58]. 
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In summary, the microstructure is closely relevant to process pressure. Unfortunately, 

the mechanism for this is still not clear so far. For sputtered SBT, some authors 

attributed the growing orientation to bismuth content. However, in comparison with 

other manufacturing methods, the same composition of films using different 

fabrication methods results in different crystal orientation. Therefore, it is inferred that 

there are other factors that determine crystal orientations of sputtered SBT thin film, 

such as residual stress conditions. 

 

2.5.2 Effect of power density 

Lee et al [58] studied the effect of power density on the orientation of SBT thin film. 

(200) predominant was obtained by adjusting the target power, shown in Figure 2.24. 

As the sputtering powers increased from 25W to 30W, a (200) peak increased and the 

(115) peak decreased. The relative intensity of (200) peak [I(200)/I(115)] was 1.73 

and 0.61 for the films deposited at the rf power of 30W and 25W, respectively. 

However, in the sputtering power of above 35W, secondary phase depicted by arrows 

in was observed. The corresponding compositions are summarized in Figure 2.25. As 

the sputtering power increased, the Sr content decreased. However, the Bi contents 

had the peak composition in the rf power of 30W. As the power increased, the 

re-sputtering effect also increased, especially in lighter mass elements such as Sr and 

Bi compared to Ta, due to the higher kinetic energy. In the sputtering  power of 30W, 

the (200)-predominant SBT thin films could be fabricated, which have the 26mol% 

excess Bi and stoichiometric Sr compositions [14,57],. The testing results of ferroelectric 
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properties indicate that the higher 2Pr (19.2μC/cm2) took place in the sputtering 

power of 30W, corresponding to the (200)-predominant film with larger grains. 

 

 

 

 

 

 

 

 

 

 

Figure 2.24 XRD patterns of SBT/Pt/Ti/SiO2/Si deposited on Pt(111)/Ti/SiO2/Si 

substrates as a function of sputtering power [58]. 
 

 

 

 

 

 

 

Figure 2.25 Compositions of SBT thin films postannealed at 750 °C in O2 flow which 

were deposited at sputtering powers of 25–40 W [58]. 
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2.5.3 Effect of argon-to-oxygen ratio 

The microstructure and electric properties are also affected by the oxygen-to-argon 

ratio of the atmosphere during deposition, besides the sputtering pressure and power 

density, which was verified by M. S. Tsai and his co-workers [59]. Figure 2.26 depicts 

the change in refractive index of Sr0.8Bi2.5Ta1.2Nb0.9O9+x (SBTN) thin films deposited 

at 570℃ at various O2/(Ar+O2) mixing ratios (OMR). According to this figure, the 

refractive index of SBTN thin films increases with increasing OMR. The remanent 

polarization, dielectric constant and leakage current of post-annealing 

Sr0.8Bi2.5Ta1.2Nb0.9O9+x (SBNT) thin films increased with an increase in the 

O2/(Ar+O2) mixing ratios (OMR) and reached a maximum value at 40% OMR.  

 

 

 

 

 

 

 

 

 

Figure 2.26 XRD patterns of SBTN/Pt/Ti/SiO2/Si at various OMR indicated [59] 
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According to the above analysis, the geometry and deposition conditions play 

fundamental roles in the synthesis of SBT thin film by magnetron sputtering 

deposition method. Unfortunately, so far there is not enough systematic data related to 

the sputter-synthesis technique, particularly related to the sputtering, species transport, 

and deposition processes to synthesize films under well-controlled conditions. 

Therefore, further work is necessary to understand these processes and determine the 

optimum conditions needed to produce SBT thin film with best composition, 

microstructure, and properties, using magnetron sputtering deposition method. 

 

2.6 Crystallization behavior of SBT thin films 

In all the deposition processes commonly used, such as metal-organic chemical-vapor 

deposition, dc and rf magnetron sputtering, and so-gel processing, the as-deposited 

films are amorphous without ferroelectrics. Post annealing treatments are required to 

enable the films to crystallize into a ferroelectric perovskite structure. It is known that 

most ceramic phase transformation involve nucleation and growth processes. Earlier 

studies have shown that the activation energy of nucleation is much higher than that 

of the growth of the perovskite phase [60,61,62]. Namely, the perovskite formation is 

dominantly controlled by nucleation. Generally,  two modes available are used to 

crystallize the amorphous films: conventional furnace annealing (CFA) typically 

involving heating rates of order 1-30℃/min, and rapid thermal annealing (RTA) as 

characterized by an extremely large heat rate (e.g., 100 oC/s). 
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In the past decades, the SBT thin films treated under CFA and/or RTA processing 

have been reported extensively [ 63, 64 , 65]. It has been found that the Bi-layered 

perovskite SBT or SBN phase was crystallized via a metastable fluorite-like phase 

(cubic structure).[66,67] Tanaka et al. proposed the crystallization path of SBT from 

metal-organic decomposition (MOD) precursor by RTA that a fluorite-like structure 

appeared in the early stage of the crystal growth, after which the SBT phase was 

finally stabilized [68]. Previous reports imply that SBT thin films must be annealed at 

above 750℃ for full crystallization in order to get good polarization properties. 

Obviously, such high temperature is not compatible with current CMOS technique. 

Therefore, many trials should be made aiming to lower down the crystallization 

temperature below 700℃ or even lower.  

 

2.6.1 Influence of annealing conditions on crystallization behavior of 

SBT films 

Recently，rapid thermal annealing (RTA) characterized by an extremely large heat 

rate (e.g. 100℃/s) is fast becoming the method of choice as compared to conventional 

furnace annealing (CFA). Several optimized processes, including RTP and annealing 

of SBT thin films under the oxygen flow, have been successful in lowering the 

crystallization temperatures and in improving the ferroelectric properties of SBT thin 

films as well[69,70,71,72]. It was found that films annealed by RTP showed higher 

nucleation rate as compared to that of CFA. In addition RTP annealing method was 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature review 

 45

found to be successful in decreasing the annealing temperature and increasing the 

remnant polarization of the thin film. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.27 AFM images of SBT films (150 nm thick) annealed at 750 oC for (a) 1 

min and (b) 5 min by CFA and for (c) 3 s, and (d) 10 s by RTA.[73] 

 

Li et al [73] discovered that although there were no significant differences in the XRD 

patterns of the MOD-derived thin film, after 1 min of CFA annealing and three 

seconds RTP annealing, AFM images did show significant differences in the surface 

morphology of the SBT film (Figure 2.27). The RTP-annealed film exhibited a denser, 

uniform and much smaller grain with roughness of ~0.7nm, whereas CFA-annealed 

film had a sparser and much larger grain with roughness of ~ 3.2nm. This indicated 
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that films annealed by RTP have higher nucleation rate than by CFA. This could be 

due to the various heating characteristics between RTP and CFA, since RTP has a 

much higher temperature ramping rate and higher heat transport rate, which provides 

the atoms and ions with more energy in a very short time and ensures them to jump 

the nucleation barrier and thus producing more nuclei. 

 

 

 

 

 

 

 

 

Figure 2.28 XRD patterns for SrBi2Ta2O9/Pt/TiO2/SiO2/Si crystallized at: (a) 600℃; 

(b) 650℃; (c) 700℃ for 10 min in a domestic microwave oven, and (d) 700℃ for 2h 

in a conventional furnace [74]. 

 

Zanetti et al [ 74 ] applied domestic microwave oven to anneal stoichiometric 

SrBi2Ta2O9 thin films, produced by the polymeric precursor method. The SBT thin 

films were crystallized at low temperature using a domestic microwave oven, as seen 

in Figure 2.28. The films thus obtained are crack-free, well-adhered, and fully 

crystallized, even when treated at 600 oC for 10min. The microstructure displayed a 

polycrystalline nature with an elongate grain size comparable to the films obtained by 
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the conventional treatment. Unfortunately, the reason for crystallization at lower 

temperature is not satisfactory.  

 

2.6.2 Effect of buffer layer on crystallization behavior 

Buffer layer refers to the layer between the bottom electrode and SiO2, whose purpose 

is to reduce the residual stresses and improve the adhesive strengths between bottom 

electrode and substrate. Titanium has been widely served as a buffer layer between 

SiO2/Si and bottom electrode because of an outstanding adhesion and barrier 

properties. For PZT thin films, Ti is considered as the best buffer candidate. Based on 

the success of titanium layer on the PZT thin film, titanium layer as a buffer was often 

applied on the SBT thin film. According to the previous reports [75,76,77], the hillocks 

caused by the outdiffusion of Ti atoms from the adhesion layer were frequently 

observed on Pt surfaces after thermal sequence. The presence of hillocks on Pt 

surfaces could cause adverse effects on the crystallization of SBT thin films since Ti 

is not the compositional element of SBT films and is likely transformed into the 

undesirable second phase during the subsequent SBT annealing process[78,79,80,81]. The 

formation of unwanted second phase has been proven to result in a rough interface, 

and it also degrades the ferroelectric properties of SBT films. Therefore Ti is not 

suitable as a buffer layer in SBT thin films. 

 

Although some non-metal materials such as TiO2, ZrO2 and Si3N4 can avoid the 

outdiffusion, these non-metal buffers results in poor adhesion and intolerable 
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resistance between the bottom electrode and the plug. Hence non-metallic buffers are 

not the best candidates. Recently, Leu et al [18,82] compared the effects of titanium (Ti) 

and tantalum (Ta) adhesion layers on the ferroelectric and microstructural properties 

of sol-gel-derived SBT films (Figure 2.29). It was found that the atoms from the 

adhesion layer played a significant role in the resultant microstructures and physical 

properties of SBT films. The electron spectroscopy for chemical analysis clearly 

indicated that both the Ti and Ta atoms of adhesion layers had out-diffused behavior 

onto the surface of bottom-electrode Pt films after a thermal treatment of 750°C, 1min. 

Various out-diffused species did cause the distinct properties of SBT films, which 

were confirmed by the results of surface analysis and polarization-electric field (P-E) 

measurements. The formation of undesirable second phase compounds near the 

SBT/PT interface was observed in specimens with Ti layer, and it was speculated to 

be the significant degradation of spontaneous polarization. On the contrary, Ta species 

were found to exhibit the pure bismuth-layered structure (BLS) phase and the good 

ferroelectric properties of SBT films, which have been identified by X-ray diffraction 

spectra and P-E measurements. The remnant polarization values of SBT films on top 

of Pt/Ti/SiO2/Si and Pt/Ta/Ti/SiO2/Si substrates are 11.1 and 14.2µC/cm2 at 5V, 

respectively. Consistently, the SBT film with Ta adhesion layer displayed a better 

polarization value of 16.2µC/cm2 than that with Ti adhesion layer (12.6µC/cm2). The 

fatigue tests of all samples depicted the near-fatigue free characteristics except for the 

specimen with Ti adhesion layer crystallized at 800°C. It is suggested that the 
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employment of the Ta element for the adhesion layer in the SBT process is more 

favorable to obtain a desirable BLS phase and to improve the ferroelectric properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.29 AFM topographic images of the surface of Pt thin films on different 

barriers: (a) Ti barrier at room temperature; (d) Ta barrier at room temperature, (b) Ti 

barrier at 400 °C; (e) Ta barrier at 400 °C, (c) Ti barrier at room temperature followed 

by a postannealing at 400°C for 5 mins in N2 ambient; (f) Ta barrier at room 

temperature followed by a postannealing at 400°C for 5 mins in N2 ambient [82]. 
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In summary, the buffer layer for SBT thin film must have two basic characteristics: 

Firstly it can reduce the residual stresses between the bottom electrode and the 

underlying substrate. Secondly the layer must also act as a barrier to prevent the 

diffusion and also possess outstanding adhesion so as to improve the adhesive 

strength between the substrate and bottom electrode. 

 

2.6.3 Effect of seeding layer on crystallization behavior 

The seeding layer is placed between the thin film and the bottom electrode. Its main 

purpose is to reduce the crystallization temperature of the thin film by introducing 

additional nucleation sites thus reducing the activation energy of nucleation. Kwok et 

al. did a study on the nucleation and growth of the perovskite phase of lead zirconate 

titanate (PZT) thin films and it indicated that the activation energies of nucleation and 

growth of the PZT (Zr/Ti ratio = 53/47) perovskite phase were 441 kJ/mol and 112 

kJ/mol respectively. This showed that the nucleation process was indeed the rate 

limiting step in perovskite transformation.  

 

Motivated by seeding layer applied in PZT system, seeding layer is also inserted in 

between SBT thin film and underlying bottom electrode. Tae et al [83] studied the 

effects of variations in the thickness of the seeding layer on the characteristics of the 

film. The Bi4Ti3O11 seeding layer played an important role in improving the 

crystallinity, preventing the formation of a Bi deficient layer or Bi2Pt layer and 

showed good ferroelectric properties. The 5nm thick Bi4Ti3O11 seeding layer 
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especially showed larger remnant polarization and better fatigue properties compared 

with films without the seeding layer. 

 

Aguilar et al [84] also discovered that SBT seeding layer benefited in enhancing the 

crystallinity of SBT thin films, as a reflect in XRD that the diffraction peaks for 

seeded SBT thin films became narrower than those without SBT seeding,  as 

indicated in XRD patterns (Figure 2.30). Correspondingly, the SEM surface 

morphologies in Figure 2.31 also show the seeded SBT grains are larger than 

unseeded SBT grains at the same annealing conditions. Jung et al[85] used X-ray 

diffraction (XRD) results on heated seeded and unseeded SBT thin films to indicate 

that the phase transformation kinetics is greatly enhanced in the seeded film. 

Quantitative X-ray diffraction (Q-XRD) was performed and the results were used for 

JMA isothermal kinetic analyses. From JMA plots, Avrami exponent values for 

unseeded and seeded films were determined as ~ 1.5 and ~ 1.1 respectively. This 

implies that each film has a different nucleation mechanism. Using Arrhenius plots 

the activation energy values for the phase transformation of unseeded and seeded 

films were determined as ~ 263 and ~ 183 kJ/mol respectively (Figure 2.32). The 

nucleation mechanism difference and the resultant activation energy difference 

provide the origin of enhanced kinetics in seeded SBT thin films. 
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Figure 2.30 XRD patterns of seeded and unseeded films annealed at 700 and 

720oC.[85] 

 

 

 

 

 

 

 

 

Figure 2.31 Surface and cross section SEM images of SBT thin films heat treated at 

720oC; (A) unseeded film surface, (B) unseeded film cross section; (C) seeded film 

surface, and (D) seeded cross section.[ 85] 
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Figure 2.32 Arrhenius plots for (a) unseeded and (b) seeded SBT thin films. The 

activation energy values (Q) for the fluorite-to-Aurivillius phase transformation are 

inserted. [85] 

 

2.7 Summary 

Utilization of ferroelectric thin films for nonvolatile random access memory (NvRAM) 

applications has been under intensive investigation. Films for transistor-type memory 

require possessing these properties: a large remnant polarization, a low coercive field 

(2Ec), sufficient fatigue endurance against repetitive polarization switching. Layered 

perovskite structure SrBi2Ta2O9 (SBT) thin film has attracted ever increasing attention 

because it exhibits fatigue-free property up to 1012 cycles (even on Pt bottom 

electrode), excellent retention characteristics, and low leakage current density. 

However, two shortcomings are involved in SBT thin films: the low remnant 
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polarization (2Pr<10μC/cm2) and high annealing temperature (>800℃). Substitution 

at A or B site can effectively modify polarization properties. Similar to PbTiO3 that 

accommodate the cation vacancies created by La substitution, trivalent elemental 

substitution such as Bi3+, La3+ and Nd3+ with the Sr2+ site also induces A-site cation 

vacancies to satisfy charge neutrality, which significantly improves the low-field 

polarization properties. Besides, the crystallization temperature needs to be reduced in 

order to be compatible with the existing CMOS fabrication norm. 

2.8 Project overview 

Two key problems (lower 2Pr and higher annealing temperature) hamper the SBT 

ferroelectric thin films to be commercialized. In this project, the trivalent doped SBT 

thin films with the improved polarization properties and reduced crystallization 

temperature will be prepared using radio frequency magnetron sputtering and 

thereafter characterized. Issues include the relationship among deposition parameters, 

microstructure and polarization properties, substitution mechanism, interface structure, 

crystallization behavior and effect of rf bias on crystallization temperature. The 

schedule for preparation of Sr-deficient and Nd-doped SBT thin films with improved 

polarization properties and reduced annealing temperature is presented in Figure 2.33. 
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Figure 2.33 Schedule of the whole project 

 

 

(1) Improve the polarization properties of SBT thin films 

(2) Reduce the annealing temperature of SBT thin films 

rf magnetron sputtering of Sr-deficient and Nd-doped SBT thin films 

(1) process pressure; (2) power density; (3) argon-to-oxygen ratio;  

   (4) target-to-substrate distance; (5) substrate bias 

Chemical composition and state 

 XPS 

Microstructure 

 AFM, FEFEM, XRD, GIXRD, SAXS 

Interface structure 

 SIMS, FESEM, XPS 

Polarization properties 

 RT6000HVA ferroelectric tester (P-E hysteresis loop) 
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CHAPTER 3 EXPERIMENTAL PROCEDURE 
 

3.1 Preparation of substrates 

3.1.1 Silicon oxidation 

Silicon oxide is served as barrier layer in order to prevent inter-diffusion in between 

deposited layers and silicon substrate. The substrate is (100) P-type silicon. Before 

oxidation, silicon (100) was cleaned using standard RCA cleaning process and then 

chemically etched in a dilute HF solution. After pre-cleaning silicon, thermal SiO2 

films (0.5μm) were prepared at 1130°C with a sequence dry–wet–dry allowing quick 

growth. The cross section image is shown in Figure 3.1, which indicates that the layer 

of thermal SiO2 is uniform. 

 

 

 

 

 

 

 

Figure 3.1 SEM cross-sectional image of SiO2/Si 

 

Si(100) substrate 
SiO2 
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3.1.2  Deposition of buffer layer 

In order to improve the adhesive strength between Pt layer and the substrate and 

release the residual stress, tantalum of around 120nm in thickness was deposited on 

SiO2 film grown on Si (100) wafer using direct current magnetron sputtering because 

tantalum is a refractory metal proven to possess outstanding adhesion and barrier 

properties [86] The deposition parameters are listed in Table 1 and the thickness of Ta 

layer are determined by cross sectional image. 

 

Table 1: Typical deposition conditions of Ta film. 
 

Parameters Conditions 

Base Pressure (Pa) <2×10-4 

Sputtering Pressure (Pa) 1 

DC power (W) 250 

Gas flow rate (Ar sccm) 60 

Substrate temperature (℃) Room temperature 

Substrate bias (W) 40 

Duration time 8min 

3.1.3  Deposition of electrodes 

In order to measure the electrical properties of SBT thin films, platinum (Pt) 

electrodes (bottom and top electrodes) were deposited using dc magnetron sputtering 

with the deposition conditions listed in Table 2. After deposition of the bottom 

electrodes, the substrates were annealed at 400°C for 3min using rapid thermal 

annealing machine (RTA) in order to enhance the adhesion property. The XRD 

pattern of bottom electrode is illustrated in Figure 3.2, which indicates that Pt was 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Experimental procedure 

 58

crystallized with (111) orientation and no other diffraction orientation was detected. 

The final thickness of Pt bottom electrode is about 100nm, which was determined 

using small angle X-ray specula scattering (SAXS): R=d/t, where d is the film 

thickness and t the time taken for the particular deposition. Circular Pt top electrodes 

with the diameter of 0.3mm were sputtered using a shadow mask onto the surface of 

SBT thin films. 

 
Table 2: Typical deposition conditions of Pt electrode. 

 

Parameters Conditions

Base Pressure (Pa) <2×10-4 

Sputtering Pressure (Pa) 1.0 

DC power (W) 200 

Gas flow rate (Ar sccm) 60 

Substrate temperature (℃) 400 

Substrate bias (W) 40 

Duration (min) 15 

 

 

 

 

 

 

 

 

 

Figure 3.2 XRD pattern of Pt bottom electrode layer. 
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3.1.4 Deposition of Ta barrier layer 

In order to study the effect of Ta barrier layer on interfacial diffusion, Ta barrier layer 

of 0.5, 1, 2 and 4 nm in thickness was deposited on Pt/Ta/SiO2/Si substrates at 500oC 

using dc magnetron sputtering and high purity tantalum target (99.999%) was chosen.  

 

3.2 Fabrication of Sr-deficient SBT and Nd-doped SBT thin 

films 

In this study, SBT thin films were fabricated using radio-frequency (13.56MHz) 

magnetron sputtering deposition. The PVD system used in this study is Penta Vacuum 

System, as shown in Figure 3.3 and the schematic diagram of the sputtering set-up is 

shown in Figure 3.4. Two start targets are used to deposit Sr-deficient and Nd-doped 

SBT thin films, respectively. Sr-deficient SBT films are sputtered from a 4-inch 

sintered target of Sr0.8Bi2.5Ta2O9+x (15% Bi2O3 is excessive in the target) with a purity 

of 99.99% (Plasmaterials Inc., Livermore, CA). Another sintering ceramic target of 

Sr0.8Nd0.3Bi2.5Ta2O9+x (15% excess of Bi2O3 was added to the target in order to 

compensate for the Bi atoms in the deposited film and during the post annealing 

treatment) with a purity of 99.9% (Super Conductor Materials Inc. Tallman, NY) is 

used to sputter Nd-doped SBT thin films. Home-made Pt (111)/Ta/SiO2/Si (100) was 

used as substrates. 
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Figure 3.3 Penta vacuum sputtering system. 

 

 

 

 

 

 

 

 

Figure 3.4 Schematic set-up of sputtering system. 

 

Before deposition, the chamber was pumped down to the base pressure of 3×10-4 Pa. 

After that, argon and oxygen mixtures were introduced into the sputtering chamber 

and the ratio of argon over oxygen was controlled with a mass flow controller. The 

process pressure was adjusted by a pressure controller. Then the substrates were 
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pre-cleaned for 5min using plasmas produced by applying substrate radio frequency 

bias (40W). The four-inch Sr0.8Bi2.5Ta2O9 target with thickness of 4mm was used to 

deposit the Sr-deficient SBT thin films and their corresponding deposition parameters 

are listed in Table 3. The four-inch Sr0.8Nd0.3Bi2.5Ta2O9 target with thickness of 4mm 

was used to deposit the Nd-doped SBT thin films and their corresponding are listed in 

Table 4. 

 

Table 3 Typical sputtering conditions of Sr-deficient SBT films 

Parameters conditions 
Base Pressure (Pa) <3×10-4 

Sputtering Pressure (Pa) 0.8-2.5 
Power density (W/cm2) 1.02-1.91 

Gas flow rate (Ar/O2 sccm) 54/6 
Target-to-substrate Distance (mm) 30-60 

Substrate condition unheated 

 

Table 4: Typical sputtering conditions of Nd-SBT films. 
 

Parameters conditions 

Base Pressure (Pa) <3×10-4 

Sputtering Pressure (Pa) 1.5 

Radio frequency power (W) 180 

Oxygen percentage in total gas 0%; 10%; 25%; 33%; 50% 

Target-to-substrate Distance (mm) 40 

Substrate condition unheated 

 

3.3 Post annealing treatment 

The as-deposited SBT thin films are amorphous and need to be crystallized under 

rapid thermal annealing at a ramping rate of 25°C/sec and conventional furnace 
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annealing at a ramping rate of 10°C/min. RTA machine used in this study is shown in 

Figure 3.5. Before annealing, the chamber was pumped up to 1Pa and then oxygen gas 

(1 atm) was filled into the chamber in order to reduce the oxygen vacancies. 

 

 

 

 

 

Figure 3.5 Rapid thermal annealing machine (JIPELEC, JETFIRST). 

3.4 Characterization of thin films 

3.4.1 Thickness measurement 

Two methods are used to measure the thickness of the thin films. The first method is 

small angle X-ray specula scattering. The measuring parameters are: voltage is 40kV 

and current 40mA, 2θ ranges from 0.001 to 5°. The deposition rate R at various 

sputtering parameters is determined using small angle X-ray specula scattering 

(SAXSS): R=L/t, where L is the film thickness and t the time taken for the particular 

deposition. For amorphous thin film on silicon wafer, thickness L can be calculated 

from two consecutive sine angles where interference occurs [87]:  

)sin(sin2 12 θθ
λ
−

=L                             (3-1) 
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Where L is the thickness of film/coating, λ the wavelength of X-ray and θ interfere 

angle. A typical SAXSS curve of our sample is shown in Figure 3.6. The desirable 

thickness of Sr-deficient SBT thin films is controlled through controlling of time to be 

around 200nm based on the calculated deposition rates at various sputtering 

parameters. 

 

 

 

 

 

 

 

 

Figure 3.6 Typical SAXSS curve of amorphous SBT thin film 

Another method to measure the thickness of thin films is to observe the cross 

sectional image on a field emission scanning electron microscope (FESEM, JEOL 

JSM-6340F, Japan). The voltage and current are 5kV and 12mA, respectively.  

 

3.4.2 Crystal structure 

The x-ray diffraction (XRD) machines (Philips, X’pert and Rigaku Ultima 2000, 

Tokyo, Japan) were used to identify the crystal structure and check the secondary 
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phase in SBT thin films. The scanning angle is from 10° to 65° with a step size of 

0.02° and a measuring time of 0.5s per step. The x-ray is CuKα radiation (λ=1.5406Å) 

working at 40kV and 40mA. Grazing incidence x-ray diffraction (GIXRD) was 

chosen to measure crystalline SBT thin films in order to obtain strong diffraction 

intensity of SBT thin films because depth of penetration of X-ray is shallow. The 

parameters used are the same as normal scanning mode with an incidence angle (α) 

fixed at 2 or 0.5°. 

 

3.4.3 Microstructure 

The surface morphology of the as-deposited and annealed films was measured using 

an atomic force microscope (AFM) (Shimadzu SPM-9500J2, Japan) and field 

emission scanning electron microscope (FESEM) (JEOL JSM-6340F, Japan). The 

measurement using AFM was conducted in ambient atmosphere in contact mode with 

a Si3N4 tip, with scan size of 1000nm×1000nm, set point 2.000V and scan rate 

1.000Hz. The FESEM was operated with the operation voltage of 5kV.  

 

3.4.4 Chemical composition 

The x-ray photoelectron spectroscopy (XPS) shallow surface measurement was 

performed in a Kratos AXIS Ultra spectrometer with a monochromatized Al Kα X-ray 

source (1486.71 eV) operated at a reduced power of 150 W (15 kV×10 mA). The 

base pressure in the analysis chamber was 2.66×10-7 Pa. The core-level spectra were 

obtained at a photoelectron take-off angle of 90o measured with respect to the sample 
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surface and were recorded in 0.1 eV step with the pass energy of 40 eV. The binding 

energy (BE) scale of the XPS spectrum was calibrated with the C 1s peak (neutral 

C-C peak at 284.8 eV). The chemical states for depth profiles (etching profiles) were 

analyzed on the same equipment. An Ar+ ion gun with acceleration voltage of 4 kV 

and filament current of 15 mA was used to etch the samples at a gas pressure of 6.65 

× 10-6 Pa. Ion bombardment using a differential pumping ion gun (Kratos Macro 

Beam) was performed at an incident angle of 45o to the surface normal. Depth 

profiling was done until the oxygen peak became minimal. Curve fitting was 

performed after a Shirley background subtraction by non-linear least square fitting 

using a mixed Gauss/Lorentz function. 

 

The elemental distribution along depth direction and interfacial diffusion (positive ion 

mass depth profiling) were conducted using time of flight secondary ion mass 

spectrometry (TOF-SIMS IV, manufactured by CAMECA/IONTOF, Germany) for 

elemental distribution. The bombarding Ar ion was operated at 3 keV, Ga+ 

impingement beam was powered at 25 keV; Ar sputtering area was set as 300×300 

µm2 while the Ga+ impingement area for analyses is 150×150 µm2.  

 

3.4.5 Structural relaxation behavior 

A differential thermal analyzer (DTA7, Perkin Elmer) was used to investigate the 

structural relaxation behavior at a ramping rate of 10℃/min (the same ramping rate as 
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CFA). The Nd-doped SBT thin films was deposited on KBr substrate and then 

removed (water dissolving) to be ready for DTA test. 

 

3.4.6 Polarization properties 

The top Pt electrodes were dc-sputtered onto the crystallized SBT films through a 

shadow mask to produce a circular diode of 0.2 mm diameter. The metal-ferroelectric 

metal (MFM) capacitors were re-annealed in O2 flow at 400 °C for 30 min to improve 

the contact between SBT and Pt electrode. Measurement of the P-E hysteresis loops 

was carried out with a RT6000HVA ferroelectric tester (Radiant Technologies Inc.) in 

a virtual ground mode. Fatigue characteristics were examined by using rectangular 

alternative pulses at 500 kHz and 5V. 
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CHAPTER 4 RESULTS AND DISCUSSION 

This chapter is composed of two sections. In the first section, 

Sr-deficient/Bi-excessive SrBi2Ta2O9 thin films were prepared via magnetron 

sputtering, which covers the relationship among deposition parameters (process 

pressure, power density, argon-to-oxygen ratio, and target-to-substrate distance), 

composition and microstructures. The second section concentrates on Nd-doped 

SrBi2Ta2O9 thin films. It includes the film preparation, substitution analysis, effect of 

Ta barrier layer, crystallization behaviors and reduction of crystallization temperature. 

4.1 Sr-deficient/Bi-excessive SrBi2Ta2O9 thin films prepared by 

radio frequency magnetron sputtering 

Because of the complexity of multi-component compound sputtering, to date, a 

systematic parametric analysis of sputtered Sr-deficient SBT thin films is still not 

readily available. This part discusses the relationship between the sputtering 

parameters (including process pressure, power density, argon-to-oxygen ratio and 

target-to-substrate distance) and the structural properties of Sr-deficient SBT thin 

films deposited on Pt electrodes and the transport mechanisms of sputtered ions under 

various sputtering conditions. During deposition, no additional substrate bias was 

applied. 
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4.1.1 Effects of deposition parameters on microstructures of films 

4.1.1.1 Effect of processing pressure on structural properties  

A. Deposition rate 

The thickness of as-deposited SBT thin films directly deposited on silicon wafer was 

determined using small angle x-ray specula scattering (SAXSS). Figure 4.1 shows the 

typical GIXSS curve of amorphous SBT thin film deposited at the process pressure of 

1.5Pa with deposition lasting 30min. According to equation (3-1), the thickness of 

amorphous thin film can be determined as 56nm. So under this sputtering condition 

the deposition rate is 1.8nm/min. In the same way, the other deposition rates at other 

sputtering conditions are also calculated using this method. Figure 4.2 shows the 

deposition rate as a function of process pressure. It is observed that the deposition rate 

rises initially (from 1.7nm/min to 2.4nm/min) and then subsides (from 2.4nm/min to 

1.0nm/min) as the process pressure increases, peaking at 1.0Pa pressure.  

  

 

 

 

 

 

 

Figure 4.1 typical SAXSS curve of as-deposited SBT thin film (the deposition 

parameters are inserted) 
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Figure 4.2 deposition rate of SBT thin films as a function of process pressure 

 

The number of atoms condensed on the substrate (N) can be written as N=Nsput-Nscat, 

where Nsput is the number of atoms sputtered from target surface and Nscat refers to the 

number of atoms scattered [88]. Meanwhile, sputtering rate as a function of current 

density is as follows:   

ne
JR i

sputsput
1γ=                            (4-1) 

where γsput is the sputtering yield of target, n is the atomic density of the target 

(atom/cm3), e is the electron charge, Ji is the current density. It has been proved that 

an increase of the process pressure results in a decrease of the thickness of the cathode 

sheath leading to an increase in ion current density. The increasing ion current density 

leads to the enhancement of sputtering rate. So the sputtering rate increases with 

increasing process pressure. Therefore, Nsput increases with the process pressure 

increasing. However, Nsput increasing does not mean that N increases since at high 
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process pressure, the collision between sputtered atoms and gas kicks in, which results 

in Nscat increasing. Therefore, it can be inferred that N depends on the competion 

between Nsputter and Nscatter. Therefore, when the process pressure reaches a certain 

point where the competion between sputtering rate and scattering rate also reaches 

critical point, i.e. 1.0Pa, this point corresponds to the maximum of depoisiton rate. 

When process pressure exceeds this point (1.0Pa), the deposition rate will become 

slower because the scattering effect is dominant. As a result, below 1.0Pa, the 

deposition rate is increased with the increasing process pressure, while above 1.0Pa 

the deposition rate decreased.  

 

B. Crystal structure 

Figure 4.3 shows XRD patterns of the post annealed (at 750 oC for 5min under RTA) 

films deposited at different sputtering pressures while the power density, 

argon-to-oxygen ratio and target-to-substrate distance were fixed at 1.27W/cm2, 9:1 

and 60 mm, respectively. By indexing the diffraction peaks, there include two phases 

in the films: the layered perovskite SBT phase and pyrochlore phase. It was found that 

the pyrochlore contains very little bismuth [89], and is not desirable because of having 

no ferroelectric property. At 0.8 Pa, the pyrochlore phase is dominated. With 

increasing pressure from 0.8 to 1.5 Pa, the intensity of the pyrochlore peaks gradually 

decrease whilst the SBT peaks intensifies. At 1.5 Pa, the (115) orientation becomes 

predominant and the peaks belonging to pyrochlore phase are almost indiscernible. 

However, as the pressure goes over 1.5 Pa, the (115) intensity subsides till completely 

vanishes at 2.5 Pa while pyrochlore peaks intensify again and at 2.5 Pa, the diffraction 
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peaks all belong to those of the pyrochlore phase, indicating the pure pyrochlore 

phase forms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 XRD patterns of SBT thin films (annealed at 750 oC for 5min under RTA) 

deposited at various process pressures while the power density and target-to-substrate 

distance are fixed at 1.27W/cm2 and 60 mm, respectively 
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C. Chemical Composition 

From above XRD results, it is inferred that the variation in diffraction peaks should be 

attributed to film compositional change caused by process pressure. Figure 4.4 

contains plots of the compositional change of the annealed films deposited at various 

sputtering pressures. As the chamber pressure increases to 1.5Pa, the Sr/Ta ratio 

basically keeps a constant, though a slight decrease is observed. Above 1.5Pa, the 

Sr/Ta ratio goes down more quickly. The Bi/Ta ratio pressure dependence is an 

inverted V-shape that peaks at 1.5 Pa with Bi/Ta =0.8. Before reaching 1.5Pa, Bi/Ta 

gradually increases, while above 1.5Pa, Bi/Ta decreases linearly. The increase in Bi 

correlates to an increase in the SBT phase content for pressures of 0.8~1.5Pa. Thus, 

the (115) orientation increases (ref.Figure 4.3). Above 1.5Pa, the Bi content in the 

film decreases with increasing process pressure, this is also reflected in Figure 4.4 as a 

change from the SBT phase to the pyrochlore phase. These results are consistent with 

a previous report [90]. The variation in composition at different pressures is related to 

the deposition rate of each element caused by its transportation behavior. 

Transportation of Sr, Bi and Ta is sensitive to chamber pressure. [14, 58, 59] In general, 

transportation of sputtered particles (ions and neutrals) fall into three modes, 

depending on chamber pressure [95]: at high pressure, the transportation is 

characteristic of gas phase diffusion; at low pressure, the transportation is ballistic 

with virtually no collision with gas molecules; at intermediate pressure, lighter species 

tend to suffer more loss of momentum and more suffering (direction changes) than 

heavier species [91,92,93]. 
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Figure 4.4 Compositional changes of SBT thin films (annealed at 750 oC for 5min 

under RTA) deposited at various process pressures while the power density and 

target-to-substrate distance are fixed at 1.27W/cm2 and 60 mm, respectively (from 

XPS analysis) 
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affecting the formulation) [94]. Helmer et al.[95] described the deposition rate (R) in the 

high pressure regime as 

L
SR

3
4 λ

=                                  (4-2) 

where S is the sputtering yield (i.e., the number of atoms ejected per incident ion), λ 

the mean free path of the sputtered particles, and L the target-to-substrate distance. 

Since λ varies with 1/P, where P is the total chamber pressure, increasing the total 

pressure reduces the deposition rate through the reduction of mean free path and 

through a decrease in target sputter rate. This results in a reduction of sputtered 

particles produced and arriving at the substrate. In our experiments, the effect is 

obvious above 1.5Pa. Of course, chamber pressure P is not the only factor affecting 

the deposition rate.  Other factors include sticking coefficient, valence of the 

sputtered ions, potential back-sputtering (or re-sputtering), and interactions among 

particles with the chamber gas [91]. Taking these effects into consideration, the 

deposition rate equation can be rewritten as [94] 

                            akPR −=                              (4-3) 

where, k is a constant, a is a pressure index varying with element. Applying eqn (2) to 

Bi and Ta gives rise to deposition rate expression for Bi and Ta, respectively, which 

leads to the relative ratio of deposition rate of Bi to Ta (RBi/Ta) being written as 

              ( ) ''
/ / aaa

TaBiTaBi PkPkkR BiTa == −                          (4-4) 

where 'k and 'a  are obtained experimentally as 2.24 and -0.42, respectively. The 

negative value of 'a  implies the decrease in ratio of Bi over Ta at high pressure 

range. That is a phenomenological explanation. More atomically, though the ratio of 
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Ar over O2 is fixed for the experiment, higher pressure still gives rise to more O2 in 

the chamber. Because of its much higher oxygen affinity than Bi, Ta would react with 

oxygen to form more Ta-oxide that enters the film. As a result, the mole ratio of Bi 

over Ta drastically decreases at high pressures.  

 

D. Microstructure 

Figure 4.5 shows FESEM images of the surface morphology of the SBT thin films 

deposited at various processing pressures. All thin films are dense but present 

different patterns. From 0.8 to 1.5Pa, the films are a mixture of SBT (the phase with 

large grains) and pyrochlore (the phase with fine grains). The amount of pyrochlore 

phase goes down as the pressure increases to 1.5Pa, and then up as the chamber 

pressure continues to increase. These observations are consistent with XRD phase and 

XPS composition results, i.e. less bismuth content leads to more pyrochlore phase 

generating, thus finer grains are visible on FESEM image. It is suggested that the 

elimination of pyrochlore needs more added bismuth. 
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Figure 4.5 FESEM images of SBT thin films (annealed at 750 oC for 5min under RTA) 

deposited at various process pressures while the power density and target-to-substrate 

distance are fixed at 1.27W/cm2 and 60 mm, respectively 

b) 1.0Pa

d) 1.5Pa

a) 0.8Pa 

f) 2.5Pae) 1.8Pa 

c) 1.2Pa 
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4.1.1.2 Effect of power density on structural properties 

In multi-component oxide sputtering, the composition deviations could be correlated 

with the differences of the mass, the vapor pressure, and the sputtering yield of the 

component elements. Whereas, the power density has a great effect on sputtering 

yield of the element, in this section, the deposition rate and composition dependence 

on power density will be elaborated. 

 

A. Deposition rate 

The variation in power density tends to alter the sputtering yield thus change the 

deposition rate. Figure 4.6 presents the deposition rates as a function of power density. 

It can be seen that the deposition rate gradually rises with the increasing target power 

density.  

 

According to the elastic-collision theory, the maximum possible energy transferred in 

the first collision, Tm, is given by 

E
MM
MMTm 2

21

21

)(
4

+
=                                (4-5) 

where M1 and M2 are the masses of the incident ions and target atoms respectively, 

and E is the energy of incident ions. In the first order approximation, the sputter yield, 

S, is proportional to the Tm. The sputter yield of a given target material bombarded 

with a different element is given by [96] 
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where k is a constant that includes different target material constants, λ(E) is the mean 

free path for elastic collisions near the target surface, and θ is the angle between the 

normal on the target surface and the direction of incidence ions. As the power density 

increases, the energy of incident ions increases thus results in an increase of sputtering 

yield. Therefore, the deposition rate increases. 

 

 

 

 

 

 

 

 

Figure 4.6 deposition rate of SBT thin films as a function of power density 

 

B. Crystal structure 

Figure 4.7 shows the XRD patterns of SBT thin films deposited at four power 

densities with a sputtering pressure of 1.5Pa, argon-to-oxygen ratio of 9:1 and 

target-to-substrate distance of 60mm. All films display the polycrystalline SBT crystal 

structure with some pyrochlore phase included. The diffraction patterns indicate that 

the microstructure evolution is largely controlled by power density. As the power 

density increases from 1.02W/cm2 to 1.91W/cm2, the relative diffraction intensity of 

the pyrochlore phase undergoes a diminishing and then reviving course, similar to that 
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of the chamber pressure effect. At power density of 1.91W/cm2 (200) peak of Pt is 

also visible. Since care had been taken to ensure all films have the same thickness, we 

suspect that during sputtering deposition on rotational wafer, some place of the wafer 

also has appreciable (200) orientation grain growth.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 XRD patterns of SBT thin films (annealed at 750 oC for 5min under RTA) 

as a function of power density while the deposition pressure and target-to-substrate 

distance are fixed at 1.5Pa and 60 mm, respectively 
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corresponding to the least pyrochlore phase. This indicates that pyrochlore 

concentration is dependent on the ratio of Bi to Ta. As Bi/Ta is below 1, the 

pyrochlore phase tends to coexist with SBT phase. In multi-component oxide 

sputtering, the composition deviations are related to differences of mass, vapor 

pressure, and the sputtering yield of the component elements. The scattering and 

collision behavior of particles with respect to rf power density will be discussed 

below. 

 

As the power density increases, the kinetic energy of sputtered particles is also 

enhanced. Kinetic energies (Uk) for sputtered particles can be estimated by [97] 

2/1/ PVDU sk ≈                                 (4-7) 

Where, D is the power density, Vs is substrate bias voltage and P is gas pressure. Here 

the process pressure is fixed. Thus, kinetic energy of the sputtered species is 

proportional to power density and bias voltage. At the same time, when kinetic energy 

is enhanced, the back-sputtering kicks in, especially for lighter mass elements. The 

atomic mass difference between Sr and Ta (87g/mole vs 181g/mole) is very large, and 

the mass ratio of Sr over Ta is 87/181=0.481<1. However, the atomic mass difference 

between Bi and Ta (209g/mole vs 181g/mole) is very small, thus Bi/Ta ratio is not 

significantly affected by their different atomic mass. From this viewpoint, it is 

expected that strontium should be more strongly affected by the power density than 

bismuth and tantalum. In the present case, although the power density varies from 

1.02W/cm2 to 1.91W/cm2, because the power density is not high enough, the back 
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sputtering effect is negligible. Thus the ratio of Sr over Ta varies a little while 

changing trend of Bi over Ta ratio presents an inverted-V shape, as shown in Figure 

4.8. 

 

 

 

 

 

 

 

 

Figure 4.8 Compositional changes of SBT thin films (annealed at 750 oC for 5min 

under RTA) as a function of power density while the processing pressure and 

target-to-substrate distance are fixed at 1.5Pa and 60 mm, respectively (from XPS 

analysis) 

 

D. Microstructure 
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uniform grains (around 200nm) and the pyrochlore phase reduces to a very small 

percentage. At 1.52 W/cm2, the pyrochlore phase increases again. At 1.91W/cm2, the 

film shows small grains uniformly distributed in the film. Based on the XRD results, 

the uniformly distributed small grains correspond to the dominant pyrochlore phase. 

These observations are in good agreement with XRD and composition results. The 

microstructure is highly dependent on the bismuth concentration which is changed by 

power density. The deficient bismuth gives rise to the appearance of pyrochlore.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 FESEM images of SBT thin films (annealed at 750 oC for 5min under RTA) 

deposited as a function of power density while the processing pressure and 

target-to-substrate distance are fixed at 1.5Pa and 60 mm, respectively. 

a) 1.02W/cm2 b) 1.27W/cm2

c) 1.52W/cm2 c) 1.91W/cm2
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4.1.1.3 Effect of argon-to-oxygen ratio on structural properties 

Related investigations have confirmed the important role which oxygen vacancies 

play in the fatigue and reliability properties of ferroelectric films [98,99]. So the partial 

oxygen needs to be introduced during the sputtering process.  

A. Deposition rate 

Figure 4.10 depicts deposition rate varying with argon-to-oxygen (ATO) ratio. As the 

ATO ratio decreases, i.e. more oxygen gas is introduced, the deposition rate is 

decreased. That is to say, the more oxygen does not favor the deposition rate. 

 

 

 

 

 

 

 

 

Figure 4.10 deposition rate of SBT thin films as a function of argon-to-oxygen ratio: 

deposition rate decreased with the decreasing ratio 
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decreasing deposition rate with increasing O2 partial pressure as reported by 

Sugimaya et al.[100] Moreover, Tahar et al.[101] claimed that during sputtering, the 

target atoms are subject to collisions with ambient gas atoms and other ejected atoms 

resulting in a partial loss of energy and direction on their way to the substrate. The 

motion of both sputtered atoms and ions is thus impeded by the sputtering gas 

pressure. At a given rf power, the thermalization region shifts toward the target by 

increasing O2 partial pressure.[102] This leads to the oxidation of the target [103,104] and 

possible re-sputtering of the film[105] and created the decreased deposition rate of the 

SBT thin film. 

 

B. Crystal structure 

Figure 4.11 presents the XRD patterns of SBT thin film as a function of ATO ratio 

with a sputtering pressure of 1.5Pa, power density of 1.27W/cm2 and 

target-to-substrate distance of 60mm. As the ATO ratio is increased, the pyrochlore 

peaks intensity decreases while SBT peaks intensify, signaling that the percentage of 

pyrochlore is reduced. At the ATO ratio of 3:2, the detected diffraction peaks besides 

Pt (111) peak are assigned to pyrochlore, implying that SBT phase is not involved in 

the film.  
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Figure 4.11 XRD patterns of sputtered thin films (annealed at 750 oC for 5min under 

RTA) at various argon-to-oxygen ratios 

 

C. Chemical composition 

The composition varies with the ATO ratio, shown in Figure 4.12. As the ATO ratio 

is increased, both Sr and Bi contents are gradually increased. However, Sr/Ta ratio 

(from 0.275 to 0.289) varies much more slowly than Bi/Ta ratio ranging from 0.51 to 

0.81. Therefore, the microstructure evolution is mainly controlled by the change of Bi 

content. These observations indicate that more oxygen is beneficial to sputter Ta 

atoms. Because of its much higher oxygen affinity than Bi, Ta would react with 

oxygen to form more Ta-oxide that enters the film. As a result, Bi/Ta drastically 
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decreases at high pressures. However, since the oxygen affinity of both Ta and Sr is 

comparable, the variation in Sr/Ta ratio is negligible. 

 

 

 

 

 

 

 

 

Figure 4.12 Compositional changes of SBT thin films (annealed at 750 oC for 5min 

under RTA) as a function of argon to oxygen ratio while the processing pressure, 

power density and target-to-substrate distance are fixed at 1.5Pa, 1.27W/cm2 and 60 

mm, respectively (from XPS analysis) 

 

D. Microstructure 

Figure 4.13 shows the FESEM surface morphologies of SBT thin films deposited at 

different ATO ratios, which were annealed at 750  for 3min using RTP. It is ℃

obviously observed that the film deposited at the mixture gas with ATO ratio of 90:10 

showed more uniform grains (Figure 4.13 a). At the ATO ratio of 3:1, the film 

includes two kinds of grains: fine and large grains (Figure 4.13 b). It is believed that 

the pyrochlore phase occupies larger proportion. When the ATO ratio reaches 60:40, 
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only the fine grains remain (Figure 4.13 c). It is inferred that these fine grains belong 

to the pyrochlore phase, as confirmed in XRD (Figure 4.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 surface morphologies of SBT thin films (annealed at 750 oC for 5min 

under RTA) as a function of argon-to-oxygen ratio: (a) 9:1; (b) 3:1; (c) 3:2 

 

 

 

 

(a) (b

(c) 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Results and discussion 

 88

4.1.1.4 Effect of target-to-substrate distance on structural properties 

When the other deposition parameters, such as process pressure, power density, 

argon-to-oxygen ratio, are fixed, the mean free path is also fixed. Therefore, the 

deposition rate and final composition of the film could depend on the 

target-to-substrate distance. As such, studying the effect of the target-to-substrate 

distance is also of significance. 

 

A. Deposition rate 

Figure 4.14 shows the deposition rate as a function of target-to-substrate distance 

while the process pressure, argon-to-oxygen ratio and power density are fixed at 1.5Pa, 

9:1 and 1.27W/cm2, respectively. It is seen that the deposition rate gradually 

decreases (dropping from 2.2nm/min to 1.8nm/min) as the target-to-substrate distance 

is increased (from 30mm to 60mm). Since the process pressure, argon-to-oxygen ratio 

and power density are fixed, the mean free path is considered as a constant on average, 

although the target composes of several components. Obviously, as the 

target-to-substrate distance increases, the collision times in between sputtered 

particles and mixing gas become higher statistically. As a result, the deposition rate 

becomes higher and higher as the target-to-substrate distance shortens. 
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Figure 4.14 deposition rate of thin films at different target-to-substrate distance 

 

B. Crystal structure 

Figure 4.15 shows the grazing incidence x-ray diffraction (GIXRD) patterns of SBT 

thin films as a function of target-to-substrate distance with the process pressure, 

argon-to-oxygen ratio and power density fixed at 1.5Pa, 9:1 and 1.27W/cm2, 

respectively. At 30 and 40mm, the pyrochlore phase is undetectable and the SBT 

phase is predominately (115) oriented. At 50mm, the pyrochlore diffraction peaks are 

present and increase with increasing target-to-substrate distance. 
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Figure 4.15 Grazing incidence XRD patterns of post-annealed SBT thin films 

deposited at different target-substrate distance while the processing pressure and 

power density are fixed at 1.5Pa and 1.27W/cm2, respectively 

 

C. Chemical composition 

Figure 4.16 illustrates the compositional changes of Sr/Ta and Bi/Ta as a function of 

the target-to-substrate distance. Though the trend is similar to that of the processing 

pressure and target power density, the target-to-substrate distance is more influential: 

the decrease of Sr/Ta is more obvious, from 0.38 to 0.28, and Bi/Ta reaches a 

maximum value of 1.2 at 40mm (Sr0.74Bi2.2Ta2O9+x as determined by XPS). Similarly, 

with insufficient Bi (Bi/Ta<1), the pyrochlore phase appears at above 50mm.  
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Fancey and Matthews [106] reported that the deposition rate decreased with an inverse 

power function of target-to-substrate distance. It is understandable that in the process 

of sputter deposition, with injection of mixed gas (Ar+O2) in the deposition chamber, 

the sputtered atoms from the target materials will collide with the gas molecules in 

their path towards the substrate when the target-to-substrate distance exceeds mean 

free path. The mean free path (λ) can be simplified as [96] 

     2
2

21 )(/1 nrr +≈ πλ                             (7) 

Where r1 and r2 are the atomic radii of sputtered atoms and discharge gas molecules, 

respectively, and n2 is the density of discharge gas (m-3). For real gas, it satisfies van 

der waals equation 

nRTnbV
V
anP =−+ ))(( 2

2                               (8) 

where P is pressure (Pa), n molecular number (mole), V gas volume (m3), R gas 

constant, T absolute temperature (K), a and b correction coefficients (for Ar: 

a=0.136Pa•m6•mol-2, b=32m3•mol-1; for O2: a=0.134 Pa•m6•mol-2, b=32 m3•mol-1 

[107]). And n2=n×NA/V (NA=6.023×l023/mol). From eqn (8), n2 can be calculated as 

3.306×1020m-3 (P=1.5Pa, T=323K). Using eqn (7), mean free paths of λsr
2+, λBi

3+ and 

λTa
5+  are 20, 24 and 30mm, respectively. If the gas is treated as ideal gas, or 

nRTPV =                                   (9) 

Eqn(9) can be rewritten as 

RT
P

V
n

=                                    (10) 

substituting n2=n×NA/V into eqn(7) gives 

RT
PN

n A ×
=2                                  (11) 
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Therefore, it can be seen from eqn(8) that the density of discharge gas (n2) is not 

related to volume (V). Using eqn (7) and (11), mean free paths of λsr
2+, λBi

3+ and 

λTa
5+ are 21, 25 and 31mm, respectively. Comparing to the results derived using real 

gas equation, the difference of mean free paths is very small. Therefore, the discharge 

gas in magnetron sputtering deposition at room temperature can be treated as ideal 

gas. 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Compositional changes of SBT thin films deposited as a function of 

target-to-substrate distance while the processing pressure and power density are fixed 

at 1.5Pa and 1.27W/cm2, respectively (from XPS analysis) 

 

Due to the difference in ion radii among Sr, Bi and Ta, the mean free path of Sr is the 

shortest and that of Ta is the longest under the same chamber conditions. Eqn(7) is a 

function of chamber pressure (through density of discharge gas, n2). As the 
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target-to-substrate distance increases from 30 to 60mm, Sr/Ta ratio increases 

gradually, which means deposition rate of Sr2+ reduces much faster than that of Ta5+. 

It is reasoned that mean free path (20mm) of Sr2+ is much shorter than that of Ta5+ 

(30mm). The shorter mean free path of Sr2+ consequentially causes more collisions 

with gas molecules and thus results in lower deposition rate, comparing with Ta5+. 

Similarly, longer mean free path (30mm) of Ta5+ results in less collision with gas 

molecules thus causes higher deposition rate. As target-to-substrate distance goes up, 

Bi/Ta has a peak at 40mm. However, the difference in Bi/Ta ratio at 40mm and 30mm 

is not vast. From 30mm to 40mm, both Ta and Bi experience one collision with 

discharge gas, thus their ratio changes very little. However, Sr/Ta decreases obviously 

because strontium undergoes two collisions with gas while Ta experience only one 

collision. Overall, more collisions result in more loss thus the deposition rate is 

reduced. 

 

D. Microstructure 

The effect of target-to-substrate distance on the morphology of SBT films is 

consistent with the XRD and XPS results: reduction of Bi sees increase in pyrochlore, 

which is discernable at morphologies in Figure 4.17: at 50 mm, as Bi starts to dip 

(c.f.Figure 4.16), pyrochlore phase (the darker grains in Figure 4.17 c) appears. At 60 

mm, as Bi dips further, the pyrochlore phase increases. The change in amount is not 

significant, though, as compared to that in Figure 4.9 and Figure 4.13 because the 
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study of the distance effect (Figure 4.17) is based on the optimized deposition 

conditions (thus the minimum pyrochlore phase exists). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 FESEM images depicting the morphology of SBT thin films as a function 

of target-substrate distance (as indicated on image) while the processing pressure and 

power density are fixed at 1.5Pa and 1.27W/cm2, respectively 

 

b) 40mm 

d) 60mm

a) 30mm 

c) 50mm 
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4.1.2 Effect of annealing temperature on crystalline of SBT thin 

films 

Figure 4.18 shows the grazing incidence x-ray diffraction (GIXRD) patterns of SBT 

thin films annealed at 600~800 . For as℃ -deposited SBT thin film, only a broad peak 

appears besides the Pt (111) peak implying the film is amorphous. At 600oC and 

650oC, two broad diffraction peaks appear at around 2θ=28.5o and 2θ=33o, 

respectively, and these peaks are identified as the fluorite phase-----an intermediate 

phase during crystallization process of SBT thin films. This result is consistent with 

the previous report [108]. Osaka et al also observed the diffraction peak of the fluorite 

phase in their XRD data when their SBT thin films were heat-treated at 650℃ [109]. 

The crystalline fluorite phase was possibly formed when the film was annealed in 

100% oxygen atmosphere [110]. This phase has a face-centered cubic structure [108] and 

appears to exist as the intermediate phase between the amorphous and perovskite 

structures, and is Bi-deficient compared to the perovskite. At 700oC, the peaks of 

Aurivillius phase emerge. As annealing temperature further increases up to 750oC and 

800oC, the diffraction peaks become sharper indicating better crystalline of SBT.  

 

The different annealing temperatures cause distinct surface morphologies of thin films, 

as shown in Figure 4.19 taken by AFM (3-D). The as-deposited film shows 

amorphous characteristics (Figure 4.19a): there is no grain visible. At 600 and 650℃, 

both films present similar morphology: relative fine grains belonging to fluorite phase. 

As the temperature rises to 700℃, the grains size becomes larger where the grain 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Results and discussion 

 96

corresponds to layered perovskite structure. As the temperature further increases, such 

as 750℃and 800℃, the grain size further enlarge, indicating that the crystallization 

further improves. Furthermore, the better crystallization with increasing annealing 

temperature results in variation of surface roughness. Surface roughness as a function 

of annealing temperature is shown in Figure 4.20, which implies that as annealing 

temperature is increased, the surface roughness increases. It is found that surface 

roughness (RMS) for the as-deposited thin film is as low as below 1nm. When the 

annealing temperature reaches 600oC and 650oC where the amorphous film 

transforms into the fluorite phase, the surface roughness is still as low as less than 

1.5nm. However, as the annealing temperature rises to 700℃, the surface roughness 

suddenly rises, implying that phase transformation (from fluorite to layered perovskite, 

called Aurivillius) causes great change in surface morphology. The surface is further 

roughened (around 22nm in RMS) as the temperature is increased up to 800℃. The 

surface roughness variation at elevated temperatures may be due to the predominant 

crystallization and grain growth processes that occurred significantly at these 

temperatures. These changes indicate that the crystallization greatly affects the 

surface and growing grains result in the rougher surface. The increase in grain size 

must induce the sharp diffraction peak, consistent with GIXRD results. In summary, 

the surface roughness is highly dependent on crystallization process, especially the 

grain growth. 
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Figure 4.18 GIXRD patterns of SBT thin films as a function of annealing temperature 
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(d) 700℃ 
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Figure 4.19 AFM surface morphologies of SBT thin films at various annealing 

temperatures 
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Figure 4.20 Surface roughness of Sr-deficient SBT thin films as a function of 

annealing temperature 

 

4.1.3 Ferroelectric property 

Figure 4.21 is the hysteresis loops of the Sr-deficient SBT thin films (annealed at 

750℃ for 5min) deposited at two different sputtering parameters (as presented in the 

inset). The excitation voltage is 5V in pulse mode. The thickness of SBT thin films is 

205nm. The total remnant polarization (2Pr) and coercive field (2Ec) are 11.6μC/cm2 

and 96kV/cm respectively for single SBT phase (Sr0.74Bi2.2Ta2O9+x) (i.e., without 

pyrochlore phase). This remnant polarization result compares favorably with values 

reported in the literature for sputtered films (8μC/cm2 at 5V) [111]. The improved 

ferroelectric property is attributed to the Sr deficiency and the Bi excess. Previous 

results confirm that the excessive Bi is substituted at the perovskite A (Sr2+) as 
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trivalent ions and that the charge neutrality in the crystal is satisfied through the 

introduction of cation vacancies at the A site [ 48]. Bi2O2 layer and TaO6 octahedra are 

considerably distorted and atomic displacements along the a axis cause ferroelectric 

spontaneous polarization. In Sr0.74Bi2.2Ta2O9+x, both Bi substitution and cation 

vacancies at the Sr site enhance structural distortion in the TaO6 octahedra and lead to 

the larger spontaneous polarization. In Sr0.73Bi2.18Ta2O9, reported in the earlier 

literature [9], which is very close to our case (Sr0.74Bi2.2Ta2O9+x), the tilting of TaO6 

octahedra from the c axis was unchanged by the substitution, and the rotation in the 

a-b plane of octahedra was twice as large as that of stoichiometric SBT. The enhanced 

rotation of TaO6 octahedra accompanied with the whole shift of the octahedra along 

the a axis caused by the Bi substitution with the A-site vacancies could lead to a 

marked increase in Tc and a giant 2Pr. It is believed that this explanation is also 

applicable to our case. 

 

However, when the sputtered film contains some pyrochlore phase, as discussed in 

previous parts, the remnant polarization is severely degraded (2Pr=5.6μC/cm2) and 

coercive field is increased (2Ec=118kV/cm). The lower 2Pr origins from the fact that 

pyrochlore exhibits paraelectric properties thus has no contribution to ferroelectric 

properties [81]. It has been confirmed that the secondary phase itself not only has no 

ferroelectric properties, but also can pin electric domains in SBT thin film. The 

electric domains pinned by secondary phase will result in the failure of switching 
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during the polarization process, so the remnant polarization may not reach maximum 

value. As such, the coercivity may also increase.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Hysteresis loops of Sr-deficient SBT thin films deposited at two different 

sputtering parameters (listing in inset) 

 

4.1.4 Formation and stability of pyrochlore in sputtered SBT thin 

films 

As discussed previously, when Sr is deficient, it is possible that the exchange between 

Sr and Bi causes the formation of an undesirable pyrochlore phase that seriously 

degrades ferroelectric properties of the film. We have also found that pyrochlore 

formation is very sensitive to the bismuth concentration in sputtered Sr-Bi-Ta thin 
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films. Obviously, it is significant to study the formation and stability of the pyrochlore 

phase. In this section, we will explore these two issues. 

 

4.1.4.1 Dependence of pyrochlore on film composition 

The relationship between composition and sputtering parameters has been studied in 

our previous report. The results showed that composition (shown in Figure 4.22) of 

sputtered thin films was highly affected by sputtering conditions such as process 

pressure, power density, target-to-substrate distance.  As the chamber pressure and 

power density increased, Sr/Ta slightly decreased while Bi/Ta versus pressure 

appeared an inverted V-shape that peaks at 1.5 Pa and 1.27W/cm2 with Bi/Ta =0.8. 

Though the trend was similar to that of the processing pressure and target power 

density, target-to-substrate distance had more influence: decrease of Sr/Ta was more 

obvious, from 0.38 to 0.28) and Bi/Ta reached a maximum value of 1.1 at 40mm 

(Sr0.74Bi2.2Ta2O9+x as determined by XPS). Recently we also found that 

argon-to-oxygen ratio had great effect on composition of the sputtered films. As the 

ratio increased from 3:2 to 9:1, Bi/Ta went up all the way while Sr/Ta was almost 

unchanged. This indicated that higher levels of oxygen blocked entry of bismuth in 

the SBT structure thus promoted formation of pyrochlore (as shown from the XRD 

patterns in Figure 4.23). 
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Figure 4.22 Compositional changes of SBT thin films at various sputtering conditions: 

(a)process pressure; (b)power density; (c)argon-to-oxygen ratio; (d)target-to-substrate 

distance 

 

In sputtering of multi-component target, the obtained film composition would not be 

the same as that in the sputtering target because different elements have different 

deposition rates as a result of difference in structure, atomic mass, radii etc. Compared 

to Sr and Ta, Bi is more significantly affected by sputtering conditions whose 

concentration determines the phase evolution. When the bismuth concentration goes 

down (<2), pyrochlore phase tends to form. When Bi is reduced to 1.04 

(a) (b)

(d)

(c) 
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(Sr0.56Bi1.04Ta2O7.12), the film becomes completely pyrochlore (Figure 4.23 (d)). For 

1.04<Bi<2, the film consists of a mixture of SBT and pyrochlore phase (see Figure 

4.23 (b) and (c)). Figure 4.24 illustrates the FESEM morphology of the various films: 

pure SBT film has relatively large and uniform grains of about 150nm (Figure 4.24a), 

pure pyrochlore phase has small and elongated grains, roughly 120nm X 30nm. In the 

mixed films, grain size gets bigger and more irregular. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 XRD patterns at various compositions of sputtered thin films: 

(a)Sr0.74Bi2.2Ta2O9+x; (b) Sr0.7Bi1.8Ta2O9+x; (c) Sr0.6Bi1.6Ta2O9+x; (d) Sr0.56Bi1.04Ta2O9+x 

 

(a) (b)

(c) (d)
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It is found that pyrochlore exhibits paraelectric properties. Thus, once the pyrochlore 

phase exists in the SBT thin films, the remnant polarization will markedly reduce and 

the saturated hysteresis P-E loop will become slim. [ 112 ] Therefore, during the 

preparation of SBT films, the composition must be well controlled for avoiding the 

formation of pyrochlore phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24 FESEM morphology of pyrochlore and SBT phases annealed at 750 oC: 

(a) pure SBT phase; (b)-(c) mixture of SBT and pyrochlore; (d) pure pyrochlore 
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4.1.4.2 Formation mechanism of pyrochlore phase 

In Sr-Bi-Ta-O system, the formation of the pyrochlore phase is believed to be related 

to bismuth insufficiency [112] and the interaction between the films and titanium that 

diffuses outwards from the substrate (titanium is often used as buffer layer) [81,113]. 

Obviously they are chemically different but have the similar crystal structure. The 

assumed crystal structure of pyrochlore (Sr0.5BiTaTiO6.5) is presented in Figure 4.25 

[81], which shows the characteristics of cubic symmetry and the space group is 

determined to be Fd 3 m. In this pyrochlore structure caused by Ti interfacial diffusion 

and reaction, Sr and Bi atoms randomly occupy the 16d (5/8, 5/8, 5/8) position, Ta 

and Ti atoms the 16c (1/8, 1/8, 1/8) position, O(1) atom the 8b (1/2, 1/2, 1/2) position, 

and O(2) atom is located at the 48f (0, 0, z) position with an initial z value of 0.25. 

Boyle et al also point out that the pyrochlore structure displays an affinity for the 

6-fold coordinated cation to establish the main framework of the unit cell in terms of 

binding energy, with additional cation incorporated into the framework of octahedral 

in the case of bismuth deficiency [112]. In our case, tantalum layer (100nm) is chosen 

as the barrier layer instead of titanium because tantalum is a refractory metal proven 

to possess outstanding adhesion and barrier properties [86] and favors improving the 

ferroelectric properties of SBT thin films [82]. Thus, the formation of pyrochlore phase 

arises from the Bi deficiency in our case. 
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Figure 4.25 Crystal structure of Sr0.5BiTaTiO6.5 pyrochlore phase (ref.[81]) 

 

During crystallization process from amorphous to Aurivillius phase (layered structural 

SBT phase) the films undergo an intermediate phase----fluorite [114], which is similar 

to other ferroelectric systems (i.e. PZT).[115] In PZT system, this intermediate phase is 

a fluorite or possible pyrochlore phase (depending on Zr content) that contains a 

similar cation ratio with that of the perovskite product. The ease of forming a 

stoichiometric intermediate phase having the pyrochlore structure within the PZT 

system is due at least partly to the ability of pyrochlore phase to accommodate the (2+) 

and (4+) cations into the lattice on the A and B sites, respectively, while maintaining 

charge neutrality. The intermediate phase (having pyrochlore structure) can convert 

into perovskite structure upon further heating up to higher temperature (i.e. 650℃) 

[ 116]. The Sr-Bi-Ta-O system is different in this respect since the structure and 

stoichiometry of the SBT (two perovskite units embedded by two (Bi2O2)2+ layers) 
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ferroelectric formed is different from that of a simple single perovskite unit cell. 

Although the compositions discussed in this work are Bi deficient, Bi site substitution 

for Sr in SBT is a relevant issue because the possibility of mixing between Bi and Sr 

cations (their radii are very close: 0.117nm (Bi3+) vs 0.127nm (Sr2+)) appears to play 

an important role in the pyrochlore lattice. Accordingly, if the SBT phase forms with 

pyrochlore, the variability of the Bi/Sr site substitutions in both phases could result in 

variation of the SBT structure from that of the stoichiometric compound. If a 

Bi-deficient pyrochlore is formed, this would imply that the composition has moved 

significantly off stoichiometry (SrBi2Ta2O9). Specifically, the Bi content drops too 

low to support phase-pure formation of SBT. In pyrochlore structure resulted from Bi 

deficiency, it is very similar to the case caused by Ti interfacial diffusion. It can be 

considered that 16c position is occupied only by Ta atom. For a hypothetical 

compound Sr0.2(Sr0.5Bi0.7)Ta2O6.75, its calculated XRD patterns are shown in Figure 

4.26 [112], whose diffraction behavior also presents the characteristics of cubic 

structure. The composition of pyrochlore obtained from our sputtering 

(Sr0.56Bi1.04Ta2O7.12) is in good agreement with the assumed composition 

Sr0.5BiTaTiO6.5 [81] (Ti is replaced by Ta), but a slight difference from 

Sr0.2(Sr0.5Bi0.7)Ta2O6.75 
[112]. However, the X-ray diffraction peaks of pyrochlore in our 

results fit well to those of Sr0.5BiTaTiO6.5 and Sr0.2(Sr0.5Bi0.7)Ta2O6.75. Figure 4.27 

depicts the X-ray photoelectron spectra (core-level scan) of Aurivillius and pyrochlore 

phases. It can be found that the binding energies of elements (Sr, Bi, Ta) in pyrochlore 

phase are higher in comparison with those in Aurivillius phase, indicating stronger 
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bonds. However, O 1s binding energies in both phases are almost the same, which is 

reasonable because the detected O 1s mainly comes from the oxygen contamination 

on sample surface exposed in air. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 Calculated XRD patterns for pyrochlore structures: (a) BiTaO4; (b) 

Bi0.4TaO3.1; (c) Sr0.3Bi0.4TaO3.4;(d) Sr0.2(Sr0.5Bi0.7)Ta2O6.75 
[112] 
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Figure 4.27 X-ray photoelectron spectra (core-level scan) of Aurivillius and 

pyrochlore phases: (a) Sr 3d; (b) Bi 4f; (c) Ta 4f; (d) O 1s 

 

4.1.4.3 Stability of pyrochlore phase 

The stability of the pyrochlore phase as a function of temperature is also 

investigated in order to determine whether the pyrochlore phase can possibly convert 

to the SBT phase. In PZT system, the pyrochlore phase can be converted to perovskite 

structure by heating up to higher temperature [116]. Heating the pre-annealed 

pyrochlore thin films up to 800℃ and 900℃ for 30min results in XRD (θ-2θ) 

profiles shown in Figure 4.28. The diffraction peaks belong to pyrochlore phase. In 

(a) 

(c) 

(b)

(d)
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other words, the pyrochlore is stable even at 900℃. This shows that once the Bi 

deficient pyrochlore phase forms, it does not convert to the SBT ferroelectric phase, 

which completely differs from that in PZT system. This is consistent with the XPS 

results (higher binding energy means more stable). It is also worth noting that some 

differences in crystal orientation are visible in comparison with calculated results (see 

Figure 2.26). After both 850℃ and 900℃ annealing, pyrochlore phase displays 

strong (222) preferred orientation and (400) is almost invisible. Therefore, high 

temperature favors textural growth along (222) than in (400) orientation. 

 

 

 

 

 

 

 

 

 

Figure 4.28 XRD patterns of pyrochlore phase annealed at different temperatures for 

60min 
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4.1.5 Summary 

In magnetron sputtering deposition of SBT films, the deposition parameters such as 

the processing pressure, target power density, argon-to-oxygen ratio and 

target-to-substrate distance, greatly affect the film composition like molar ratios of 

Sr/Ta and Bi/Ta in a similar manner: Sr/Ta decreases slightly with an increase in these 

parameters, while Bi/Ta experiences an increase first and then a sharp decrease. As Bi 

in the film increases, the Sr becomes deficient and the SBT film contains less and less 

of the unwanted pyrochlore phase. As the annealing temperature is increased, the 

surface roughness is gradually increased. The crystallization of SBT thin film starts 

with amorphous phase, undergoes an intermediate phase (fluorite) and ends with 

Aurivillius phase. The SBT film (Sr0.74Bi2.2Ta2O9+x) obtained at a process pressure of 

1.5 Pa, target power density of 1.27W/cm2, argon-to-oxygen ratio of 9:1 and a 

target-to-substrate distance of 40 mm demonstrates a remnant polarization (2Pr) of 

11.6μC/cm2 and a coercive electrical field (2Ec) of 96kV/cm. However, when some 

amount of pyrochlore phase is embedded in SBT film, the polarization properties are 

seriously degraded.  

 

The formation of pyrochlore in magnetron sputtering of SBT films is dependent 

especially on bismuth concentration. Only as Bi becomes over-stoichiometric, pure 

SBT film is obtained and pyrochlore phase is suppressed. When bismuth is deficient 

(1 to 2 atoms in SBT formulation), the sputtered thin films consist of two phases: the 

pyrochlore and the SBT phase. As Bi drops to 1.04, pyrochlore phase takes over the 
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whole film. The pyrochlore phase is stable even at 900oC and can not transform into 

layered structural Aurivillius. 

 

4.2 Nd-doped SrBi2Ta2O9 thin films prepared by radio 

frequency magnetron sputtering 

The first section discusses the sputtered Sr-deficient SBT (or Bi-excessive SBT) thin 

films, which shows improved polarization properties in comparison with SBT thin 

film without any substitution. In this section, we aim to further improve the remnant 

polarization with reduced coercive field (coercivity), extensively explore the interface 

structure and lower the crystallization temperature based on the detailed investigation 

of crystallization behavior. 

 

4.2.1  Influence of oxygen partial pressure on magnetron 

sputtering of Nd-doped SrBi2Ta2O9 films 

During sputtering deposition of oxide thin film, the oxygenic loss tends to take place, 

leading to oxygen deficiency (oxygen vacancies) in film composition, which 

aggravates fatigue and reliability problem in ferroelectric films [98,117]. In this part, we 

extensively investigated the influence of oxygen partial pressure in the magnetron 

sputtering of Nd-doped SrBi2Ta2O9 (Nd-SBT) thin films. The dependence of oxygen 

partial pressure on the deposition rate, composition and microstructure, and 

polarization properties are discussed.  
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4.2.1.1 Deposition rate 

The thickness of Nd-SBT thin films are measured through the FESEM cross sectional 

image of the as-deposited Nd-SBT thin film, as depicted in Figure 4.29 (the 

corresponding deposition parameters are listed in the inset). The thickness of the thin 

film is about 230 nm and the deposition duration is 80 min, thus the deposition rate is 

around 2.8 nm/min. The deposition rates at various oxygen partial pressures are also 

calculated in the same way and plotted in Figure 4.30. It is seen that the deposition 

rate gradually decreases from 3 to 1.8 nm/min as oxygen partial pressure increases. 

The decrease of deposition rate is believed to relate to the oxygen partial pressure. 

During sputtering, the target atoms are subject to collisions with gas atoms or 

molecules left in the chamber and other ejected atoms, resulting in a partial loss of 

energy and direction on their way to the substrate [101]. Because oxygen gas is bi-atom 

molecular and its radius is larger than that of Ar (0.140nm~0.122nm), the sputtered 

particles suffer from more possibility to collide with mixing gas when more oxygen 

partial pressure is introduced. This reduces the deposition rate of film. Furthermore, at 

a given rf power density of 2.3W/cm2, the thermalization region shifts toward the 

target by increasing O2 partial pressure [102], leading to the oxidation of the target 

[103,104] and possible re-sputtering of the film [105] that would compound the decrease in 

the deposition rate.  
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Figure 4.29 FESEM cross-sectional image of as-deposited Nd-SBT thin films 

 

 

 

 

 

 

 

 

 

 

Figure 4.30 Deposition rate as a function of oxygen partial pressure 

Silicon wafer

SiO2 

Ta

SNBT

Pt

Deposition paramters 

Ar:O2: 54:6 

Power density: 2.28W/cm2 

Process pressure: 1.5Pa 
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4.2.1.2 Crystal Structure 

Figure 4.31 shows the GIXRD profiles of the films (annealed at 800oC for 10min at 

RTA) deposited at various oxygen partial pressures, indexed by assuming an 

orthorhombic cell (a=5.531Å, b=5.534Å, and c=24.98Å [8]). All the films are single 

phase with polycrystalline, i.e., no secondary phase like pyrochlore diffraction peaks 

are detected. A systematic shift of diffraction lines towards higher diffraction angle is 

observed: a clear indication of a decrease of orthorhombic lattice parameters, which is 

attributed to the smaller ionic radii of Nd3+(1.11Å) comparing to that of Sr2+(1.27Å). 

The relative intensity of (200) and (115) is presented in Figure 4.32. As the oxygen 

partial pressure increases, the ratio of I(200) and I(115) initially goes down and 

subsequently rises, reaching a minimum at 25% PO2. This differs from Tsai and 

Tseng’s result: the (200) peak intensifies all the way as the oxygen partial pressure 

increases [118]. The variation of diffraction peaks intensities relates to the variation in 

film composition resulting from the oxygen partial pressure, which will be discussed 

later. The variation is expected to affect the polarization properties of the film. 
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Figure 4.31 GIXRD patterns (incidence angle is 2o) of thin films deposited at various 

oxygen partial pressures: (a) 0%; (b) 10%; (c) 25%; (d) 33%; (e) 50% 
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Figure 4.32 Relative intensity ratio of (200) and (115) of thin films deposited at 

various oxygen partial pressures 

 

4.2.1.3 Chemical composition 

Figure 4.33 is the XPS spectra at various oxygen partial pressures. Both Nd3d5/2 and 

Nd3d3/2 peaks appear at 982.1eV and 1004.6eV without fail. Note that in pure Nd2O3, 

the peaks attributed to Nd3+ appear at around 980.8eV and 1003.3eV, respectively.[119] 

It is also worth mentioning that the Nd 3d intensity becomes weaker as the oxygen 

partial pressure increases, qualitatively indicating the Nd concentration is reduced. 

The substitution details will be discussed later. 
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Figure 4.33 X-ray photoelectron spectra of core-level scan of Nd peak for the film 

deposited at different oxygen partial pressure: (a) 0%; (b) 10%; (c) 25%; (d) 33%; (e) 

50% 

 

XPS quantitative analysis determines the chemical compositions of the films as 

plotted in Figure 4.34, where Bi/Ta and Nd/Ta gradually decrease (For Bi/Ta: 

dropping from 1.21 to 0.98; for Nd/Ta: from 0.12 to 0.05) while Sr/Ta increases (from 

0.28 to 0.34) and (Nd+Sr)/Ta ratio almost keeps a constant (~0.4). This is a result of 

the increase of Sr/Ta and decrease of Nd/Ta. These observations also indicate that 

more oxygen introduced is beneficial to sputter Sr and Ta atoms while makes against 

the Bi and Nd sputtering. The compositions at different oxygen partial pressures are 

different from target composition, which results from the different striking 
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coefficients and variation in sputtering yields of the constituent elements. Combining 

Figure 4.31 with Figure 4.33, it is concluded that within the range (0.12~0.05) of Nd 

concentration, the Nd3+ ions are substituted with Sr2+ ions and it does not cause 

formation of any unwanted phase. 

 

 

 

 

 

 

 

 

 

 

Figure 4.34 Compositional change of thin films as a function of oxygen partial 

pressure 

 

4.2.1.4 Microstructure 

The FESEM images of Nd-SBT thin film, present in Figure 4.35, display different 

surface morphologies at various oxygen partial pressures. At 0% O2, i.e. pure argon 

atmosphere, shown in Figure 4.35 (a), the surface is relatively dense and the rod-like 

grains dominate the morphology. With increasing oxygen partial pressure, the amount 
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Figure 4.35 FESEM surface morphologies of thin films deposited at various oxygen 

partial pressures: (a) (a) 0%; (b) 10%; (c) 25%; (d) 33%; (e) 50% 

 

(a) (b)

(c) (d)

(e) 
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of the rod-like grains reduces while more equal axial grains appear, e.g. Figure 4.35 

(b), (c) and (d). At 50% O2 oxygen flow, the microstructure is completely overtaken 

by the equal axial grains. It is believed that the evolution of the surface morphology is 

related to the variation of oxygen partial pressure. From Figure 4.34, it is noticed that 

the oxygen partial pressure causes the compositional change of thin films. The 

variation in composition (especially Bi concentration) may result in the different 

surface morphologies: higher Bi concentration tends to form rod-like grains. [120] 

 

4.2.1.5 Ferroelectric properties 

Figure 4.36 (a) plots the polarization hysteresis loops of the films at an applied field 

of 220kV/cm (5V over 230nm in thickness) at 25oC. All films present ferroelectric 

characteristic: the remnant polarization values are larger than that of pure SBT 

(8μC/cm2 [121]). Figure 4.36 (b) presents the 2Pr and 2Ec curves of the films at 

different oxygen partial pressures. The 2Pr has no obvious change from 0% to 10% 

and then decreases sharply between 10% and 25% oxygen before slightly increasing 

again at 25%~50% O2. The 2Ec shows a “bathtub” shape with the increasing oxygen 

partial pressure. At no oxygen, Ec of 114kV/cm is high and not beneficial to the 

domain switching. At the oxygen partial pressure of 10%, the 2Pr obtained a 

maximum value of 16.4μC/cm2, at the same time the 2Ec dropped to 79.5kV/cm, 

which is more desirable in FeRAM devices. The higher remnant polarization at 0% 

and 10% is attributed to the substitution of higher Nd3+ concentration (see Figure 4.34: 

the Nd content is highest among all the ratios). The large 2Ec is ascribed to oxygen 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Results and discussion 

 124

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 Polarization property deposited at various oxygen partial pressures:  (a) 

hysteresis loops; (b) 2Pr and 2Ec curves 

 

(a) 

(b) 
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vacancies involved in the film. At 0%, no oxygen in the chamber causes the oxygen 

loss during sputtering leading to oxygen vacancies. The oxygen vacancies may pin 

down the domains thus result in larger coercivity. [51] At 25%, both 2Pr 

(2Pr=9.8 μC/cm2) and 2Ec (74kV/cm) reach the minimum value. As the oxygen 

partial pressure goes up, both the 2Pr and 2Ec rise. The increasing 2Pr comes from the 

improved (200) orientation (see Figure 4.32). However, at 50%, the 2Ec increases due 

to lower Nd concentration substitution (see Figure 4.34: Nd/Ta ratio is only 0.05). 

 

4.2.1.6Summary 

In summary, during sputtering deposition of Sr0.8Nd0.3Bi2.5Ta2O9+x ferroelectric thin 

films, oxygen partial pressure has an important effect on deposition rate, chemical 

composition, microstructure and ferroelectric properties. As the oxygen partial 

pressure increases, the deposition rate decreases; I(200)/I(115) shows a “V” shape; both 

Bi/Ta and Nd/Ta decrease while Sr/Ta increases and (Nd+Sr)/Ta almost keeps a 

constant (~0.4). Within the range of 0.05 to 0.12 in Nd/Ta ratio, Nd3+ ions 

preferentially substitute the Sr2+ ion, in good agreement with the result of Nd-doped 

SBT ceramics bulk. The coercivity displays a “bathtub” curve as oxygen partial 

pressure increases. At the oxygen partial pressure of 10%, the film shows an 

improved polarization property (2Pr=16.4μC/cm2) with a reduced coercivity 

(2Ec=79.5kV/cm).  
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4.2.2 XPS and SIMS studies 

The previous studies (4.2.1) showed that Nd-SBT thin films exhibited an improved 

remnant polarization and reduced coercive field in comparison with stoichiometric 

SBT or Sr-deficient/Bi-excessive SBT thin films. Since XPS is sensitive to local 

electronic structure of constituent atoms, it can be used to probe the chemical nature 

of an element. [122] When substitution is successfully made, it must cause the binding 

energy changing. For example, in the case of Nd-doped SBT thin films, if the Nd3+ 

ions occupied Sr2+ (A) sites, the binding energy of Nd3+ ions must be different from 

that in other oxides such as Nd2O3. Therefore, XPS technique can be used to study the 

substitution.  

 

As is well known, SBT thin films present fatigue free property, it is widely accepted 

that the Bi2O2 layers in SBT should play an important role in preventing the fatigue 

failures: [53] the Bi2O2 layers have net electrical charges and their positioning in the 

lattice is self-regulated to compensate for space charge near electrodes. However, the 

case of Bi4Ti3O12 (BTO) films is rather confusing. Although BTO also has a layered 

perovskite structure with similar Bi2O2 layers, it shows fatigue failures. [123] However, 

Nd-doped BTO shows not only improved spontaneous polarization but also fatigue 

free property. [124,125] There should be another important reason responsible for the 

fatigue-free behavior in SBT. It is reported that fatigue failure in ferroelectric 

materials are thought to be related to defect charges, such as oxygen vacancies, 

present inside the materials or near electrodes.[98,126,127,128] XPS measurements for a 
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bulk BTO suggested that oxygen vacancies might be preferably present in the vicinity 

of the Bi ions at the Bi2O2 layers.[129] On the contrary, Park et al[130] argued that the 

oxygen vacancies not only present in the vicinity of the Bi ions at Bi2O2 layers but 

also in the neighborhood of the Bi and the Ti ions in BTO. Therefore, we executed 

XPS measurements for Nd-doped SBT films in order to investigate the oxygen 

vacancies location. In this part, we will also use XPS to study the substitution, oxygen 

vacancies along with depth profiling. At the same time, SIMS is used to digest the 

interface structure. 

4.2.2.1 Substitution analysis 

Figure 4.37 shows the XPS spectra (survey scan (a) and narrow scan (b)) of Nd-doped 

SBT film. The survey scanning spectrum (0~1200eV) shows that C, Nd, Sr, Bi, Ta 

and O are present within the scanned range. The narrow scanning spectrum 

demonstrates that in Nd-doped SBT, the Nd3d5/2 and Nd3d3/2 peaks appear at 982.2eV 

and 1004.6eV while in Nd2O3, the peaks attributed to Nd3+ appear at around 980.8eV 

and 1003.3eV, respectively.[119] . This indicates that Nd-O bond in Nd-doped SBT 

thin films is al little stronger than that in Nd2O3 oxide. The peak-fitting analysis of the 

Nd-SBT spectrum suggests that Nd4+ is not present. In the previous study (4.2.1.3) of 

various oxygen partial pressures, as shown in Figure 4.33, the Nd 3d peaks also locate 

in the same positions as Figure 4.37, which also implies that Nd3+ ions successfully 

dope into layered perovskite structure. Therefore, the results of XRD and XPS 

analyses lead to the confirmation that Nd is preferentially substituted at the Sr site as 

trivalent cations thus the formation of ''
rsV  compensates the charge deference 
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between Sr2+ and Nd3+, which is consistent with the previous results of Nd-doped 

SBT ceramic bulk.[51] Substitution of Nd at A site materializes via 

Nd2O3→2Ndsr+3 −2
OO + ''

rsV  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.37 X-ray photoelectron spectra of (a) Nd-doped SBT film survey scan and (b) 

core-level scans of Sr, Nd, Bi, Ta and O for the film 
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Where Ndsr stands for Nd3+ at the Sr2+ site (A site), −2
OO  denotes O2- at the oxygen 

site and ''
rsV represents the Sr2+ vacancy. XPS quantitative analysis indicates that the 

chemical composition of sputtered films is determined as Sr0.6Nd0.21Bi2.2Ta2O9+x at the 

deposition conditions, a little different from target composition, which results from 

the different striking coefficients and variation in sputtering yields of the constituent 

elements. 

 

4.2.2.2 Oxygen vacancies determination 

Figure 4.38 is the XPS spectra of Nd-SBT thin film before and after five-minute 

etching by Ar ions. In Nd-SBT, the Nd3d5/2 and Nd3d3/2 peaks either before or after 

etching appear at 982.2eV and 1004.6eV, respectively, quite consistent with Figure 

4.37. After 5-minute etching by Ar ions, the shift in Nd 3d peaks relative to those 

before etching is ignorable. This implies that Ar ions sputtering does not almost cause 

any change in the Nd-O bond. However, Bi 4f core levels are dramatically different 

before and after etching, as shown in Figure 4.38 b. Before etching, the 7/2 and 5/2 

spin-orbit doublet components of the Bi 4 f core level photoelectron do appear, while 

after five minutes of sputtering, an additional spin-orbit doublet emerges dominantly, 

overlapping with the major Bi 4f photoelectron at the low binding energy side. These 

new peaks are assigned to a metallic bismuth state reduced by Bi–O bonding breakage 

and oxygen dissociation during the etching process. [122,129] The photoelectron spectra 

of Sr 3d core levels for Nd-SBT films before and after five-minute sputtering (Figure 

4.38 c) present that Sr 3d peaks not only shift but also broaden due to enhancement of 
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spectral weight at a higher binding energy region after sputtering. The fitting results 

imply that very small fraction (around 2%) of Sr is assigned to a metallic Sr 

(5/2=134.3 eV and 3/2=136 eV). Ta 4f core levels also present the shifting behavior 

after etching (Figure 4.38 d) and also a small fraction of metallic Ta is involved. The 

comparison among Bi 4f, Sr 3d and Ta 4f core level spectra suggests that the oxygen 

ions at the SrTa2O7 perovskite layers are much more stable than the oxygen ions at the 

Bi2O2 layers. Thus, it is included that oxygen vacancies seem to be preferably present 

near the Bi ions at the Bi2O2 layers. On the other hand, for Nd-SBT thin film, after 

five-minute sputtering, very weak photoelectron peaks of Sr 3d or Ta 4f belonging to 

metallic state provide a evidence that few oxygen vacancies may appear in SrTa2O7 

perovskite layers. This lightly differs from pure SBT thin film: in pure SBT thin films, 

almost no oxygen vacancy is located at SrTa2O7 perovskite layers thus fatigue free 

property is present [130]. These results suggest that Nd incorporation leads to a little 

change in Ta-O, Sr-O bonds. 
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Figure 4.38 XPS spectra before and after etching: (a) Nd 3d (b) Bi 4f; (c) Sr 3d; (d) 

Ta 4f 

4.2.2.3 Long term Ar+-ion-bombardment effects on core levels in 

Nd-SBT thin films 

The Nd-SBT thin film after post annealing treatment at 800oC for 10min was etched 

by Ar+ ions for 12000s in order to study the long-time-bombardment effects on Bi 4f 

spectra. The metallic and oxidized Bi contributions in Bi 4f spectra of SBT films were 

calculated by Gaussian fitting of the spectra as shown in Figure 4.39. The ratios of the 
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metallic and the oxidized Bi 4f to the total area were studied for a sputtered Nd-SBT 

thin film with Ar+ bombardment up to 1890 s, as shown in Figure 4.40. It is seen that 

gradual increase of the metallic/total ratio was obtained while the oxidized/total ratio 

increases gradually. After the 750-second etching, both metallic/total and 

oxidized/total ratios basically keep a constant. This is quite different from MOD 

derived SBT thin film: rapid increases of the metallic/total ratio and rapid decreases 

of the oxidized/total ratio in the initial 20 seconds were obtained. [131] 

 

XPS results indicate that the oxygen ions at the SrTa2O7 perovskite layers are much 

more stable than those at the Bi2O2 layers. The oxygen vacancies are preferably 

present near the Bi ions at the Bi2O2 layers. Interfacial diffusion or reaction tends to 

take place during post annealing treatment, as a result of the formation of interfacial 

phase Bi2Pt. The XPS depth profiling results indicate that sputtered Nd-doped SBT 

thin film is more susceptible to deoxidization by Ar+ bombardment in comparison 

with MOD derived SBT thin film reported earlier. This implies that the sputtered 

Nd-doped SBT thin film includes more defective (Bi2O2)2+ layers than MOD-SBT 

thin films.  
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Figure 4.39 Gaussian fitting of the Bi 4f spectra (a) before etching (b)after five min 

etching 

 

 

 

 

metallic 

oxidized 

(b) 

oxidized (a) 
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Figure 4.40 Metallic and oxidized Bi contributions to XPS spectra of Bi 4f. (b) Ratios 

of the metallic and the oxidized Bi 4f spectra to the total area studied for sputtered 

SBT thin film with Ar+ bombardment up to 1890sec. 

 

Figure 4.41 presents the XPS depth profile of Nd-SBT/Pt/Ta/SiO2/Si annealed at 

800oC for 10min. The multilayer structure (Nd-SBT/Pt/Ta/SiO2) can be defined. 

Within Nd-SBT layer, Sr, Ta, Nd, Bi and O concentrations are almost homogeneously 

distributed along depth direction. The O concentration dropping while Pt going up 

indicates that the etching process experiences Pt layer (bottom electrode). However, it 

is also noticed that Bi still appears in Pt layer, which is the result of interfacial 

diffusion. Onwards, Ta decreases to zero and Si concentration increases, implying that 

etching goes into SiO2 layer. When the etching proceeds for around 15000s, Si 
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suddenly increases and predominates the profile whist oxygen concentration sharply 

decreases. This means at this moment the Si substrate suffers from etching. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.41 Depth profile of Nd-SBT/Pt/Ta/SiO2/Si annealed at 800oC for 10min 

 

In order to confirm the Bi diffusion, Figure 4.42 plots Bi 4f 7/2 and 4f 5/2 binding 

energy spectra during depth profiling. At the surface of the Nd-SBT layer (without 

etching), obviously Bi bonds with oxygen; after five minutes etching (roughly 10 nm 

into the film), however, the Bi-O peak intensity drastically drops, while the metallic 

Bi 4f 7/2 and 4f 5/2 peaks appear to dominate the spectrum. As mentioned previously, 

Figure 4.40 gives the information that after the 750-second etching, both metallic/total 

and oxidized/total ratios basically keep a constant. Bi in Nd-SBT should naturally 
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bond with oxygen; however, the energetic bombardment by Ar+ partially breaks open 

the Bi-O bonds [122,129], thus Bi is detected as “metallic”. After etching for 140 

minutes (already into the Pt layer), Bi-O bonds completely disappear; only metallic Bi 

peaks remain. This implies that the bismuth diffusing into Pt layer exists as the form 

of metallic state instead of oxide state. Bi may react with Pt during annealing process 

(800oC), as a result, Bi2Pt forms which is detected by the earlier XRD (r.f. Figure 

4.31) 

 

 

 

 

 

 

 

 

 

 

Figure 4.42 XPS depth profiling curve of Nd-SBT thin films after annealing 

4.2.2.4 SIMS study 

In SIMS, the yield of secondary ions intensifies at the sharp interface by the so-called 

matrix effects because of differences in surface work functions and partition functions 

between matrices [132], as such, an elemental hump appears at the sharp interface 
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(immediately after the hump, the composition drops abruptly). Therefore, it is 

convenient to define the interface boundary where the hump appears. Shown in Figure 

4.43(a), in the as-deposited sample (i.e., without annealing), etching reaches 

Nd-SBT/Pt interface around 1500 seconds, and Pt/Ta interface at around 2300 

seconds, Ta/SiO2 interface at 3000 seconds (as indicated in Figure 4.43 a). Because of 

the existence of the sharp interfaces, it is inferred that no interfacial diffusion or 

intermixing takes place during deposition. After annealing, however, the 

compositional distribution at these interfaces changes much, as shown in Figure 4.43 

(b). Three observations are worthy of being highlighted as a result of the annealing 

treatment: (1) gradual decreasing elemental intensities penetrating into the Pt layer 

accompanied by the disappearance of the elemental humps at the Nd-SBT-Pt interface. 

Meanwhile, Pt concentration extends into the Ta layer; (2) within the Nd-SBT layer, 

Sr, Nd, Bi and Ta basically maintain homogeneity after annealing and Bi drops below 

Nd; 3) Before annealing, oxygen level in Pt and Ta layers are virtually zero, however, 

after annealing, oxygen level rises in both Pt and Ta, especially in Ta as seen in the 

big hump. These observations confirm during annealing (1) interfacial diffusion or 

intermixing occurs, which is consistent with XPS results (r.f. Figure 4.41): the 

interface is intermixing; (2) bismuth vaporizes (thus the overall level drops) and 

diffuses more severely than other elements (Bi level rises in Pt layer); This provides, 

from another angle, evidence of formation of the intermetallic compound Bi2Pt as 

identified in x-ray diffraction (Figure 4.44): a weak diffraction peak from Bi2Pt 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Results and discussion 

 138

appears at 29.9o (2θ), coincident with earlier reports [133,134]
.. (3) metal Ta adhesion 

layer undergoes oxidization during annealing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.43 SIMS profiles of Nd-SBT thin films (a) before and (b) after annealing at 

800oC for 10min under RTA 

(a)

(b) 
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4.2.2.5 Summary 

In this section, the chemical state and interface structure are extensively studied using 

XPS. The analysis for Nd3d core level indicates that Nd3+ ions preferably substitutes 

with Sr2+ sites. The oxygen ions at the SrTa2O7 perovskite layers are much more 

stable than those at the Bi2O2 layers. The oxygen vacancies are preferably present 

near the Bi ions at the Bi2O2 layers. XPS depth profiling and SIMS results confirm 

that interfacial diffusion (especially Bi) or reaction tends to take place during post 

annealing treatment, as a result of the formation of interfacial phase Bi2Pt. The XPS 

depth profiling results indicate that sputtered Nd-doped SBT thin film is more 

susceptible to deoxidization by Ar+ bombardment in comparison with MOD derived 

SBT thin film reported earlier. This implies that the sputtered Nd-doped SBT thin film 

includes more defective (Bi2O2)2+ layers than MOD-SBT thin films. 

4.2.3 Nd-doped SBT thin films at different annealing temperatures 

4.2.3.1 Crystal structure 

Figure 4.44 shows GIXRD patterns of the Nd-SBT films annealed at 650~800°C. 

Two aspects are worth noticing: the transformation of fluorite phase to Aurivillius 

phase and the formation of Bi2Pt phase. At 690oC, transformation to Aurivillius phase 

starts to occur though the structure is mainly fluorite (where the fluorite phase is 

denoted by ◆). At 700°C, intensity of Aurivillius phase (where the Aurivillius phase 

is denoted by ●) increases and fluorite phase decreases. At 750°C, fluorite phase 

becomes negligible while Aurivillius peaks dominate. At 800°C, the Aurivillius phase 
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peaks become sharper, indicating grain growth and better crystallinity. At 700°C, 

another peak appears at around 29.9o (2θ) which is indexed as Bi2Pt phase, although 

the other diffraction peaks are not detected in the current study. The formation of 

Bi2Pt is a result of SBT/Pt interfacial reaction: Bi in the SBT layer diffuses across the 

interface to react with the underlying Pt layer thus produces the interfacial compound, 

which is in good agreement with XPS depth profiling result: Pt layer also contains Bi. 

This reaction becomes more serious as the annealing temperature increases (thus the 

peak gets stronger and sharper). 

 

Nd-SBT thin film exhibits an orthorhombic crystal structure with space group A21am 

at room temperature and transforms to tetragonal structure with crystal symmetry 

I4/mmm at or above the transition temperature (around 290 oC). The XRD patterns of 

the films were indexed by assuming an orthorhombic cell (a=5.531Å, b=5.534Å, and 

c=24.98Å [8]). It is also noticeable that a systematic shift of diffraction lines towards 

higher diffraction angle is a clear indication of a decrease of orthorhombic lattice 

parameters, which is attributed to the smaller ionic radii of Nd3+(1.11Å) comparing to 

that of Sr2+(1.27Å). No formation of secondary phase such as pyrochlore involved in 

films detected by XRD demonstrates that with partial substitution of Sr ions by Nd 

ions up to 20 at. %, the single-phase layered perovskite is still preserved. As discussed 

in 4.2.2.1, it is confirmed Nd3+ ions preferably substitute with Sr2+ ions. These 

evidences convince us that Nd3+ has been successfully doped into layered perovskite 

structure, accompanying the cation vacancies formation. 
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Figure 4.44 GIXRD patterns of Nd-SBT thin film annealed at different temperatures 

for 10min under RTA 

 

Figure 4.45 shows the grazing incidence normal XRD patterns (θ−2θ scanning mode 

and 2θ scanning mode: incidence angle α=3o) of Nd-SBT thin film annealed at 850oC 

for 30min under conventional furnace annealing (CFA), also indicating that the 

annealed thin film is of single phase with A21am orthorhombic symmetry. The fully 

crystallized film exhibits polycrystalline. A systematic shift of diffraction lines 
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towards higher diffraction angle is also visible, which is attributed to the smaller ionic 

radii of Nd3+(1.11Å) comparing to that of Sr2+(1.27Å). No diffraction peak belonging 

to secondary phase such as pyrochlore is detected, again demonstrating that with 20 at. 

% substitution of Sr2+ ions by Nd3+ ions still preserves single-phase layered perovskite 

structure. 

 

 

 

 

 

 

 

 

 

Figure 4.45 XRD patterns of the Nd-SBT thin film annealed at 850℃ for 30min using 

conventional furnace annealing 

4.2.3.2 Microstructure 

Figure 4.46 (a) presents the surface morphology (observed by FESEM) of the 

Nd-SBT thin film after annealing for 30min under CFA. It is seen that the film surface 

looks relatively dense and the grains (around 200~300nm) show plate/rod-like. The 

cross-sectional image displayed in Figure 4.46 (b) shows the thickness of the Nd-SBT 

film of around 230 nm. The layered (SBT/Pt/Ta/SiO2) structure is still identifiable 
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although there exists the inter-diffusion, while the interface becomes blurry in 

comparison with as-deposited sample, as shown in Figure 4.29. These observations 

are in good agreement with XPS and SIMS (to be discussed in the next section) depth 

profiling results. 

 

 

 

 

 

 

 

Figure 4.46 FESEM surface morphology (a) and cross sectional image (b) of the 

Nd-substituted thin film annealed at 800℃  for 30min using furnace thermal 

annealing 

4.2.3.3 Polarization properties 

The polarization hysteresis loop (labeled as initial) in Figure 4.47 of typical 230nm 

Nd-SBT films was measured at an applied field of 180kV/cm at 25 . ℃ A significant 

improvement of remnant polarization of 18μC/cm2 (2Pr) is obtained. This value is 

much larger than that of pure SBT (2Pr=11 μC/cm2 [14], 8μC/cm2 [14]), also higher than 

that of Sr-deficient/Bi-excessive SBT thin films (2Pr=11.6 μC/cm2), as shown in 

Figure 4.21. As discussed in 4.2.1.5, Nd-SBT thin film annealed at 800oC for 10min 

under RTA has 16.4μC/cm2 of 2Pr (a little lower than that under CFA) and 

(b)(a) 
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79.5kV/cm of 2Ec (a little higher than that under CFA). The improvement of Pr in 

Nd-SBT thin film is ascribed to larger grains size and substitution effect. The larger 

grain size (shown in Figure 4.46 a) due to annealing at high temperature may cause 

higher remnant polarization.[135] This is the reason why Nd-SBT film annealed under 

CFA shows improved polarization properties in compassion with that annealed under 

RTA. On the other hand, the smaller Nd3+ radius of 0.995Å (as compared with Sr2+ 

radius of 1.12Å) leads to increasing “rattling space” which, in turn, results in a larger 

remnant polarization. At the same time, the Nd-SBT has a 2Ec of 64kV/cm, much 

smaller than that of the pure SBT (108kV/cm) and Bi-substituted SBT thin films 

(96kV/cm), as presented in Figure 4.21. The lower coercive field is possibly related to 

the cation vacancies generated. The higher valent substituents and associated cation 

vacancies tend to form dipolar defects, which are quenched above the ferroelectric 

transition temperature due to their extremely low mobility [42]
. The activation barrier 

required for the nucleation of domains is significantly lowered by the random field 

near dipolar defects, leading to a lower Ec [136]. Fatigue property was measured by 

applying rectangular alternative pulses at 4 V amplitude. After 1010 switching cycles, 

the hysteresis loop is also shown in Figure 4.47. It can be seen that a little degradation 

(around 9% reduction) of remnant polarization is visible. In ferroelectric thin films, 

fatigue failure is related to the oxygen vacancies generated in ABO3 perovskite 

structure [127,126]. As discussed in XPS results, oxygen vacancies are preferably present 

near the Bi ions at the Bi2O2 layers, which could not lead to the fatigue failure. 

However, a small fraction of oxygen vacancies present in SrTa2O7 perovskite layers 
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caused by Nd incorporation, may be the reasonable explanation for the light 

degradation of remnant polarization. Overall, these findings conclusively demonstrate 

that Nd-SBT thin film is more promising over sputtered SBT and Bi-substituted SBT 

for a low-voltage-operating ferroelectric-memory material in the form of thin films. 

 

 

 

 

 

 

 

 

 

 

Figure 4.47 Hysteresis loops of Nd-SBT thin films measured at 25 oC 

 

4.2.3.4 Summary 

In summary, Nd3+ has been successfully substituted into the bismuth layered 

perovskite structure via magnetron sputtering method, preferentially at the Sr2+ site 

(perovskite A site) accompanied by the creation of Sr vacancies to meet the 

requirements of charge neutrality. After annealing, the film shows polycrystalline and 

suffers from severe interfacial diffusion. Polarization measurements reveal that 
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trivalent Nd substitution improves the remnant polarization (2Pr) (18 μC/cm2 at an 

electric field of 180 kV/cm) and reduces coercive field (2Ec=64 kV/cm). After 1010 

switching cycles, around 9% remnant polarization is decreased. This is related to the 

small amount of oxygen vacancies existing in SrTa2O7 perovskite layers due to the Nd 

incorporation. 

4.2.4 Effect of Ta barrier layer in magnetron sputtering of 

Nd-doped SrBi2Ta2O9 thin films 

Based on the previous sectional results, it is concluded that during annealing at high 

temperature (800 oC) renders serious interfacial diffusion or intermixing between the 

Nd-SBT thin film and its underlying layers. As a result, the interfacial phase such as 

Bi2Pt tends to form, which is consistent with previous reported results. [45,137] This 

causes serious degradation in remnant polarization. Consequently, it is significant to 

suppress the interfacial diffusion in order to improve the ferroelectric properties. [138] 

It is proved that tantalum possesses outstanding adhesion and barrier properties [86] 

and is also one of the elements in Nd-SBT thin film. This paper applies an ultra thin 

layer of Ta in between the Pt electrode and the Nd-SBT thin films and concentrates on 

the effect of this barrier layer on interfacial diffusion, crystal orientation and 

crystallinity, and polarization properties. 
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4.2.4.1 Crystal structure 

Figure 4.48 compares GIXRD patterns of Nd-SBT thin films with and without the Ta 

barrier after RTA annealing at 800  for 10min. As the barrie℃ r layer gets thicker, the 

relative intensity of Bi2Pt peak (at 29.9o) becomes weaker indicating that the 

interfacial diffusion between Bi and Pt is being suppressed. As the Ta barrier 

thickness exceeds 2nm, the Bi2Pt peak is not detected by GIXRD any more. There is 

no other phase formed as a result of addition of the Ta interlayer (Nd-SBT 

polycrystalline structures and peaks stay the same). However, the barrier layer seems 

to cause the variation of relative intensity, as reflected from variation of relative 

intensity ratio of (200) over (115) orientation (see Figure 4.49).  As Ta layer 

becomes thicker, the ratio of I(200) over I(115) increases first and then drops, peaking at 

2nm thick Ta. Therefore, introduction of the Ta layer with suitable thickness favors 

(200) orientation. Previous results shows the orientation relationship between the SBT 

and underlying Pt layer: Pt(111) SBT(105)∥ tet SBT(115)∥ orth
 [16] Our results obtained 

are also constituent with it: (115) oriented. However, when an ultra thin Ta layer is 

introduced, the growth orientation of SBT film, to some extent, is changed, which is 

evident of the relative ratio of I(200) over I(115). 

 

Figure 4.50 plots the full width at half maximum (FWHM) as a function of thickness 

of the barrier layer. The FWHM decreases and then increases with the barrier 

thickness varying, indicating that the size of the Nd-SBT grains first increases then 

decreases as the barrier thickens. This observation is consistent with the report that 
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pure platinum is not an ideal substrate for the nucleation of perovskite [139], and the 

film crystallization is promoted by an inserted barrier layer on Pt surface. [75,139,140]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.48 GIXRD patterns of seeded Nd-SBT thin films annealed at 800℃ for 

10min under RTA 
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Figure 4.49 Intensity ratio of (200) over (115) as a function of Ta barrier layer 

thickness 

 

 

 

 

 

 

 

 

 

Figure 4.50 Full width at half maximum (FWHM) of Nd-SBT as a function of Ta 

layer thickness 
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4.2.4.2 SIMS results 

Figure 4.51 plots the SIMS composition profiles with increasing thickness of the Ta 

barrier layer.  As the barrier layer increases from 0.5 nm to 1 nm, and then to 2 nm, 

the Bi concentration decreases in Pt layer. As the Ta layer increases to 4 nm, a sharp 

decrease of Bi in Pt layer is observed. These observations are consistent with the 

XRD profiles though XRD can not detect any Bi2Pt from 2 nm onwards (due to XRD 

resolution limitations).  As Ta layer is 2 nm and below, there is no obvious Ta layer 

detected in between the Nd-SBT and the Pt layers because the barrier is too thin with 

respect to the SIMS etching rate used. At 4nm, however, the barrier is thick enough to 

cause a hump near the interface. This composition hike may alter Nd-SBT 

composition at the interface, which may not be desirable. Also, from the crystal 

orientation point of view (c.f. Figure 4.49), too thick a Ta layer does not do good. 
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Figure 4.51 SIMS profiles as a function of Ta barrier layer thickness: (a) 0.5nm; (b) 

1nm; (c) 2nm; (d) 4nm 

 

4.2.4.3 Polarization properties 

Figure 4.52 presents the variation of the remnant polarization (2Pr) of the Nd-SBT 

thin films with and without the barrier. The 2Pr peaks at 2nm, with increase of 2Pr 

from 18 μC/cm2 (without the barrier) to 20.4 μC/cm2. The enhancement of 2Pr mainly 

comes from the suppression of interfacial diffusion/reaction and the improvement in 

(a) (b)

(c) (d)
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texturing along (200) direction. The decrease in 2Pr at 4 nm barrier may be resulted 

from the compositional change near the Nd-SBT/Pt interface due to increase of the Ta 

level (Figure 4.51 d), and the degradation of the (200) texturing (Figure 4.49).  

 

 

 

 

 

 

 

 

 

Figure 4.52 Remnant polarization of Nd-SBT thin films as a function of the thickness 

of Ta barrier layer 

4.2.4.4 Summary 

Nd-SBT thin films directly deposited on Pt bottom electrode via magnetron sputtering 

undergo severe interfacial diffusion upon annealing at 700C ~ 800C; the severity 

increases with temperature. Addition of a thin layer of Ta in between the Nd-SBT and 

the Pt layers effectively blocks the interfacial diffusion (mainly Bi) from Nd-SBT film 

into the Pt bottom electrode. Crystallization and texturing of the Nd-SBT grains along 

(200) direction improves with thickness of the barrier up to 2 nm. The remnant 

polarization peaks at 2 nm thick Ta layer at which 2Pr equals 20.4μC/cm2.  A layer 
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of 4 nm Ta is already too thick that causes de-texturing of grains and may result in 

alternation of Nd-SBT composition near the interface, thus gives rise to a reduced 

polarization. 

4.2.5  Crystallization behavior of Nd-SBT thin films 

Generally,  two available modes are used to crystallize the amorphous films: 

conventional furnace annealing (CFA) typically involving heating rates of order 1-30

℃/min, and rapid thermal annealing (RTA) as characterized by an extremely large 

heat rate (e.g., 100℃/s). In the past decades, the SBT thin films treated under CFA 

and/or RTA processing have been reported extensively [63,64,65]. It has been found that 

the Bi-layered perovskite SBT or SBN phase was crystallized via a metastable 

fluorite-like phase (cubic structure).[66,67] Tanaka et al. proposed the crystallization 

path of SBT from metalorganic decomposition (MOD) precursor by RTA that a 

fluorite-like structure appeared in the early stage of the crystal growth, after which the 

SBT phase was finally stabilized [68]. Li et al[141] compared the different growth 

behaviors of MOD-derived SBT thin film under conventional and rapid annealing 

processing, claiming that RTA-annealed films showed higher nucleation rate than 

CFA-annealed ones due to rapid ramping rate and higher heat transport rate under 

RTA. In this part, we explore the different crystallization behaviors of Nd-doped SBT 

thin films under CFA and RTA processing and try to find out the original evidence to 

explain why ramping rate greatly affects phase transformation from fluorite to 

Aurivillius.  
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4.2.5.1 As-deposited Nd-doped SBT thin films 

Figure 4.53 illustrates XRD patterns of the as-sputtered Nd-SBT thin film. There are 

two peaks: a broad peak at around 28o and a sharp peak at around 2θ~40o. The broad 

peak belonging to the film indicates the as-sputtered film is amorphous; the sharp 

peak is from the underneath Pt electrode oriented in (111) direction. Figure 4.54 

shows the as-sputtered morphology of the film. The film is dense and defect free. 

Owing to the amorphous nature (thus very low contrast), the image appears not sharp. 

During deposition, because the substrate was not heated intensively, the substrate 

temperature could not make the film crystallized into Aurivillius phase although the 

bombardment gave rise to heating substrate (the thermal couple was tracking the 

substrate temperature below 100 oC ) 

 

 

 

 

 

 
 
 
 

 

 

Figure 4.53 XRD pattern of as-deposited Nd-doped SBT thin films with thickness of 

230nm (deposition parameters: power density 2.3 W/cm2, pressure 1.5 Pa, distance 

between target and substrate 40 mm) 
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Figure 4.54 FESEM surface morphology of as-deposited Nd-doped SBT thin films 

4.2.5.2 Crystallization behavior under CFA 

Figure 4.55 shows the variations in GIXRD results for the films annealed at various 

temperatures (650°C~850°C) for 30min under CFA (heating rate was 10 oC/min). At 

temperatures below 750℃, the fluorite phase appears. At 750°C, another group of 

peaks appear in addition to that of the fluorite peaks. Those belong to the Aurivillius 

phase. Figure 4.56 plots a narrow XRD scan result of the film annealed at 740oC for 

30min. It is confirmed that no Aurivillius peaks are found. At 800℃, the fluorite 

peaks almost completely vanish signaling completion of the transformation. At 850°C, 

peaks of the Aurivillius phase become sharper, indicating better crystallinity.  
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Figure 4.55 GIXRD patterns of Nd-doped SBT thin films annealed at different 

temperatures for 30min under CFA 
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Figure 4.56 XRD pattern of Nd-doped SBT thin films annealed at 740  for 30min ℃

under CFA 

 

Figure 4.57 shows the corresponding surface morphology. Below 750oC (Figure 4.57 

a and Figure 4.57 b), the film is characterized by clusters of tiny round crystals. These 

crystals belong to the fluorite phase.  At 750°C, part of tiny round crystal grains 

transforms into rod-like crystals which are characteristic of the Aurivillius phase. At 

800°C, the plate/needle-like grains become dominant. At 850 , ℃ all are 

plate/needle-like, and the grain growth is obvious (from about 100~150 nm at 800°C 

to 200nm ~ 300nm). 
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Figure 4.57 FESEM morphologies of Nd-doped SBT thin films annealed at different 

temperatures for 30min under CFA: (a) 650 ; (b) 700 ; (c) 750; (d) 800 ; (e) ℃ ℃ ℃

850℃ 

(c) 

(a) (b)

(d)

(e) 
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4.2.5.3 Crystallization behavior under RTA 

The phase transformation from amorphous to fluorite is evidenced in XRD profiles in 

Figure 4.58, where the “400C profile” still shows an amorphous nature while after 30 

minutes at 500 oC, the film is basically crystallized into fluorite. Figure 4.59 shows 

the GIXRD patterns the films annealed at 650~800°C in RTA for 10min. At 650°C 

and 680°C, the phase is fluorite. At 690 oC, however, the Aurivillius peaks start to 

appear. In order to ascertain whether the Aurivillius transformation can be detected at 

even lower temperature, the film is annealed at 680C for a prolonged 30 minutes 

under RTA. The results did not show trace of Aurivillius peaks. At 700°C, the 

Aurivillius peaks become dominant. At 750°C, the fluorite phase is negligible. At 

800°C, the Aurivillius peaks become shaper and more distinct, implying increasing in 

crystallinity. The FESEM microstructure, Figure 4.60, however, illustrates that at as 

low as 650°C, the transformation to Aurivillius phase may have started, as is 

evidenced in the small rod-like grains. At increasing temperatures, the Aurivillius 

phase increases. At 700°C, the rod-like grains (the Aurivillius phase) dominate, this 

agrees with the XRD profile. At 750°C, a more uniform distribution of the Aurivillius 

phase and better crystallinity is obtained. 

  

Figure 4.61 illustrates the GIXRD patterns of the films re-annealed at 690℃, 700℃ 

and 710℃ for 30min under RTA. There do not appear Aurivillius phase diffraction 

peaks except that fluorite diffraction peaks were observed below 710oC. Until 710 oC, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Results and discussion 

 160

Aurivillius diffraction peaks are visible but not dominant. At 720 oC, the Aurivillius 

peaks are dominant and fluorite peaks subside.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.58 XRD patterns of Nd-SBT thin films (fluorite phase) pre-annealed at 400 

and 500  for 30min under RTA℃  
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Figure 4.59 GIXRD patterns of Nd-SBT thin films annealed at different temperature 

for 10min under RTA (heating rate was 25 oC/s)
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Figure 4.60 FESEM morphologies of Nd-SBT thin films annealed at different 

temperatures for 10min under RTA: (a) 600 oC; (b) 650 oC; (c) 700 oC; (d) 750 oC 

(a) (b)

(c) (d)
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Figure 4.61 XRD patterns of Nd-SBT thin films re-annealed at 690~720  for 10min ℃

under RTA, respectively. 
 

4.2.5.4 Discussion 

a) Crystallization path 

Crystallization of SBT phase from amorphous to Aurivillius phase realizes via an 

intermediate metastable fluorite-like phase (cubic structure). [66,67] This crystallization 

process (path) was illustrated by Tanaka et al. [68] in metalorganic decomposition 

(MOD)-derived SBT films. This crystallization path is again confirmed in our results 

(Figure 4.55 and Figure 4.57, Figure 4.59 and Figure 4.60).   
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b) Reduction of phase transformation temperature at RTA 

Figure 4.62 shows DTA curve of the film removed from KBr substrate. There are two 

peaks observed. One diffused exothermal peak starts at 236 oC and reaches the 

maximum at 295 oC. Another peak locates at 500 oC and ends at 600 oC.  

 

 

 

 

 

 

 

 

Figure 4.62 DTA curve of Nd-SBT thin films removed from KBr substrate. 

 

Our results indicate that under RTA, fluorite-to-Aurivillius transformation starts at as 

low as 650℃ and completes at 750℃. In contrast, under CFA, the transformation 

starts at about 750C, and mostly competes at 800C (still with small amount of Fluorite 

phase observable in both XRD pattern (Figure 4.55) and in morphology (Figure 4.57 

d)). As such, the starting temperature is about 100 lower and the completing 

temperature is about at least 50 degree lower. The difference between CFA and RTA 

lies in the ramping rate. The ramping rate of RTA (25℃/sec) is 150 times more rapid 
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than that of CFA (10℃/min or 0.17℃/sec). The reduction of annealing temperature as 

a result of higher ramping rate is also observed in PZT studies [142].  

 

The as-deposited amorphous film contains a large number of defects [ 143 ] and 

short-range-ordered clusters. When the as-deposited film is heated up, these defects 

may be annihilated, as a result, some energy will be released. This phenomenon is 

called structural relaxation. Structural relaxation occurs during annealing and a 

metastable state is changed to a state with lower energy (stable stage). [144] This 

energy release process needs time. High ramping rate deprived of this time. As the 

result, the stored energy releases at the crystallization temperature and effectively aids 

the phase transformation. This amounts to a decrease in transformation temperature, 

as happens in PZT [145]. In the present case, the sputtered amorphous films should 

contain a large number of defects due to sputtering deposition. DTA curve (Figure 

4.62) of the film includes two peaks, the left one is believed to be the release of the 

stored energy from the amorphous films. Here, the film is still amorphous, but not yet 

crystallized, as evidenced from XRD profile (Figure 4.58 “400C profile”). The right 

peak corresponds to the amorphous-fluorite transformation heat. Here, amorphous 

phase crystallization into fluorite takes place (note the broad peak around 500 oC). 

This peak tapers off at about 600 oC, signaling completion of fluorite transformation. 

Under RTA, where the ramping rate is extremely high, i.e., 25°C/sec, there is no time 

for this energy to release. Then, at higher temperature, it releases and effectively aids 
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the phase transformation. As a result, crystallization takes place at 650 oC, or 100 

degrees lower than otherwise possible.  

 

The GIXRD results of the films re-annealed at 690℃, 700℃ and 710  ℃ for 30min 

under RTA (shown in Figure 4.61) indicate there do not appear Aurivillius phase 

diffraction peaks except that fluorite diffraction peaks were observed below 710 oC. 

The Aurivillius diffraction peaks start to be detected at 720 oC. However, in the case 

without pre-annealing (means the structural relaxation does not proceed in advance), 

Aurivillius phase starts to form at 650℃. This result supports the previous standpoint 

that released energy plays an important role in assisting the fluorite-Aurivillius 

transformation. However, the re-annealed films start to transform into Aurivillius at 

lower temperature (around 710 oC) in comparison with CFA-treated films (740 oC). 

Therefore, the fact that transformation starting temperature under RTA is 100℃ lower 

than that under CFA can not be only attributed to structural relaxation effect. The 

second reason is as follows.  

 

Dang et al have modeled the RTA process for lead zirconate titanate thin films.[146] 

The simulation results are in good agreement with experimental results. In this model, 

the long-ranged interactions expected to be generated by elastic misfits of the 

inhomogeneous intermediate is introduced. The significance of the long-ranged 

interactions in this model is that it imposes an effective bias field that is proportional 

to the average order parameter. When the ramping rate is reduced, it takes a longer 
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time for thermal fluctuations to reach large enough amplitudes to overcome the large 

energy barrier to the stable Aurivillius phase. Therefore, initially, a larger fraction of 

the system is transformed to fluorite phase. When the long-ranged interaction is 

included, a larger negative produces a stronger negative bias, so that the system is 

much more likely to be trapped in the metastable state. This provides a clear 

explanation of why a higher annealing temperature is required for transformation to 

the stable state. Physically, when either the fluorite or perovskite phase nucleates in 

the material, elastic forces favor the transformation of the rest of the system to the 

same phase. In the present mean-field description of the long-ranged forces, the 

overall bias is toward the completing phase that initially exists in a larger fraction. 

Although the fluorite is thermodynamically less favorable compared with the 

perovskite, kinetically it is more accessible from the amorphous phase. With a slow 

heating rate, therefore, the relative ease of fluorite results in it being the dominant 

product phase up to a higher annealing temperature. On the other hand, as the ramping 

rate is reduced, it takes a longer time for thermal fluctuations to reach large enough 

amplitudes to overcome the large energy barrier from Fluorite to Aurivillius phase.  

These two sides can well account for the fact that the fluorite can start to transform 

into Aurivillius phase at lower temperature under RTA while this phase 

transformation must commence at higher temperature under CFA. 

4.2.5.5 Summary 

During annealing process, the crystallization path begins with amorphous phase and 

ends with Aurivillius. The fluorite-to-Aurivillius transformation temperature is 
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lowered under RTA in comparison with CFA. During post annealing process, there 

exists structure relaxation accompanying some energy release. The crystallization 

from amorphous state to fluorite is exothermic. Under RTA, both structure relaxation 

and crystallization from amorphous state to fluorite are postponed to higher 

temperature thus the released energy is also delayed to higher temperature, which 

account for the phase transformation temperature being lowered comparing with 

conventional furnace annealing (slow ramping rate) 

 

4.2.6 Reduction of crystallization temperature of the Aurivillius 

phase in Nd-doped SrBi2Ta2O9 thin films via substrate bias 

As mentioned above, RTA alone effectively decreases the annealing temperature for 

full crystallization to as low as 750 oC in Nd-doped SBT thin films, in comparison 

with 800oC under conventional furnace annealing (CFA). This was attributed mainly 

to structural relaxation. In this section, we highlight the effect of radio frequency bias 

applied to the substrate during magnetron sputtering in further reducing the 

crystallization temperature. The effect of substrate bias on film composition is also 

reported along with polarization properties at the reduced annealing temperature. 

4.2.6.1 Effect of substrate bias on film composition and 

crystallization of Aurivillius phase 

Figure 4.63 displays the compositional changes of the films deposited at the different 

substrate bias (from XPS quantitative analysis). It is clear that Bi/Ta ratio gradually 

decreases as the substrate bias is increased. For bias less than 48W, Bi/Ta is 
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overstoichiometric (>1) but is less than 1.25 in the target. For greater bias, the film 

becomes deficient in Bi. A swift drop is noted at the highest bias of 89W. On the 

other hand, Sr/Ta, Nd/Ta and (Sr+Nd)/Ta increase with increasing bias with the latter 

reaching the ratio of 0.51 (less than 0.55 in the target) at the high bias energies. These 

variations are caused by back sputtering as each element responds differently to 

increasing sputtering energy (increasing bias). If the composition deviates too far 

away from stoichiometry the Aurivillius single-phase structure will no longer be 

preserved. Hence too high a bias energy is undesirable. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.63 compositional change as a function of substrate bias 
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Figure 4.64 illustrates the GIXRD results of Nd-SBT thin films annealed at 650oC for 

10 minutes deposited at different substrate biases. At 0W bias, only the fluorite peaks 

are detected. As the substrate bias increases towards 48W, peaks belonging to the 

Aurivillius structure are detected. It must be noted that many of the Aurivillius peaks 

are near those of the fluorite peaks and thus peak broadening observed up to 48W bias 

is also an indication of the appearance of the Aurivillius phase. At 48W, it is clear that 

the Aurivillius phase is dominant with some residual fluorite. On further increase of 

bias, neither the Aurivillius phase nor the fluorite phase is detected. This is consistent 

with the compositional change in Figure 4.63 where the Bi/Ta ratio falls rapidly 

below the ideal value of 1.00 at higher bias. When the Bi deficiency becomes too high, 

the Aurivillius structure is not favored. Annealing at even higher temperatures of 750 

and 800oC indicated the appearance of pyrochlore phase as a result of severe Bi 

deficiency.  

 

Figure 4.65 presents the FESEM micrographs of surface morphology of the films 

corresponding to XRD data in Figure 4.64. At the substrate biases of 0 and 18 W, the 

surface shows similar morphology: the rod-like grains are embedded in the fine grains. 

These should be predominant of fluorite phase. When the bias reaches 33W, some 

large grains are visible, embedded in small grains. When bias further increases to 48 

W, the larger grains obviously dominate the surface (this should be Aurivillius phase 

judging from XRD results in Figure 4.64). However, at even higher bias like 66W or 

89W, the grains become smaller again while differ from those at 0 and 18W. 
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Figure 4.64 GIXRD patterns of Nd-SBT thin film (annealed at 650 oC for 10min) as a 

function of substrate bias 
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Figure 4.65 FESEM surface morphologies of thin films (annealed at 650 oC) 

deposited at different substrate biases: (a) 0W; (b) 18W; (c) 33W; (d) 48W; (e) 66W; 

(f) 89W 

 

(a) (b) 

(d) 

(e) (f)

(c) 
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Figure 4.66 shows the Aurivillius phase crystallization start and end temperatures at 

different substrate bias as detected by XRD. This is subject to the detection limit of 

the XRD which is typically about 1-2 vol%. It is seen that both crystallization start 

and end temperatures decrease as the bias increases.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.66 crystallization start and end temperatures at different substrate bias 

 

4.2.6.2 Nd-SBT thin films biased at 48W 

A. Crystal structure 

Figure 4.67 shows the XRD profiles of the Nd-SBT films biased at 48W and annealed 

at various temperatures. At 650oC, the Aurivillius phase begins to dominate the 

profile.  As the temperature is increased to 670oC, the Aurivillius peaks becomes 
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sharper while the fluorite peaks diminish and disappear, signaling completion of the 

transformation. As compared to 0W bias studied before (where the transformation is 

completed at around 750oC), the crystallization temperature is reduced by about 80oC 

(130oC reduced in comparison with 800oC under CFA) when the substrate is biased at 

48 W. It must be noted that this reduction is obtained without the use of a seed layer 

and with a single annealing step. Thus, this is an optimum deposition bias under the 

present conditions to achieve a low crystallization temperature of the Aurivillius 

phase from fluorite. 

 

B. Microstructure 

Figure 4.68 presents the FESEM micrographs of surface morphology of the films 

corresponding to XRD data in Figure 4.67. At 650oC, the new rod-like Aurivillius 

phase grains of size 200-300nm are visible embedded in the matrix of the parent 

fluorite phase. At 700oC and higher the microstructure is fully composed of the 

Aurivillius phase. This is near the XRD derived completion temperature of 670oC. 

After the transformation is completed, any further increase in temperature has no 

effect in the microstructure of the film indicating absence of any grain growth. 
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Figure 4.67 XRD patterns of Nd-SBT thin film biased at 48W and annealed at 

different temperatures 
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Figure 4.68 FESEM surface morphologies of Nd-SBT thin films biased at 48W and 

annealed at different temperatures for 10min: (a) 650℃; (b) 670℃; (c) 700℃;(d) 750

℃; (e) 800℃ 

 

(b)

(d)

(e) 

(a) 

(c) 
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C. Reduction of crystallization temperature of Aurivillius phase 

The reduction of the crystallization temperature is attributed to the enhanced 

structural relaxation. Note that the as-deposited amorphous film contains a large 

number of defects [143] and short-range-ordered clusters. The bias increases the energy 

stored in the film as it permits only the high energy ions to be deposited. During 

annealing, the structural defects in the film get annihilated accompanied by release of 

the stored energy (termed structural relaxation). [144] Therefore, substrate bias 

increases the stored energy leading to accelerated structural relaxation on subsequent 

annealing. The extremely high ramping rates of RTA ensure that the relaxation occurs 

at the annealing temperature rather than being dispersed during the ramping stages. In 

comparison, similar levels of structural relaxation may be obtained in CFA at a lower 

maximum temperature because significant relaxation could be attained during the 

heating process.  

D.  Polarization properties 

Figure 4.69 shows plots of the polarization hysteresis loops of the films biased at 48W 

and annealed at various temperatures. The ferroelectric characteristic is evident in all 

samples but with different remnant polarizations. Annealing at 670oC gives a remnant 

polarization (2Pr) of about 9μC/cm2, comparable to that of the bulk SBT (8 μC/cm2) 

[121] and Sr-deficient SBT thin films annealed at 750oC (11 μC/cm2), as discussed 

previously. As the annealing temperature increases, the remnant polarization increases 

(shown in Figure 6 inset) while coercivity decreases. At 700oC, 2Pr is increased to 

14.4 μC/cm2 and coercivity is reduced to 74 kV/cm. However, changes above 700oC 
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appear to be only slightly approaching the values of 2Pr ~16.8-17.2 μC/cm2 and 

coercivity ~ 68-66kV/cm. It is believed that this improvement results from Nd3+ 

doping and the larger grain size [135] exhibited by our samples. The previous studies 

have confirmed that the Nd3+ preferably occupies the Sr2+ sites. The smaller Nd3+ 

radius of 0.995Å (as compared with Sr2+ radius of 1.12Å) leads to increasing “rattling 

space” which, in turn, results in a larger remnant polarization. At the same time, the 

Nd-SBT thin films have smaller 2Ec:  74kV/cm at 700oC, 68kV/cm at 750oC and 

66kV/cm at 800oC, much smaller than that of the bulk SBT (108kV/cm) and 

Bi-substituted SBT thin films (96kV/cm). The lower coercive field is possibly related 

to the cation vacancies generated due to different chemical valences. [136]  

 

 

 

 

 

 

 

 

 

 

Figure 4.69 Polarization hysteresis loops of Nd-SBT thin films biased at 48W and 

annealed at different temperatures 
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4.2.6.3 Summary 

In summary, in sputtering deposited Nd-doped SBT thin films, substrate bias applied 

during the deposition reduces the fluorite-to-Aurivillius phase transformation 

temperature. At a radio frequency bias of 48W, this reduction reaches to about 80oC. 

For higher bias, excessive Bi loss prevents Aurivillius phase formation. Meanwhile, 

polarization properties are better than those of the bulk and thin films of pure SBT for 

thin films deposited at 48W bias and annealed at temperatures from 670oC to 800oC. 

The remnant polarization (2Pr) increases from 9 to 17μC/cm2 while the coercivity 

decreases from 98 to 66 kV/cm with increasing anneal temperature.  
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATION 

 

5.1 Conclusions 

Sr-deficient/Bi-excessive and Nd-doped SrBi2Ta2O9 thin films have been prepared 

using radio frequency magnetron sputtering. The relationship among deposition 

parameters, physical properties (chemical composition, phase and microstructure, 

polarization properties) of Sr-deficient or Nd-doped SBT thin film has been 

systematically studied. The interface structure has been extensively explored and the 

Ta barrier is introduced in order to prevent the interfacial reaction. Moreover, the 

crystallization behavior under different heating modes has been investigated in detail. 

On the basis of this, substrate bias is applied to reduce the annealing temperature of 

Nd-doped SBT thin films. The most significant results of this work are those on 

improving the polarization properties and reducing the annealing temperature of SBT 

thin films. Conclusions are drawn in the following aspects: 

 

(1) Parametric study of sputtered Sr-deficient SBT thin films 

In magnetron sputtering deposition of SBT films, the deposition parameters such as 

the processing pressure, target power density, argon-to-oxygen ratio and 

target-to-substrate distance, greatly affect the film composition like molar ratios of 

Sr/Ta and Bi/Ta in a similar manner: Sr/Ta decreases slightly with an increase in these 

parameters, while Bi/Ta experiences an increase first and then a sharp decrease. As Bi 

in the film increases, the Sr becomes deficient and the SBT film contains less and less 
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of the unwanted pyrochlore phase. As the annealing temperature is increased, the 

surface roughness is gradually increased. The crystallization of SBT thin film starts 

with amorphous phase, undergoes an intermediate phase (fluorite) and ends with 

Aurivillius phase. The SBT film (Sr0.74Bi2.2Ta2O9+x) obtained at a process pressure of 

1.5 Pa, target power density of 1.27W/cm2, argon-to-oxygen ratio of 9:1 and a 

target-to-substrate distance of 40 mm demonstrates a remnant polarization (2Pr) of 

11.6μC/cm2 and a coercive electrical field (2Ec) of 96kV/cm. However, when some 

amount of pyrochlore phase is embedded in SBT film, the polarization properties are 

seriously degraded.  

 

(2) Formation and stability of pyrochlore in sputtering SBT thin films 

The formation of pyrochlore in magnetron sputtering of SBT films is dependent 

especially on bismuth concentration. Only as Bi becomes over-stoichiometric, pure 

SBT film is obtained and pyrochlore phase is suppressed. When bismuth is deficient 

(1 to 2 atoms in SBT formulation), the sputtered thin films consist of two phases: the 

pyrochlore and the SBT phase. As Bi drops to 1.04, pyrochlore phase takes over the 

whole film. The pyrochlore phase is stable even at 900oC and can not transform into 

layered structural Aurivillius. 

 

(3) Effect of oxygen partial pressure during deposition of Nd-doped SBT films 

During sputtering deposition of Sr0.8Nd0.3Bi2.5Ta2O9+x ferroelectric thin films, oxygen 

partial pressure has an important effect on deposition rate, chemical composition, 
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microstructure and ferroelectric properties. As the oxygen partial pressure increases, 

the deposition rate decreases; I(200)/I(115) shows a “V” shape; both Bi/Ta and Nd/Ta 

decrease while Sr/Ta increases and (Nd+Sr)/Ta almost keeps a constant. Within the 

range of 0.05 to 0.12 in Nd/Ta ratio, Nd3+ ions preferentially substitute the Sr2+ ion, in 

good agreement with the result of Nd-doped SBT ceramics bulk. The coercivity 

displays a “bathtub” curve as oxygen partial pressure increases. At the oxygen partial 

pressure of 10%, the film shows an improved polarization property (2Pr=16.4μC/cm2) 

with a reduced coercivity (2Ec=79.5kV/cm). 

 

(4) XPS and SIMS study of Nd-doped SBT thin films 

The chemical state and interface structure are extensively studied using XPS. The 

analysis for Nd3d core level indicates that Nd3+ ions preferably substitutes with Sr2+ 

sites. The oxygen ions at the SrTa2O7 perovskite layers are much more stable than 

those at the Bi2O2 layers. The oxygen vacancies are preferably present near the Bi 

ions at the Bi2O2 layers. XPS depth profiling and SIMS results confirm that interfacial 

diffusion (especially Bi) or reaction tends to take place during post annealing 

treatment, as a result of the formation of interfacial phase Bi2Pt. The XPS depth 

profiling results indicate that sputtered Nd-doped SBT thin film is more susceptible to 

deoxidization by Ar+ bombardment in comparison with MOD derived SBT thin film 

reported earlier. This implies that the sputtered Nd-doped SBT thin film includes 

more defective (Bi2O2)2+ layers than MOD-SBT thin films. 
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(5) Nd-doped SBT thin films at different annealing conditions 

Nd3+ has been successfully substituted into the bismuth layered perovskite structure 

via magnetron sputtering method, preferentially at the Sr2+ site (perovskite A site) 

accompanied by the creation of Sr vacancies to meet the requirements of charge 

neutrality. After annealing, the film shows polycrystalline and suffers from severe 

interfacial diffusion. Polarization measurements reveal that trivalent Nd substitution 

improves the remnant polarization (2Pr) (18 μC/cm2 at an electric field of 180 kV/cm) 

and reduces coercive field (2Ec=64 kV/cm). After 1010 switching cycles, around 9% 

remnant polarization is decreased. This is related to the small amount of oxygen 

vacancies existing in SrTa2O7 perovskite layers due to the Nd incorporation. 

 

(6) Effect of Ta barrier in sputtering of Nd-doped SBT thin films 

Nd-SBT thin films directly deposited on Pt bottom electrode via magnetron sputtering 

undergo severe interfacial diffusion upon annealing at 700C ~ 800C; the severity 

increases with temperature. Addition of a thin layer of Ta in between the Nd-SBT and 

the Pt layers effectively blocks the interfacial diffusion (mainly Bi) from Nd-SBT film 

into the Pt bottom electrode. Crystallization and texturing of the Nd-SBT grains along 

(200) direction improves with thickness of the barrier up to 2 nm. The remnant 

polarization peaks at 2 nm thick Ta layer at which 2Pr equals 20.4μC/cm2.  A layer 

of 4 nm Ta is already too thick that causes de-texturing of grains and may result in 

alternation of Nd-SBT composition near the interface, thus gives rise to a reduced 

polarization.  
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(7) Crystallization behavior of Nd-doped SBT thin films 

During annealing process, the crystallization path begins with amorphous phase and 

ends with Aurivillius. The fluorite-to-Aurivillius transformation temperature is 

lowered under RTA in comparison with CFA. During post annealing process, there 

exists structure relaxation accompanying some energy release. The crystallization 

from amorphous state to fluorite is exothermic. Under RTA, both structure relaxation 

and crystallization from amorphous state to fluorite are postponed to higher 

temperature thus the released energy is also delayed to higher temperature, which 

account for the phase transformation temperature being lowered comparing with 

conventional furnace annealing (slow ramping rate) 

 

(8) Reduction of crystallization temperature of the Aurivillius phase in Nd-doped 

SrBi2Ta2O9 thin films 

In sputtering deposited Nd-doped SBT thin films, substrate bias applied during the 

deposition reduces the fluorite-to-Aurivillius phase transformation temperature. At a 

radio frequency bias of 48W, this reduction reaches to about 80oC. For higher bias, 

loss of bismuth prevents Aurivillius phase formation. Meanwhile, polarization 

properties are better than those of the bulk and thin films of pure SBT for thin films 

deposited at 48W bias and annealed at temperatures from 670oC to 800oC. 
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5.2 Recommendation 

This project has successfully prepared Sr-deficient and Nd-doped SBT thin films 

using radio frequency magnetron sputtering. The relationships among deposition 

parameters (such as process pressure, target power density, oxygen partial pressure 

and target-to-substrate distance), chemical composition and microstructure, as well as 

polarization properties of the thin films have been systematically investigated. In 

addition, the interface structure and reduced crystallization temperature of Aurivillius 

phase are also concentrated on. From the schedule of this project, and experiment 

results obtained so far, it can be concluded that the following directions are very 

important and future work should focus on these areas.  

 

(1) Further study of Nd-doped SBT thin films 

The microstructure (including crystal structure, surface morphology and interface 

structure) has been studied in details. The polarization properties are also briefed. 

However, more electrical properties (such as leakage current density, dielectric 

properties) also need to be explored. Meanwhile, the orientation relationship between 

Nd-SBT film and underlying Pt layer should be explored, which is very beneficial to 

understand the anisotropy in electrical properties. 

 

(2) Further study of SBT thin films doped with different Nd concentrations 

This project has found that Nd incorporation into SBT results in improved 

polarization properties. Obviously the concentration of Nd will have great effect on 
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microstructure and electrical properties. Therefore, it is very significant to extensively 

explore the effect of Nd concentration on crystal structure and electrical properties. 

Also the substitution mechanism also needs to be discussed in details. 

 

(3) Further study to reduce the annealing temperature of SBT thin films 

Our results show the substrate bias could effectively reduce the annealing temperature 

to 670oC. Apparently, it is necessary to further reduce the annealing temperature. It is 

suggested to introduce one seeding layer like Bi4Ti3O12 (crystallization temperature as 

low as around 500 oC) before deposition of SBT thin films. At the same time, during 

deposition of SBT, the substrate temperature is heated up and substrate bias is applied. 

Thus, in-situ growth can be carried out, which may further reduce the crystallization 

temperature of Aurivillius phase. 
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